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ABSTRACT: Cyclic poly(oxyethylene) (POE) was prepared from hydroxyl-terminated linear POE with molecular
weights from 400 to 1500 g/mol using a dilute-solution end-coupling route. These cyclic and linear POEs were
solution-mixed with linear polystyrene (PS, 15 kg/mol) to prepare binary blends with POE concentrations from
1.5 to 40 wt %. To assess the effect of end groups, PS was also blended with methoxyl-terminated linear POE
with molecular weights from 500 to 2000 g/mol. Thermal analysis was conducted using differential scanning
calorimetry to measure the glass transitions (Tg) in the blends. Using the Fox equation and the blend Tg, we
estimated the fraction of POE dissolved into the PS. Across the entire concentration and molecular weight ranges
studied, cyclic POE exhibited significantly enhanced miscibility compared to the linear POEs. For the smallest
POE additives at concentrations e10 wt %, completely miscible blends were formed with cyclic POE, partially
miscible blends were formed with the methoxyl-terminated linear POE, and the hydroxyl-terminated linear POE
was completely immiscible. 1H solid-state NMR spectroscopy was used to examine the POE dynamics and domain
sizes in these dynamically asymmetric blends. In the completely miscible blends, the dissolved POE is characterized
by typical smallest diameters of 1-1.5 nm and exhibits reduced segmental mobilities compared to pure POE. In
the partially miscible blends, two dynamically distinct POE domains are detected, representing the dissolved
POE and phase-separated POE. The phase-separated POE exhibits higher segmental mobilities in larger domains
(>∼20 nm).

Introduction

Polystyrene and poly(oxyethylene) (POE) are not miscible
over wide ranges of temperature, composition, and molecular
weight.1-3 Miscibility can be enhanced by using styrene
copolymers containing functional groups that hydrogen bond
to the POE. Example comonomers include hydroxystyrenes,4

acrylic acid,5 or methacrylic acid.6 The use of such function-
alized polymers to reduce the enthalpy of mixing is a common
method for compatibilization of immiscible polymer blends.
Other methods include (1) addition of copolymer additives7 and
(2) in situ generation of interfacially active polymers by (a) using
reactive components with complementary functional groups8 or
(b) solid-state shear pulverization.9 These techniques require
either the addition of an extra component or its synthesis by
chemical modification of one or more of the constituent
polymers.

An alternative method for improving blend miscibility is to
simply replace one of the linear components with a cyclic
version of the same polymer. In 1986, Cates and Deutsch10

reported some computational results on cyclic/linear blends in
which they predicted “...it may be possible to find pairs of
chemical species A, B such that linear chains of each species
are incompatible (� > 0), but that rings of one species are
compatible with linear chains of the other (� < 0).” Six years
later, Santore, Han, and McKenna reported that cyclic polysty-
rene (PS) exhibited a slightly higher LCST (lower critical
solution temperature) and was less mobile than linear PS in
blends with linear poly(vinyl methyl ether) (PVME).11 Since
then, a few other examples have been reported:12 cyclic
poly(dimethylsiloxane) with linear poly(methylphenylsiloxane),13

and cyclic polycarbonate with a number of linear amorphous
polymers as evidenced by reduced calorimetric Tg’s.14,15

Increased miscibility for cyclic/linear polymer blends as
compared to linear/linear polymer blends can be explained by
topological effects. If as-synthesized pure cyclic polymers are
not concatenated or knotted, then these configurations remain

unavailable to them in the solid state. This additional excluded
volume due to topology leads to significantly reduced entropy
for pure cyclic polymers. In contrast, there is no unavailable
configurational space for linear/linear and cyclic/linear blends
since they can interpenetrate freely. Therefore, mixing of cyclic/
linear polymer blends can be thermodynamically favored due
to the entropy gain involved when going from pure cycles to
cyclic/linear blends.15,16

For polymers with sufficiently low molecular weights,
miscibility is greatly affected by end groups. It has been shown
that the � parameter can be changed by using different end
groups.17,18 Thus, miscibility differences between cyclic/linear
blends and linear/linear blends could be attributed to loss of
the end groups. The earlier study on blends of PVME with cyclic
PS employed 247 kg/mol cyclic PS, and thus end-group effects
are not expected to play a major role there.11 The study
conducted by Nachlis et al.15 focused on cyclic bisphenol A
carbonate oligomers, for which loss of end groups might be
expected to influence blend miscibility. However, the authors
did not find a strong dependence of the � parameter on the nature
of the end groups and concluded that the difference between
the � values for cyclic/linear and linear/linear polymer blends
was too large to be due to the chemical nature of the end
groups.15

