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ABSTRACT: The rheological response of high molecular weight tracer chains of poly(ethylene oxide) (PEO)
and poly(methyl methacrylate) (PMMA), separately blended with low molecular weight PEO/PMMA matrices
of varying composition, were obtained over a 120 deg temperature window. Monomer friction factors, &, for
each component as a function of temperature and matrix composition were extracted by various means, all of
which yielded consistent results. The tracer diffusivities of low molecular weight PEO chains in some of the
same blends were obtained by forced Rayleigh scattering, and the resulting friction factors agree well with those
obtained using rheology. The overall results show that the mobilities of both PMMA and PEO are strongly
composition-dependent in PMMA-rich blends, their monomeric friction factors dropping precipitously upon addition
of small amounts of PEO. The composition dependence of the PMMA ¢ is strong over a wide composition
range, whereas that of PEO is only significant at high PMMA content blends. Friction factors for the PEO
component are significantly larger than those inferred from segmental dynamics measurements reported in the
literature. The Lodge—McLeish self-concentration model, as usually applied, is unable to predict the observed
behavior of either component. However, the data can be nearly quantitatively described using a simple but empirical
mixing rule. Selected experiments were repeated using a PEO matrix with methoxyl rather than hydroxyl end
groups; except for the change in glass transition temperature for the PEO, no significant effects were observed.
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Introduction

Miscible binary polymer blends exhibit some interesting
phenomena that challenge our understanding of polymer dy-
namics. These include widening of the calorimetric glass
transition temperature'® (or even resolution of two distinct
transitions®) and failure of time—temperature superposition.*™®
The former has been traced to the distinct local environments
experienced by segments in the blend, whereas the latter reflects
the fact that the viscoelastic relaxation times of each species in
the blend exhibit different temperature dependences.

A further complication that has recently emerged is a
discrepancy between the temperature dependence of the seg-
mental and terminal dynamics for a given component, even at
temperatures significantly higher than the component glass
transition temperature in the blend.”® Blends of poly(ethylene
oxide) (PEO) and poly(methyl methacrylate) (PMMA) exhibit
this phenomenon strikingly.”” For example, the monomeric
friction factor (pgo) of a tracer PEO chain in a PMMA matrix,
obtained via methods that measure terminal relaxation, can be
as much as several orders of magnitude larger than that obtained
via direct measurements of PEO segmental motion. This is so
even tens of degrees above the glass transition of the PMMA
matrix.” Moreover, it has been reported that this blend is
exceptional in that the Lodge—McLeish “self-concentration”
model'® is not able to describe the PMMA results even
approximately.® This system has been shown to be miscible'’
up to an LCST temperature of about 225 °C."?

Selected component terminal dynamics have been previously
extracted for PEO/PMMA blends using forced Rayleigh scat-
tering,7 simultaneous infrared dichroism and flow birefringence
following a linear step strain,'® and rheology.*’ The data
obtained via these methods are restricted in the available
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composition and/or temperature range. Other studies have
examined various aspects of PEO/PMMA dynamics, but without
resolving the separate components.'*™'® To date, there exists
no complete set of component terminal dynamics data extending
over a wide range of composition (¢) and temperature (7) for
both components in PEO/PMMA mixtures. The aim of this
work, therefore, is to explore the terminal dynamics of both
components in the PEO/PMMA system, over the complete ¢
range and over as wide a T range as possible.

Rheological methods offer an appealingly simple route to
extract component dynamics in a blend.*”'*~>® Several distinct
approaches have been used, either in blends of different species
or in molecular weight blends. One method relies on mixing
two samples of such (high) molecular weights and glass
transition temperatures that their longest relaxation times in the
well-entangled blend can be resolved in the available frequency
and temperature range. This method was utilized, for example,
to extract the component terminal dynamics of PI/PVE blends
over a wide temperature and composition range by fitting a
double reptation model**>® to the dynamic moduli.*' Another
tactic is to disperse a high molecular weight tracer in a low
molecular weight matrix, as used previously for PEO tracers in
PMMA;’ this is the main approach adopted here. A third
method, recently applied to bimodal blends of PB, PI, and PS,
mixes low molecular weight chains in a high molecular weight,
highly entangled matrix.>’ Yet a further possibility is to apply
mixing rules for the zero shear rate viscosity of blends.?' Such
models may be used to extract the contribution of a tracer to
the overall viscosity of the blend, in turn affording the terminal
dynamics of the tracer component.

The methodologies used here were adapted from a recent
publication,” where 1% of a high molecular weight PEO sample
was dissolved in modest molecular weight PMMA. The longest
relaxation time of the tracer was extracted via low-frequency
peaks in the elastic component of the dynamic viscosity, 1",
yielding Cpro via the Rouse model. In this work we dissolve
small quantities of a high molecular weight tracer, either PEO
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Table 1. Homopolymer Properties; WLF Constants Are Referenced to the Calorimetric 7,

sample M, (kDa) My/IM, rr/rm/mm T, (K) Cy C3 (K) Go (kg/s)
PEO-1 1.034* 1.034* 210 8.2 52.5 3.24 x 107°
PEO-900 898 1.08¢ 213
PEO DME-1 1.03¢ 1.02¢ 187" 9.4 48.7 2.88 x 1073
PMMA-1.5 1.54%¢ 1.054¢ 73.3/26.7/0 329 16.8 76.7 1.80 x 10!
PMMA-100 101 1.09 79.4/20.6/0 405
PMMA-300 295 1.25 394