Cyclization as a route to miscible polymer blends is relatively
unexplored. Because of the recent availability of a larger variety
of cyclic polymers from new19-21 and efficient22,23 synthetic
schemes, this method warrants further examination. In this
contribution, we report that cyclic poly(oxyethylene) exhibits
significant miscibility with linear polystyrene. We compared the
miscibility of linear polystyrene with low-molecular-weight
cyclic and linear poly(oxyethylene). The linear POE is termi-
nated with hydroxyl end groups. To assess the effect of losing
these hydroxyl end groups on blend miscibility, we also
examined blends of linear PS with linear poly(ethylene glycol)
dimethyl ether, which is a methoxyl-terminated linear POE.
Miscibility was assessed by thermal analysis using differential
scanning calorimetry and by solid-state NMR measurements.* Corresponding author: e-mail beckham@gatech.edu.
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Solid-state NMR was used to characterize the relative mobility
of the POE component in the binary blends and also the POE
domain sizes via spin-diffusion studies.

Experimental Section

Materials. Unless stated otherwise, all starting materials and
solvents were purchased from Aldrich and used without further
purification.

Poly(oxyethylene). R-Hydro-ω-hydroxypoly(oxyethylene) (lPOE,
Mn ∼ 400, 600, 900, and 1500 g/mol) and R-methyl-ω-methoxy-
poly(oxyethylene) (lPDME, Mn ∼ 500, 1000, and 2000 g/mol) were
dried under vacuum for a period of days. Cyclic POE (cPOE) was
synthesized from lPOE and purified according to previously reported
procedures.23 Yields for each molecular weight were 63% (400
g/mol), 68% (600 g/mol), 73% (900 g/mol), and 80% (1500 g/mol).
Each cyclic POE sample is 100% free of linear byproducts,
according to NMR and MALDI-TOF mass spectrometry, and
exhibits GPC polydispersities of e1.1.23 In the text, the different
POEs are signified by an acronym and subscripted molecular
weight.Forexample,cPOE400isthe400g/molcyclicpoly(oxyethylene).

Polystyrene. Styrene (99%) was passed through an inhibitor
removal column and then polymerized in toluene (20% styrene w/w)
using azobis(isobutyronitrile) (1% w/w based on styrene). The
resulting product was dissolved in CH2Cl2 and precipitated into
methanol thrice to yield polystyrene (PS): yield ) 60%; Mn ) 15
kg/mol, Mw ) 20 kg/mol by GPC, Tg ) 94 °C by DSC (10 °C/min).

POE/PS Blends. Blends of polystyrene and POE were prepared
by solution mixing in toluene (10% solids w/v). Both polymers of
a given blend composition were dissolved in toluene separately,
mixed, and sonicated for 15 min. The clear solutions were cast
onto Petri dishes and allowed to sit overnight at room temperature.
The dried films were scraped off, dried under vacuum at 60 °C for
48 h, and then annealed under vacuum at 120 °C for 24 h. The
annealed samples were allowed to slowly cool back to room
temperature over a period of hours and then stored at room
temperature in a desiccator under vacuum. The final blend
concentration was confirmed by quantitative 1H NMR in CDCl3.
Five different blend concentrations were investigated: 1.5, 4.5, 10,
25 and 40% (w/w POE in PS).

Instrumentation and Methods. Solution-state 1H NMR spectra
were measured with a Bruker DRX-500 spectrometer on 1 wt %
solutions in DMSO-d6 or CDCl3. A recycle delay of 10 s was used
to ensure quantitative analysis.