“ Obtained through MALDI-TOF analysis. * Excluding m/z < 501. © DP = 10 obtained via NMR end-group analysis. ¢ According to certificate of analysis

provided by manufacturer. ¢ Excluding m/z < 501. Literature value.*'

or PMMA, in mixtures of low molecular weight PEO and
PMMA and extract the component terminal dynamics from
linear viscoelastic measurements. In the case of PEO, tracer
diffusivities have also been obtained by forced Rayleigh
scattering (FRS). The PEO friction factors extracted from
rheology and FRS agree well. The T and ¢ dependences of the
friction factors are then compared with the predictions of the
Lodge—McLeish model, with empirical mixing rules, and with
selected data in the literature.

Experimental Section

Materials. A high molecular weight PEO sample (PEO-900) was
purchased from Polymer Laboratories. Low molecular weight PEO
(PEO-1) and PEO dimethyl ether (PEO DME-1) samples were
purchased from Aldrich. The numbers denote M,, of the sample in
kDa. All samples have polydispersity indices lower than 1.1,
according to the manufacturer (PEO-900) and MALDI-TOF analysis
(PEO-1, PEO DME-1) using a Bruker Reflex III instrument in
reflectron mode. The MALDI recipe used for PEO and PEO DME
entailed 15 uL of a 20 mg/mL 1,8,9-anthracenetriol (dithranol)
solution in THF, 2 uL of a 5 mg/mL sodium trifluoroacetate solution
in THF, and 5 4L of a 10 mg/mL PEO or PEO DME solution in
THF.

Three PMMA samples (PMMA-1.5, PMMA-100, and PMMA-
300) were synthesized through anionic polymerization.*>—* Methyl
methacrylate (MMA), 1,1-diphenylethylene (DPE), and triethyla-
luminum (TEA) were purchased from Aldrich. Tetrahydrofuran was
dried by passing through alumina columns. MMA was degassed
over calcium hydride and allowed to stir for 48 h. MMA was
distilled to a purification flask, and TEA was then added until the
solution turned bright yellow, sustaining its color for several
minutes. Some more TEA was then added.>® The mass of the
uninhibited MMA was determined by distillation to a tared burette.
In order to prepare the initiator, degassed DPE was transferred to
a vessel containing some THF, followed by sec-butyllithium. This
solution was allowed to react for 1 h to form 1,1-diphenylhexyl-
lithium (DPHL). The concentration of DPHL was determined using
the Gilman double titration method.>® THF was added to the reactor,
cooled to —70 °C, and stirred vigorously. The DPHL solution was
then transferred to the reactor. Having seen that the deep red color
characteristic of DPHL had persisted for about 10 min, MMA was
added dropwise while maintaining the temperature at —70 °C. Once
all the monomer had dripped into the reactor, the solution was
stirred for a further 15 min. A degassed solution of 5% acetic acid
in methanol was then added to terminate the reaction. The high
molecular weight PMMA was cleaned by removing the THF,
redissolving in methylene chloride, water washing the solution three
times, and precipitating into a 50:50 solution of methanol and
isopropanol. The precipitate was dried in a vacuum oven heated to
40 °C for 5 days.

The low molecular weight PMMA was yellowish in color due
to the high concentration of lithium salts. Removing the THF,
redissolving in toluene, and precipitating into hexanes cleaned this
polymer. The polymer became considerably whiter after each
precipitation, and after three repeats of this procedure, the SEC
refractometer peak that corresponds to the salts disappeared
completely. Details of the SEC setup are found elsewhere.”' The
polymer was then dried in a vacuum oven heated to 40 °C for 5
days. The polydispersity of PMMA-100 and PMMA-1.5, as

obtained by SEC (PMMA-100) and SEC and MALDI-TOF
(PMMA-1.5), is less than 1.1. The polydispersity of PMMA-300,
as obtained by SEC, is 1.25. Molecular weights were obtained by
a light scattering detector (Wyatt Technology DAWN), and the
refractive index increment, dn/dc, is 0.086 mL/g at 633 nm.*’

The MALDI recipe used for PMMA is detailed elsewhere.?®
Sodium trifluoroacetate was the salt used in this study. The triad
contents of the PMMA-1.5 and PMMA-100 samples were deter-
mined via 300 MHz, '"H NMR using CDCl; as solvent with TMS
as a reference. The rr and rm peaks were found at 0.78—0.92 and
0.92—1.08 ppm, respectively.** Generally, this method of synthesis
provides PMMA samples with roughly 73—80% syndio and
20—27% hetero microstructures. The properties of all the polymers
are detailed in Table 1. The tacticity results obtained are consistent
with literature values for anionically synthesized PMMA initiated
with similar compounds.*°

Blends for the rheological measurements were prepared by
codissolving the polymers in benzene, stirring the solution for 24 h,
warming while stirring, and stirring the cooled solution for an
additional 24 h. Benzene was then evaporated under nitrogen flow.
Finally, the blends were dried in a vacuum oven heated to 40 °C
for 5 days. The blend compositions were chosen to have the same
mean monomer fraction, regardless of the tracer. For example, a
20% PMMA blend with a PMMA tracer actually comprises 19%
low molecular weight PMMA and 1% high molecular weight
PMMA. A 20% PMMA blend with a PEO tracer actually comprises
79% low molecular weight PEO and 1% high molecular weight
PEO. The 100 kDa PMMA tracer was used throughout this work.
The 300 kDa PMMA tracer was only blended with pure PEO to
explore the dependence of these results on tracer molecular weight.

Methods. The rheometer used was the TA ARES LS2, equipped
with a 2KFRTNI1 force rebalance transducer featuring a 2 x 1077
kgem (1.96 x 1076 kg-m?/s? or kg force*m) lower torque limit.
The transducer is regularly calibrated using the calibration kit
provided with the instrument. Temperature was controlled via a
convection oven using nitrogen. Either 50 or 7.9 mm diameter
parallel plates were used. The latter were used for PMMA-rich
samples at lower temperatures. Special care was taken to exclude
bubbles from the sample while loading. Each sample was annealed
at 100 °C while shearing at a moderate shear rate for at least 10
min before any further experiments were conducted. This allowed
whatever small bubbles might still be present to flow to the center
of the geometry, where their effect on the torque is minimal. At
each temperature, the sample loading was checked visually, to
ensure that the edge is flat. The thermal expansion of the stainless
steel plates was determined to be 2.4 um/K. Assuming linear
expansion with temperature, the actual gap at each temperature was
determined, and the data recalculated using the new value. All
steady shear viscosity data were taken at several shear rates,
spanning at least a decade, to ensure that a constant value is obtained
at each temperature. Thus, it was confirmed that the viscosity
throughout the parallel plates geometry is constant despite the
radially nonhomogeneous shear rate. Because of its low viscosity,
PEO was loaded on the stress-controlled TA RA2000ex rheometer,
featuring a lower torque limit of ~107° kg+m (1078 kg force+m)
for steady shear experiments. The Couette geometry was used in
these experiments, and no corrections for thermal expansion of the
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cup and bob were made. The results obtained agreed very well
with those obtained for the same sample using the ARES.”

It is conceivable that annealing benzene-cast PEO/PMMA blends
at 100 °C for 10 min may not be sufficient to attain equilibrium.*'
However, measurements at 100 °C at the beginning and end of the
measurement series, where the temperature had been raised by 10
°C intervals to at least 140 °C and kept at each temperature for at
least 10 min, yielded the same results. We are therefore satisfied
that the samples were sufficiently annealed and were at equilibrium.

The experimental technique and setup of forced Rayleigh
scattering are described elsewhere.”** Poly(ethylene oxide) (PEO-
1) was allowed to react with 4'-(N,N-dimethylamino)-2-nitrostil-
bene-4-carboxylic acid (ONS-COOH); the labeling reaction is
described elsewhere.” The optically labeled PEO chains were used
as tracers in the FRS experiments. Polymer blends were prepared
by dissolving labeled PEO (1 wt %), unlabeled PEO, PMMA, and
trace amounts of the antioxidant 2,6-di-fert-butyl-4-methylphenol
(BHT) in methylene chloride. The solution was filtered, and the
solvent was removed by evaporation. The sample was dried in a
vacuum oven at a temperature of 150 °C until no weight change
was observed. The FRS sample was prepared under argon by sealing
the polymer blend with silicone adhesive between two glass disks,
separated by a 1 mm thick aluminum spacer. The sealant was dried
overnight to ensure a proper seal.

FRS decays were acquired for each blend at several grating
spacings, d, for each temperature. The decays (scattered intensity,
1, vs time, f) exhibited one relaxation mode and were fit using the
following equation:

I(t) = {A exp[—(t/0)'1}* + 1, 6]

A, B, and 7 are fitting parameters, and [, is the incoherent
background. The extracted 3 values were in the range of 0.55—1.0,
indicating the experimental decays were broader than a single-
exponential decay. This broadening can be attributed primarily to
a combination of experimental noise near the baseline and tracer
polydispersity.” To account for the decay broadening, the mean
relaxation time, [#[J was determined using the following equation:
71

BO= ﬁr( /3) 2)
where I is the gamma function. Once [#[lis determined from FRS
decay curves, it is used to calculate diffusion coefficient, D, of the
labeled PEO chains using the following relationship:

d2
47D

For each composition, [F0was plotted as a function of &> for
different temperatures. As expected, [#[varied linearly with o2,
confirming that the erasure of the optical grating is due to diffusion-
controlled mechanisms only. Also plotted was 1/[#Cvs 1/d?, and
the slope of the best-fit line in each plot was used to determine the
diffusion coefficient. The reported data are calculated from the
average of the two diffusion coefficients determined from [Z[vs d?
and 1/@0vs 1/d? plots. The maximum, untypical deviation from
the average is 17%. For most other data points, the deviation is
smaller than 1%. The monomeric friction coefficient was calculated
using eq 3 and the Rouse model relation { = kgT/ND, where kg is
Boltzmann’s constant, 7 is absolute temperature, and N is the degree
of polymerization.