Differential scanning calorimetry (DSC) was conducted on a
SEIKO 220C under nitrogen. Samples (10-30 mg) were sealed in
aluminum pans. The power and temperature scales of the calorim-
eter were calibrated against the enthalpies of fusion and melting
temperature of pure indium and tin. All thermograms were baseline-
corrected by subtracting the thermogram for an empty aluminum
pan, measured under the same conditions. A typical experiment
consisted of fast cooling to -150 °C, slow heating to 150 °C, hold
at 150 °C for 10 min, slow cooling to -150 °C, hold at -150 °C
for 5 min, and slow heating to 150 °C. The slow heating and cooling
rate was 10 °C/min. The thermograms reported here were obtained
from the second heating. Values of the enthalpies of fusion (∆fusH)
were obtained from peak areas. Melting temperatures (Tm) were
obtained from the peak maxima. The percentage crystallinity was
calculated using a fixed value for the melting enthalpy, 200 J/g,
reported for a 100% crystalline hydroxyl-terminated POE.24

Solid-state NMR measurements were carried out on a Bruker
DSX-300 spectrometer using a Bruker double-resonance MAS
probe head. Unless stated otherwise, spinning speeds of 5 kHz were
used, and spectra were collected at room temperature (24 °C). 1H
wide-line spectra were collected on static samples or under MAS
using a 5 s recycle delay, a 5 µs 1H 90°pulse length, and 8-32
scans.

Spin-diffusion experiments, also called dipolar magnetization
transfer, were conducted under MAS using the dipolar filter
sequence.25 The experiment begins by selection of the mobile-phase
1H magnetization using a dipolar filter consisting of 12 π/2 pulses,

each separated by a delay time, τ. The filter sequence can be cycled
n times. Selection is followed by a variable mixing time (tm) to
allow diffusion of the mobile-phase magnetization into the rigid
phase and then detection of the 1H signal or, by insertion of a cross-
polarization sequence, the 13C signal. For sufficiently long mixing
times, the magnetization is equilibrated across the sample. If the
filter is adjusted properly (by appropriate settings of τ and n), the
T1-corrected and normalized (vide infra) magnetization at equilib-
rium corresponds to the stoichiometric mobile-phase 1H fraction
in the sample. The filter strength was thus optimized with τ ) 10
µs and n ) 5. Pulse lengths were 5 µs for the 1H 90° and 10 µs for
the 1H 180°. The mixing time (tm) was incremented from 100 µs
to 1.6 s; 32 scans, each separated by a 5 s recycle delay, were
collected for every mixing time. Spin-lattice relaxation occurs
during the mixing time and leads to signal decay. To correct for
this, the experiment was conducted a second time for each sample
but with the selection filter removed (n ) 0). After normalization
to tm ) 100 µs, the ratio of signal intensity with selection (IPOE) to
signal intensity without selection (IPOE,0) was plotted versus �tm

to obtain the spin-diffusion decay curve.
We used the initial-rate approximation to estimate the POE

domain sizes from the experimental spin-diffusion decay curves.26,27

In general, small domains are characterized by a more rapid decay
than are large domains. A straight line fitted to the initial part of
the spin-diffusion decay curve will intercept the x-axis at lower
values for small domains than for larger domains. Such initial-rate
data may be used to estimate the domain sizes:

where dPOE is the POE domain size (“typical smallest diameter”),
ε is the dimensionality of the spin diffusion (e.g., ε ) 3 for three-
dimensional, ε ) 2 for 2D, and ε ) 1 for 1D), Deff is the effective
spin-diffusion coefficient, and �tm

* is the x-axis intercept of a
straight line fitted to the initial part of the spin-diffusion decay curve.
The Deff is an average of the rigid-phase (i.e., PS) and mobile-
phase (i.e., POE) spin-diffusion coefficients:27,28

A value of 0.8 ( 0.2 nm2/ms was used for DPS.25 The DPOE was
computed from the spin-spin relaxation time (T2) of the POE-
phase magnetization using some empirically established relations
determined on static samples.28 Although our samples were
measured under MAS, the reported calibration curve is expected
to be valid since MAS reduces both spin-diffusion and spin-spin
relaxation rates by averaging of dipolar interactions. The POE T2’s
were measured for each blend sample under MAS using the dipolar
selection filter immediately followed by a Hahn echo sequence.29

The mixing time was fixed at 10 µs, and τ was incremented from
20 µs to 6 ms. The measured echo maxima were normalized and
then plotted as a function of 2τ to provide the echo decay curves
which were fitted to determine the POE T2’s. DPOE values for all
blends are listed in Table 2.