ZO
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Results

In this section, we describe four related methods used to
extract component monomeric friction factors, &, from the
rheological data. For the pure low molecular weight homopoly-
mer melts, we used the zero shear viscosity 7 and the Rouse
model to extract {. We present three more methods to extract
¢ that apply to pure homopolymer melts as well as blends, using
the three material functions %', ", and 5. The disparity in chain
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lengths between the matrix and tracer chains gives rise to distinct
relaxation peaks in 7", two plateaus in the frequency dependence
of #', and a blend viscosity that is measurably higher than that
of the matrix. We attribute these phenomena to the contribu-
tion of the tracer chains in the blend and utilize simple
formulations to extract the longest relaxation time of the tracer
chain or the tracer contribution to # or 1'. We then use Rouse
model equations to extract the tracer component § from the
longest relaxation time, but it is important to emphasize that
this step only invokes an assumption about the molecular weight
dependence of the tracer relaxation and does not affect the ¢
and T dependences that are the focus of the work. Furthermore,
for the few cases where direct comparisons can be made between
¢ thus extracted from tracers of different M, the results agree
well.

Extracting { via Steady Shear Viscosity of the Pure
Homopolymer Melt. We obtained the viscosity of the low
molecular weight matrix components PMMA-1.5, PEO-1, and
PEO DME-1. Since these polymers are not entangled, we use

the Rouse model**** to extract &:
- my My
SN, " @

where my is the monomer molecular weight, p is the melt density
(1130 kg/m? for PMMA and 1064 kg/m? for PEO and PEO
DME®), N,, is Avogadro’s number, M, is the number-average
molecular weight, and b is the statistical segment length (6.5
and 5.6 A for PMMA and PEO, respectively*’). These results
are shown in Figure 1. The magnitude of & obtained via this
method is systematically larger than that obtained via some of
the following methods, FRS data, and literature data. The results
obtained via the different methods come into better agreement
when we divide the right-hand side of eq 4 by a factor of about
3. As the values of { range over many orders of magnitude
with variations in 7 and ¢, this correction is not significant.
We speculate that this difference arises, at least in part, from
the contribution of “glassy modes” to the viscosity of the short
polymers.*® As the viscosity is the time integral of the stress
relaxation modulus and as the terminal dynamics of short chains
are not much separated in time from the glassy modes, this
contribution can be noticeable.

Extracting { via Peaks in 57" . Under many conditions (¢,7)
the presence of the high molecular weight tracer gave rise to a
distinct peak in %", which is attributable to the longest relaxation
time of the tracer chains (see Figures 2 and 3). The plots shown
in Figure 2 (PMMA tracer) and Figure 3 (PEO tracer) are
collections of several data sets obtained at various temperatures.
For the pure homopolymer melts, horizontal shift factors, ar,
were determined by overlapping tan 0. Vertical shift factors,
br, were then determined by overlapping #' and %" simulta-
neously. Indeed, not all of the data sets in these plots exhibit a
clear " peak. The longest relaxation times for these temper-
atures were then deduced from the relaxation time at the
reference temperature and the value of the horizontal shift factor.
For the blends, the data sets in which the tracer relaxation peaks
were evident were shifted horizontally such that the relaxation
peaks overlapped. They were then shifted vertically such that
1" would overlap. These are termed “peak overlap” data sets.
An example of how this is different from the standard TTS
procedure can be seen in Figure 3d,e, where after horizontal
shifting 7' and 1" cannot be overlapped simultaneously by a
single vertical shift. These blends (PEO tracers in PMMA-rich
matrices) show other unique features, as will be discussed
subsequently. Data sets that did not exhibit the peak were shifted
as previously described for the pure homopolymer melts, by
matching the shapes of tan ¢ in the appropriate frequency range
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Figure 1. Monomeric friction factors of (a) 100 kDa PMMA in PMMA
and (b) PEO in PEO, extracted via the various methods explained in
the text, as well as literature data: (+) homopolymer viscosity; (@)
longest relaxation time, peak overlap; (O) longest relaxation time, TTS;
(x) tracer contribution to #'; (%) tracer contribution to 7. Data from
the literature are shown as (a) a solid line (WLF fit to the data),” a
dashed line,*® and a dash-dot line*® and (b) a solid line®® and a dashed
line.” Literature data were shifted horizontally by —55, =51, —68, 12,
and 0 K, respectively, to account for 7, differences.

as if TTS were valid for these blends. The longest relaxation
times for these temperatures were deduced from the relaxation
time at the reference temperature and the value of the horizontal
shift factor, as in the case of the pure homopolymer melts. These
data sets are termed “TTS” data sets.

It is well-known that TTS is not generally valid in miscible
blends. However, we are using it only in a very restricted sense,
essentially to extend the 7 range over which relaxation data
can be obtained for any given blend. Furthermore, upon
inspection of Figures 2 and 3, one may see that at frequencies
lower than that of the tracer chain relaxation peak TTS is valid,
with perhaps the exception of PMMA in 90% PMMA (Figure
2d). This is because at such long times the matrix components
have fully relaxed. These frequencies correspond to temperatures
that are higher than those for which there is a prominent peak
in 7", It is at frequencies higher than that of the tracer chain
relaxation peak that TTS fails. These frequencies correspond
to temperatures that are lower than those for which there is a
prominent peak in " . Nevertheless, Figures 1a and 4 show that
the data obtained via this method agree well with the data
obtained via the other methods even at low temperatures, and
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Figure 2. Complex shear viscosity components vs reduced frequency
for PMMA-100 tracers in (a) 50% PMMA, (b) 64% PMMA, (c) 80%
PMMA, (d) 90% PMMA, and (e) 100% PMMA. The reference
temperature for all master curves is 130 °C. (x) —%"; (+) —#5". Solid
and dashed lines are 7' and 7" of the matrix blends, respectively.

we therefore consider these low-temperature “TTS” data sets
to provide reasonable estimates of {(T).