Results and Discussion

DSC data for the pure POE components are summarized in
Table 1. All three versions of the POE (hydroxyl-terminated
linear, methoxyl-terminated linear, and cyclic) are semicrystal-
line and exhibit melting endotherms in their DSC traces. Glass
transitions (Tg) are observed for the smallest POEs at -72 °C
(cPOE400 and lPOE400) and at -70 °C (lPDME500). With the
exception of the cPOE600 (Tg ) -68 °C), all other POE samples
were so highly crystalline that it was difficult to detect the glass
transition. Repeated attempts to observe Tg’s by quenching
samples from the melt were unsuccessful. For the same
molecular weight, the cyclic POEs exhibit lower melting

dPOE ) 2ε
√π

√Defftm
/ (1)

√Deff )
√DPS√DPOE

(√DPS + √DPOE)/2
(2)
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temperatures (Tm), lower melting enthalpies (∆fusH), and
therefore lower crystallinities than the linear POEs, consistent
with the literature.30-33

DSC thermograms are shown in Figure 1 for linear polysty-
rene and its blends with lPOE400, lPDME500, and cPOE400 at
POE concentrations of 10 wt %. The PS Tg (94 °C) is apparently
depressed for each of the blend samples, indicating that some
fraction of each of these low-molecular-weight POE additives
dissolves into the PS. The magnitude of the depression occurs
in the following order: lPOE (87 °C) < lPDME (79 °C) < cPOE
(66 °C), meaning more cPOE dissolves into PS than either linear
POE. In the DSC trace of the lPOE400/PS blend, the appearance
of the lPOE melting endotherm, very close to that of the pure
lPOE400, reveals the presence of a large separate lPOE phase.
A separate Tg for lPOE400 is not discernible in this sample. In
contrast, separate POE Tg’s and no melting endotherms are
observed for the blends with lPDME500 and cPOE400. Note,
however, that the POE Tg’s are only seen when the y-axis is
expanded and appear at significantly higher temperatures (0 °C)
than the Tg’s for the pure POE components (∼-70 °C). The
dissolved POE in these blends is characterized by slower
segmental motions than in pure POE, consistent with POE in
miscible blends with poly(methyl methacrylate).34-37

Historically, the presence of two calorimetric Tg’s in polymer
blends was taken as an indicator of immiscibility, at least to
some degree. However, NMR studies as early as 1990 by Miller
et al.38 showed that a polymer blend could be intimately mixed
but still have each of its components exhibit distinct dynamics.
While the blend that they studied, polyisoprene/poly(vinyleth-
ylene), did exhibit a single albeit broad calorimetric Tg, they
pointed out that “in principle even distinct glass transition
temperatures” are “not inconsistent with thermodynamic mis-
cibility”.38 Since that time, numerous studies have confirmed
that individual components of apparently miscible polymer
blends do indeed exhibit distinct dynamics.39,40 The question
really is, why are not separate Tg’s observed for the individual
components of miscible polymer blends? This has been recently
and nicely addressed by Lodge et al.41 In general, for miscible
blends with widely separated Tg’s, it is easier to observe the
two calorimetric Tg’s. One particularly relevant and widely
studied case is the miscible blend of POE and poly(methyl
methacrylate) (PMMA), for which the pure-component Tg

separation is >180 K. The literature contains studies that report
either a single Tg

42 or two Tg’s43,44 from DSC thermograms of
POE/PMMA blends. As shown in Figure 1 and mentioned above
for the POE/PS blends studied here, it would have been easy
to overlook these elevated POE Tg’s.

Separate component Tg’s in miscible polymer blends are
predicted using the Lodge-McLeish model. According to this
model, effective component Tg’s exist as a consequence of the

local environment of a given component being rich in that
component due to chain connectivity. This leads to an effective
Tg of the low-Tg component being depressed and an effective
Tg of the high-Tg component being elevated relative to the blend
average Tg. The relevant volume (V) over which this self-
concentration effect takes place is calculated using the Kuhn
length (lk): V ∼ lk3; the fraction of one Kuhn’s length of polymer
actually occupying this volume is called the self-concentration,
φself. These self-concentrations can then be used to compute
effective weight fractions. If these effective weight fractions
are used in the Fox equation (note that this approach is not
required by the Lodge-McLeish model), effective Tg’s can be
calculated for each component of a blend. The Kuhn length
can be estimated from the characteristic ratio, lk ) C∞l, where
l is the length of the average backbone bond. Characteristic ratios
of 3.8 to 6.7 have been reported for POE, with most ranging
from about 4 to 5.45-47

Using a Kuhn length for POE computed from a characteristic
ratio of 5,48 and the component Tg’s measured for our pure POE
and PS, the Lodge-McLeish model predicts a self-concentration
of 0.29, from which we calculate an effective Tg of 9 °C for
the POE in the 10 wt % blend with PS. This is close to but
slightly higher than the experimentally observed value of 0 °C
(see Figure 1). We used C∞ ) 5 since this value was measured
for POE in dilute nonaqueous solvents and therefore does not
incorporate condensed phase effects.48 The observed POE Tg

is not related to topology, as the cyclic POE and methoxyl-
terminated linear POE (lPDME) both exhibit the Tg around 0
°C in their blends with PS (see Figure 1). A separate elevated
POE Tg was observed between -10 and 0 °C for all cPOE/PS
blends up to 10 wt % and some of the PS/lPDME blends. For
the 4.5 wt % blends, the Lodge-McLeish model predicts an
effective POE Tg of 17 °C, which is higher than the experi-
mentally observed elevated POE Tg’s (-10 to 0 °C).

For the PS, a Lodge-McLeish self-concentration of 0.15 was
calculated which leads to an effective Tg of 73 °C for the 10 wt
% blends. The experimentally observed Tg occurs at 66 °C in
the cPOE/PS blend. Thus, the Lodge-McLeish effective Tg’s
are higher than both Tg’s in the DSC thermogram of the 10 wt
% cPOE/PS blend shown in Figure 1. Using DSC, separate
component Tg’s have been detected in miscible polymer blends
and quantitatively matched with the effective Tg’s predicted by
the Lodge-McLeish model.49 However, these blends exhibited
single broad glass transitions in their heat capacity curves; two
peaks were only revealed after taking the derivative of the heat
capacity curves.49 The two Tg’s observed for the POE/PS blends
are not the effective Tg’s predicted by the Lodge-McLeish
model. The elevated POE Tg observed in Figure 1 is more likely
a manifestation of restricted segmental dynamics of the POE
confined in the relatively static PS matrix. Dynamic confinement
effects have recently been observed for dilute concentrations
of POE in PMMA,50 poly(vinyl acetate),51 and poly(ether
sulfone)52 near and below the blend Tg. The two Tg’s observed
in Figure 1 are best described as the average blend Tg (the
stronger transition at higher temperatures) and the confined POE
transition (the weaker transition at lower temperatures), both
of which should be and are lower than the effective component
Tg’s predicted by the Lodge-McLeish model.53

The blend Tg observed in DSC for the cPOE400/PS blend (see
Figure 1) is perfectly described by the Fox equation:54

where wPS and wPOE are the weight fractions of PS and POE in
the blend and Tg,PS and Tg,POE are the glass transitions of the
two homopolymers. Using the Fox equation and the blend Tg,

Table 1. Thermal Data for Hydroxyl-Terminated Linear POE
(lPOE), Methoxyl-Terminated Linear POE (lPDME), and Cyclic

POE (cPOE)

sample Tg (°C)a Tm (°C)a ∆fusH (J/g)a % crystallinity

lPOE400 -72 4 91 46
lPOE600 b 21 128 64
lPOE900 b 37 143 71
lPOE1500 b 50 (47c) 172 (165c) 86
cPOE400 -72 -7 27 13
cPOE600 -68 7 44 22
cPOE900 b 26 107 54
cPOE1500 b 48 (47c) 136 (140c) 68
lPDME500 -70 15 116 58
lPDME1000 b 39 130 64
lPDME2000 b 61 190 95

a Errors: Tg ( 2 °C, Tm (lPOE) ( 2 °C, Tm (cPOE) ( 5 °C, ∆fusH ( 10
J/g. b Tg was difficult to detect with DSC. c Tm and ∆fusH values taken
from the literature.31