Once the longest relaxation times of the tracer chains had
been obtained, the monomeric friction factors of the tracer chains
were calculated using the Rouse model:****’

5 my my
C=3.7'[ kBTﬁ bz—M‘[l (5)

n n

where 7 is the longest relaxation time. The use of eq 5 is really
only a means to convert a measured longest relaxation time into
a friction factor. As note above, it does not modify the ¢ or T
dependences in any way. Furthermore, as almost all of the data
for each polymer were extracted from a single M, the assumed
Rouse dependence is not central to the results. This is not to
say that the M dependence is not interesting in its own right,
but that will be addressed in a subsequent report.

Extracting § via Steady Shear Viscosity of Tracer Blends.
The key assumption in this analysis is that any difference
between the steady shear viscosity of a tracer blend and that of
its matrix is due to the additive contribution of the tracer chains.
We then formulate a simple relation

Molend = ¢matrix’7matrix + (¢tracer + A(ﬁlracerz)ntracer (6)

where ¢; is the volume fraction of i. Extracting #cer from eq
6 allows us to obtain the tracer monomeric friction factor via
eq 4. We divide the RHS of eq 4 by a factor of 3 as we did
with the homopolymer viscosity data. The density used in eq 4
is the matrix density, estimated by interpolation of the ho-
mopolymer densities. All other parameters used in eq 4 pertain
to the tracer. We found good agreement between data obtained
via this and other methods when Apyma = —20 and Apgo =
—30 (see Figures 4 and 5). The simplest method of extracting
the dissipative contribution of a viscoelastic element in dilute
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Figure 4. Monomeric friction factors of PMMA in PEO/PMMA blends.
Solid and dashed lines are PEO and PMMA homopolyimer WLF fits,
respectively. For homopolymer data see Figure 1. (®) Peak overlap
data sets, (<) TTS data sets, () tracer contribution to 7, and (O) tracer
contribution to 7'. PEO homopolymer data are added for comparison
purposes.

solution with a Newtonian medium is to consider additivity:*’
Mblend = d’matrix’?matrix + ¢tracer77tmcer- We have found €q 6 to be
better at extracting the tracer monomeric friction factor. One
might expect the parameter A to reflect the contribution of
tracer—tracer contact to the overall blend viscosity. However,
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Figure 5. Monomeric friction factors of PEO in PEO/PMMA blends.
Solid and dashed lines are PEO and PMMA homopolymer WLF fits,
respectively. For homopolymer data see Figure 1. (®) Peak overlap
data sets, (&) TTS data sets, (O) tracer contribution to 77, (A) FRS
data, and () literature FRS data shifted by 17.5 K to account for 7,
differences.” PMMA homopolymer data are added for comparison
purposes.

the negative parameter values indicate that the additivity rule
actually overestimates #pjend-

Extracting { via the Real Component of the Complex
Shear Viscosity. When we consider the real component of the
complex shear viscosity in Figure 2, we see that it exhibits two
plateaus: one at low frequencies and another at higher frequen-
cies. The transition occurs at the frequency that corresponds to
the relaxation peak of the tracer chains in ". If we relate the
difference between the plateau values to the contribution of the
tracer chains, then we may formulate a simple relation in
conjunction with eq 6:

n'blend = ¢matrix77'matrix + (¢lracer + A¢!racer2)n,lracer (7)
Here, 17'blend and 7' mawix are the low- and high-frequency plateau
values, respectively. The latter is taken to be the value of 1" at
the same frequency at which #" reaches a minimum. The sole
exception to this is the PMMA in 50% PMMA value (Figure
2a), taken at the maximum angular velocity (w) available, as
no 7" minimum is visible. The value of the parameter A is the
same as in eq 6. We extracted #'yacer from eq 7 and used the
Rouse prediction (eq 4 with the rhs divided by 3 and with ' in
place of 7, which is valid at frequencies that correspond to wt;
< 1*") to obtain the monomeric friction factor of the tracer. As
before, we use the matrix density in eq 4, but all other
parameters are the tracer parameters. This procedure yields data
that are not in such good agreement with those extracted using
the previous methods. A possible reason for this is the
modification of matrix dynamics due to the presence of the
tracer. We then use an Einstein-type equation to account for
this effect:’!

7fmalrix,apparent = n'malrix(l + B¢tracer) (8)
Using eqs 8 and 7 simultaneously, the data extracted agree very
well with those obtained via the previous methods when Bpnvia
= 10 (Figure 4). As with the case of steady shear viscosity, we
found the combination of eqs 7 and 8 to be better at extracting
Curacer than the simple additivity assumption.
Effect of the PEO Hydroxyl End Groups on Blend
Dynamics. Sample PEO-1, used as the matrix PEO component,
is an a,w-hydroxy-terminated polymer. This raises the pos-
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sibility that these hydroxyl groups might act as hydrogen bond
donors, interacting either with the PMMA carbonyl oxygen or
with the PEO ether oxygen, which might impact the relaxation
of either the tracer or the matrix. Using thermal analysis, it has
been shown that hydroxyl end groups do exert a measurable
effect on the enthalpy of mixing of low molecular weight
analogues of PMMA and PEO. Tetraethylene glycol with two,
one, and no hydroxyl end groups were mixed with methyl
isobutyrate (MIB), and the interaction parameter became
increasingly positive with an increase in the number of hydroxyl
end groups.’” These effects were attributed to favorable self-
interaction among the hydroxyl end groups vs cross-interaction
with MIB. We do not expect the end groups to contribute
appreciably to the blend dynamics because the mole ratio of
hydrogen bond donor to acceptor, regardless of the identity of
the latter, is small for compositions ¢pmma > 0.1. However, it
is certainly worthwhile to check the influence of the end groups
on the dynamics of the blends. To this end, the monomeric
friction factor of sample PEO DME-1 was obtained at various
temperatures via the pure homopolymer melt viscosity (divided
by 3). In addition, PMMA-100 was blended with PEO DME-
1, and the PMMA ¢ was extracted via tracer contribution to 7.
We use the literature value T pro pme = 187 K.>® where Ty, is
the glass transition temperature of species i. Allowing for the
difference in 7, values by considering { vs T' — T, (plot not
shown), the PEO and PEO DME monomeric friction factors
overlap. Moreover, { values of the 1% PMMA tracer in PEO
DME overlap with those of the host matrix, just as £ of the 1%
PMMA tracer in PEO do. Consequently, at this stage there is
no indication that the hydroxyl end groups significantly affect
the dynamics of either component in the blend for PEO M,, >
1 kDa.

Discussion

Reliability of Results. In order to establish the reliability of
the data obtained via the several methods previously detailed,
they need to be compared to each other, to data obtained using
other methods, and to literature data. Figure 1 shows good
agreement among the four methods and literature data for the
pure homopolymer melts.**'>*%3% At first glance, it may appear
that the PEO data in Figure 1b do not agree well. However,
since the accessible temperature window is far above T, the
data span about 1.5 decades (vs 6.5 decades in Figure 1a) and
never deviate by more than a factor of 2. For a low-modulus,
low-viscosity sample such as PEO-1, we consider the data in
Figure 1b to agree well.

Most importantly, Figures 4 and 5 show good agreement
among the data obtained via the four methods for various blend
compositions. This further supports the validity of the data and
shows that these methods are not limited to mixing tracer chains
in matrices of the same chemical species. Forced Rayleigh
scattering results were obtained for optically labeled PEO chains
in various blend compositions. As seen from Figure 5, the results
agree very well with the 80% and 90% PMMA rheology results.
There is, however, some discrepancy at 50% PMMA. The
molecular weights of the tracers used in the rheological and
FRS methods are very different (900K and 1K PEO, respec-
tively). In light of this fact, the agreement between the FRS
and mechanical data lends significant support to the overall
validity of the analysis. At 50% PMMA, the 1 kDa PEO optical
tracer relaxes very quickly, and fitting eq 1 to the resultant FRS
decay curve might result in error, as the short-time plateau is
missing. We tentatively attribute the discrepancy between the
50% blend FRS and rheology data to this fast decay. Indeed,
the PEO friction factors extracted from these FRS data sets point
to a faster relaxing chain than the rheology data suggest.
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Figure 6. Comparison between Zawada et al.’s data'® (#, shifted by
—51 deg; PMMA T, 401 K), Colby’s data* (M, shifted by —73 deg;
PMMA T, 402 K), and our data (dashed line is our homopolymer WLF
fit; dash-dot lines are WLF fits to our PMMA data in 20, 50, and 80%
PMMA; pure PMMA T, 329 K).

Having established overall agreement among the various
rheological methods, as well as with FRS and homopolymer
literature data, we turn to literature data for PMMA terminal
dynamics in blends of varying composition (Figure 6).*'* In
order to form a basis for comparison, literature data were shifted
along the temperature axis to achieve overlap between the
homopolymer data. Zawada et al.’s data, obtained via simul-
taneous flow birefringence and infrared dichroism following a
linear step strain, agree with our data well. The agreement with
Colby’s data is not quite as satisfactory.

Dependence of Tracer Dynamics on Matrix Molecular
Weight. It has been shown that the diffusion coefficient of high
molecular weight 1,4-polybutadiene in low molecular weight
matrices of the same species varies significantly with matrix
molecular weight at 5 and 10 wt %.>*> The blends were entan-
gled, albeit barely. In the present work, when extracting
component dynamics via the relaxation peaks of the tracer
chains, the molecular weights of the matrix components were
not included in the calculations (eq 5). However, when extracting
component dynamics via the tracer contribution to # and 7',
the molecular weight dependent matrix contributions to 1 and
1" were included (eqs 6-8). The agreement between the various
methods, and the fact that one method does not account for
matrix molecular weight while the other two methods do,
suggests that any dependence of our methods on the matrix
molecular weight may be insignificant or is captured in the
constants A and B in eqs 6—8. However, this issue merits further
investigation, and results with different PMMA matrix molecular
weights will be obtained in the future.