1
Tg,blend

)
wPS

Tg,PS
+

wPOE

Tg,POE
(3)
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the weight fraction of POE that dissolves into the PS, wPOE,
can be calculated since wPS ) 1 - wPOE. Figure 2 shows the
weight fraction of cPOE400, lPDME500, and lPOE400 incorporated
into polystyrene as a function of the overall POE weight fraction.
Across the entire concentration range, cPOE exhibits signifi-
cantly higher miscibility than lPDME, and lPOE is immiscible
in PS. At 10 wt %, for which the DSC data are shown in Figure
1, the entire cPOE fraction, about half of the lPDME fraction,
and very little of the lPOE fraction mix into the PS phase
according to the Fox equation. For the lPDME500/PS blend, 10
wt % seems to be a critical composition as the fraction of
lPDME500 incorporated into the PS-rich phase decreases for
higher POE concentrations. It is known that replacing hydroxyl
with methoxyl end groups in POE decreases the upper critical
solution temperature of its blends with PS, which can increase
miscibility for a given temperature.55 However, even when both
components are low molecular weight (2-3 kg/mol), the phase
boundary is near 100 °C for a lPDME/PS blend containing 10%
lPDME.55 The DSC data of Figures 1 and 2 show that both
topology and end groups affect the miscibility behavior for POE/
PS blends; topological effects are however greater than the end-
group effects. Even up to 40 wt % overall POE in the blend, as
much as 30 wt % of the cyclic POE400 is incorporated in the

PS phase, while less than 3% of the linear POE additives are
miscible.

The effect of POE molecular weight on blend compatibility
was also studied by DSC. Figure 3 shows the weight fraction
of POE incorporated into the PS phase as a function of POE
molecular weight for a POE blend concentration of 4.5 wt %.
Across all molecular weights, cPOE exhibits significantly higher
miscibility than the linear POEs. The lPDME again displays
an intermediate behavior between cPOE and lPOE. The lPDME
fraction incorporated into PS seems to decrease much more with
chain length, with the trend suggesting that molecular weights
>2 kg/mol might be as strongly phase-separated as the lPOE.
This behavior is consistent with reduced end-group effects for
increasing molecular weight. The cyclic POE400 appears to be
entirely incorporated into the PS at this concentration, but not
for higher molecular weights. However, the cPOE weight
fraction incorporated into the PS-rich phase does not decrease
significantly from about 600 to 1500 g/mol. Comparing the POE

Table 2. Domain Sizes Obtained from NMR Spin-Diffusion Experiments for Blends of PS with Cyclic POE (cPOE),
Methoxyl-Terminated Linear POE (lPDME), or Hydroxyl-Terminated Linear POE (lPOE)

dPOE (nm)

POE component in
blend with PS

POE content
(% w/w)

DPOE

(nm2/ms) dissolveda phase-separatedb
miscibility: complete

(c), partial (p), not (n)

cPOE400 1.5 0.07 1.1 c
4.5 0.07 1.3 c

10 0.07 1.5 c
25 0.07, 0.01 5 ∼49 p
40 0.01, 0.01 8 ∼62 p

cPOE600 4.5 0.07, 0.01 1.4 ∼130 p
cPOE900 4.5 0.07, 0.01 1.6 ∼130 p
cPOE1.5K 4.5 0.01, 0.01 3 ∼26 p
lPDME500 1.5 0.07, 0.01 2 ∼23 p

4.5 0.07, 0.01 3 ∼35 p
10 0.07, 0.01 3 ∼22 p
25 0.007 ∼100 n
40 0.007 ∼100 n

lPDME1K 4.5 0.01, 0.01 5 ∼45 p
lPDME2K 4.5 0.007 ∼100 n
lPOE400 1.5-40 0.007 ∼100 n
lPOE600 4.5 0.007 ∼100 n
lPOE900 4.5 0.007 ∼100 n
lPOE1.5K 4.5 0.007 ∼100 n

a Dissolved POE domain size computed using ε ) 1. b Phase-separated POE domain size computed using ε ) 3.

Figure 1. DSC thermograms for polystyrene (PS) and its blends (10
wt %) with hydroxyl-terminated linear poly(oxyethylene) (lPOE, 400
g/mol), methoxyl-terminated linear POE (lPDME, 500 g/mol), and
cyclic POE (cPOE, 400 g/mol).

Figure 2. Weight fraction of POE incorporated into PS blended with
cyclic POE (b, cPOE, 400 g/mol), methoxyl-terminated linear POE
(O, lPDME, 500 g/mol), or hydroxyl-terminated linear POE (0, lPOE,
400 g/mol) as a function of the overall POE weight fraction. The weight
fraction incorporated into the PS-rich phase was determined using the
blend Tg from DSC and the Fox equation (eq 3). For the cPOE in PS,
the blend Tg’s are 90, 81, 66, 35, and 20 °C for 1.5, 4.5, 10, 25, and 40
wt %, respectively. The solid line represents complete dissolution of
the POE into the PS. The dashed lines are drawn as guides to distinguish
the behavior of the three different POE additives.
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additives with the highest molecular weights again suggests that
topological effects dominate end-group effects on blend mis-
cibility.