Composition Dependence of the Component Monomeric
Friction Factors. Both PMMA and PEO monomeric friction
factors increase monotonically upon reduction in temperature
and, upon addition of PMMA, the slower component. The
PMMA monomeric friction factor drops considerably upon
addition of a small fraction of PEO, whereas PEO is not so
strongly affected by the presence of PMMA. The exception to
this behavior arises when increasing the PMMA above 90%;
the PEO monomeric friction factor then increases significantly.
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Figure 7. Ratio of chain friction coefficients to matrix viscosity (a)
PEO and (b) PMMA: (tilted A) 0% PMMA, (®) 20% PMMA, (H)
50% PMMA, (A) 80% PMMA, (¥) 90% PMMA, and (®) 100%
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The overall trends are perfectly reasonable; all friction factors
increase with decreasing temperature at fixed composition and
with increasing high-T, component at fixed temperature.

Dilute Tracers in Homopolymer Matrices. Two interesting
phenomena emerge from tracers of one species in a pure matrix
of the other species. First, {pyma in PEO assumes the value of
the host matrix, Cpgo. In fact, both friction factors have the same
temperature dependence and very nearly the same values for
¢pmma =< 0.2. In contrast, {pgo in pure PMMA is much smaller
than that of the host matrix. The motion of the PMMA tracer
chains in PEO is not dynamically restricted by the surrounding
matrix as it is in the PMMA homopolymer melt. Because PEO
relaxes so much more rapidly, PMMA can change conforma-
tions at a rate that is unimpeded by the surroundings. A PEO
tracer in PMMA experiences less friction than that associated
with the host matrix. These results imply that PEO can relax
via conformation changes that do not depend on the surrounding
matrix. To some extent, these results are consistent with a simple
picture in which PMMA is the solute and PEO is the solvent.
In dilute solution, the polymer (PMMA) friction tracks the
solvent (PEO) viscosity, whereas at high polymer concentration
the solvent (PEO) relaxes more rapidly than the polymer
(PMMA) segments.

To pursue this idea further, the tracer component friction
factors, multiplied by Niacer, are normalized to the matrix
viscosity, multiplied by 65zRy, across the full composition range,
as shown in Figure 7; Ry is the end-to-end distance of the tracer
chains. Overall, the PMMA friction factors track the matrix
viscosity rather well over the entire composition range (Figure
7b). In contrast, Figure 7a shows that for blends with 80%
PMMA or more the PEO ratio drops considerably as the
temperature is lowered, suggesting that the mobility of the PEO
chains is much less affected by the drop in temperature than
the viscosity of the PMMA-rich matrix. It is for the same blends
that TTS fails over the entire accessible temperature range, as
noted in Figure 3d,e. This suggests there may be a qualitative
change in the mechanism of PEO relaxation under these
conditions.
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Comparison of Segmental and Terminal Data. The PEO
terminal data in Figure 5 are in strong disagreement with
published PEO segmental data.”>° Though the PEO monomeric
friction factor, as obtained via terminal measurements, is not
as significantly affected by the presence of PMMA as vice versa,
its composition dependence is notably steeper than that of the
segmental data. The reasons for this apparent decoupling of
terminal and segmental data are unclear at this time. A possible
explanation for this phenomenon is that segmental dynamics
measurements are actually evaluating a correlation function that
is unassociated or weakly associated with the long time
relaxation of the segment. We cannot, however, ignore the
agreement that these measurement schemes have enjoyed with
terminal dynamics measurements in numerous other blends,
most notably PI/PVE.*!

Comparison with the Lodge—McLeish Model. The Lodge—
McLeish model has been found to describe the segmental
dynamics of PEO in PMMA blends, albeit with a self-
concentration (¢) value larger than anticipated.® The model also
fits PEO segmental data published elsewhere,*® but only for PEO
rich blends and very small values of ¢s. Given that the terminal
dynamics data here differ from these segmental results, we may
expect that the model will not be successful in fitting our results.
It has been reported*® that the self-concentration model is unable
to describe Zawada et al.’s terminal PMMA dynamics'? but is
capable of fitting Colby’s data.* The self-concentration model
is simple to implement. One begins with the WLF function
describing the homopolymer data and then adjusts the glass
transition temperature using the Fox relation (or other mixing
rule for T,) and the effective local concentration associated with
a chosen value of ¢;. As can be seen in Figure 8, this model
cannot predict the data reported here, even for values of ¢
approaching zero. The friction factors of PMMA (Figure 8a)
lie consistently below, whereas those of PEO (Figure 8b) lie
above the ¢; = 0 curves. This indicates that the PMMA
dynamics are accelerated by the addition of PEO more than
one would expect based on the Fox relation and without
accounting for any local enhancement due to chain connectivity.
Similarly, the PEO is retarded by PMMA more than the Fox
relation suggests.

Mixing Rule To Account for “Tribological Effects” in
the Blend. The self-concentration approach does not consider
explicitly any change in the mean friction experienced by a
segment upon blending. Rather, it simply rescales the effective
glass transition experienced by a chain, based on local average
composition. In fact, all chains of species i in the blend
experience i—i and i—j contacts, with corresponding probabilities
for each type of contact. When segments i and j have such
inherently different mobilities as in PEO/PMMA (or some
polymer solutions), it may be necessary to account for this in
some way. In the absence of more comprehensive theory, we
propose an empirical mixing rule, based on an approach offered
by several researchers.'®>-° Given that a chain of species i
exists (probability ¢;), the probabilities for i—i and i—j contacts
are Pi_,‘ = ¢i¢i/¢i = ¢i and Pi_j = ¢j¢i/¢i = ¢j, respectively.
These probabilities assume that the presence of i is independent
of the presence of i or j; i.e., no enthalpic effects are taken into
consideration. The reason we choose the mean blend composi-
tions rather than the effective concentrations for these prob-
abilities is that the segment cannot come in contact with its
adjoining segments on the chain in a manner that produces
friction. This suggests an equation of the form

lOg(éi,b) =@, log(éH) + ¢j 10g(§,-7j) )

where &;}, is the monomeric friction factor of component i in
the blend and §;; is the friction experienced by a segment of
species i due to contacts with segments of species j. We propose
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Table 2. Comparison of Various Values of a; in Eq 10 and Their

Implications
Qo Ci-j eq 10 implication notes
1 Ci—j = Ci—i Cip = Cinr—m i—j contact is result of
characterized by  Lodge—McLeish;
the i species blending only

contact friction affects
component’s
reference WLF
temperature

prediction for

0 Ci-j=1§—j log &ip = ¢ i—j contact is

log CinL-m characterized by  both species is
+ ¢;log Gn the j species exactly the
L-M contact friction same; result of
blends of 20%
PMMA and
lower
—pilp; Civ = GjnL—-m negative o behavior typical

indicates that a of slow
component’s components in
dynamics are many blends;
strongly affected plasticizing
by the presence  effect of the fast
of the second component
species, both dominates
tribologically dynamics even
and free volume  when the fast
wise component
fraction in the
blend is small

a general correlation §;—; = §;—%&;—;'~%, where {;—; and §;—;
may be given by the homopolymer friction factors, ;, and &jp,
shifted according to Lodge—McLeish. Then we obtain

log(&;1,) = ¢;10g(5; 1 —m) + &; log(Cj,h -w Tt
o,$;108(8; L -w/Cjn—w) (10)

Table 2 compares the results of various values of o.

Parts ¢ and d of Figure 8 compare the predictions of eq 10
with the data. The model describes the PMMA terminal data
remarkably well over the entire composition range (Figure 8c).
The PEO data are also modeled well, except perhaps for the
highest PMMA concentrations. The discrepancies at 80% and
90% PMMA content probably stem from intrachain relaxation
mechanisms playing a more dominant role in PEO dynamics,
as noted in the context of Figures 3d,e and 7. Interestingly, PEO
tracer chains in PMMA, on the other hand, relax more slowly
than expected by the mixing rule.

In addition to the relative success that this model enjoys for
PEO/PMMA blends, it successfully predicts the published
terminal results of PI and PS in their respective blends using
¢s,PS = 042, ¢s,PI = 0.33, and ops = op; = —0.25.8 It also
improves the PVE predictions in PI/PVE blends using ¢spr =
0.4, ¢spve = 0.2, and opyvg = 1.7.2" The value of o being greater
than unity is problematic, and indeed the predictions are still
not satisfactory. As for PI, the self-concentration model predicts
its dynamics well, so ap; = 1.

Summary

High molecular weight tracer chains of either PEO or PMMA
have been blended with low molecular weight matrices of
various compositions. Homopolymer friction factors have been
obtained from the steady shear viscosity. For the blends, the
n', ", and n material functions have been obtained, and three
methods have been devised to extract terminal component
dynamics: The longest relaxation times of the tracer chains are
apparent via 1" peaks. The presence of the tracer chains
enhances the blend steady shear viscosity. We employed a
simple formulation to extract the contribution of the tracer chains
to 17. We then used the Rouse model to extract component
values. Lastly, concurrent with the #" relaxation peaks of the
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tracer chains, 17" plateau values shift to reflect the fact that the
stress in the sample is sustained via different mechanisms once
the tracer chains relax. Using the same formulation as that used
to extract tracer contribution to 7, we obtain the tracer
contribution to 7'. In addition, we used an Einstein-type equation
to account for the modification of the matrix %' value due to
the presence of the tracer chains. The results obtained agree
well with each other as well as with most literature data and
FRS results obtained for PEO.

Selected experiments were repeated using PEO—DME,
thereby eliminating any hydrogen bonding. We obtain equivalent
results, except for a shift in 7. This indicates that hydrogen
bonds do not contribute significantly to the blend dynamics at
PEO molecular weights >1 kDa.

The PMMA mobility increases dramatically upon addition
of a small fraction of PEO. As the matrix becomes richer in
PEO, PMMA mobility increases more moderately, until in a
pure PEO matrix the PMMA friction factors coincide with those
of the PEO. The PEO mobility is not as strongly affected by
the presence of PMMA until the matrix becomes PMMA-rich
(¢pmma = 0.9). At these compositions, the PEO mobility also
becomes significantly dependent on composition. The mobility
of PEO tracer chains in a 100% PMMA matrix, however, does
not assume the matrix values.

The Lodge—McLeish model does not describe the data well
for either component. An empirical mixing rule, however, is
able to fit the experimental results. This mixing rule incorporates
two concepts: shifting the homopolymer WLF curves to account
for glass transition changes upon blending, as in the Lodge—
McLeish model, and “mixing” these shifted curves to account
for specific effects of nearest neighbors on mobility. The model
includes one new parameter that determines the relative weight
of i—i and j—j contacts in accounting for the effect of i—j
contacts.
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