Figures 2 and 3 display miscibility information obtained from
DSC measurements on the POE/PS blends, based on the
assumption that the Fox equation applies to these blends. While
DSC is sometimes used to map out phase diagrams, the
procedure typically involves quenching a melted sample to a
defined annealing temperature followed by scanning to probe
the existence of one or two Tg’s. As described in the Experi-
mental Section, each POE/PS blend sample was held at 150 °C
for 10 min, slowly cooled to -150 °C, and then slowly heated
to measure the blend Tg, from which the weight fraction of
dissolved POE was determined using eq 3. Because of the slow
cooling step after annealing the samples at 150 °C, the sample
temperatures are ill-defined prior to scanning to probe the
location of the Tg (or Tg’s). Thus, Figures 2 and 3 cannot be
directly converted into conventional phase diagrams.

POE Dynamics from Solid-State NMR Line Shapes. The
blend dynamics in the kilohertz regime were examined with
solid-state 1H NMR spectroscopy. The 1H solid-state NMR
spectra of all the samples consist of a narrow peak due to the
mobile POE superimposed on a very broad peak due to the rigid
PS. Spectra, expanded to display only the POE region, are shown
in Figure 4a for blends of PS with cPOE400, lPDME500, and
lPOE400 for POE concentrations of 10 wt %. The line width for
cPOE400 (∆ν1/2 ∼ 400 Hz) is 10 times broader than that of
lPOE400 (∆ν1/2 ∼ 40 Hz), signifying considerably reduced
mobility for cPOE400 in the blends when compared to lPOE400.
The lPDME500 peak in its PS blend consists of a narrow line
superimposed on a broader component, suggesting two different
dynamic regimes for lPDME500 in the blends. Using two line
shapes with widths characteristic of the more rigid cPOE400 and
mobile lPOE400, the lPDME500 peak can be fitted, revealing that
about 60% of the lPDME500 exists in a more rigid environment
while about 40% exists as a mobile phase. Close observation
of the two-component lPDME/PS line shape in Figure 4a reveals
the narrow component to be slightly downfield from the rigid
component. This fact, coupled with the relative fractions of the
two components obtained by fitting, rule out the likelihood that
the narrow component is simply due to the methoxyl end groups
of the lPDME. The broad lPDME component does not cor-
respond to crystalline lPDME that has phase separated in the

blend. The DSC thermogram of the lPDME500/PS blend in
Figure 1 does not contain a melting endotherm.

The reduction in mobility for cPOE400 and a portion of the
lPDME500 as compared to lPOE400 in their blends with PS could
be due to differences in (1) intrinsic mobilities and (2) local
environments related to miscibility. As shown in Figure 4b, the
1H line shapes of pure cPOE400, lPDME500, and lPOE400 are
nearly identical, signifying no differences in intrinsic mobilities
in the kilohertz regime. Thus, the mobility reduction observed
in Figure 4a for the cPOE400 and a portion of the lPDME500 in
their blends with PS is attributed to enhanced miscibility, and
therefore more intimate contact, with the rigid PS segments.
Based strictly on the 1H line widths, cPOE400 is the most
miscible, lPOE400 is the least miscible, and lPDME500 exhibits
an intermediate behavior between the two, that is, partially
miscible. These results are consistent with solid-state 13C NMR
line shape studies (data not shown), the DSC results shown in
Figures 1 and 2, and with literature reports that POE segmental
dynamics are reduced (compared to pure POE) in miscible POE/
PMMA blends.34-37

The effect of POE concentration and molecular weight on
the POE mobility in the blends was also examined with 1H solid-
state NMR. Across the entire concentration range, the 1H line
shapes for cPOE400 are much broader than those of lPOE400,
consistent with the enhanced miscibility of cPOE observed in
Figure 2. Indeed, as the fraction of cPOE400 incorporated into
the PS-rich phase deviates from the full-dissolution line of
Figure 2, the cPOE line shapes for the 25 and 40 wt % blends
exhibit a slight narrowing. However, they are still 20 times
broader than the lPOE400 line shapes, which remain narrow from
1.5 to 40 wt %. The lPDME500 line shape consists of a cPOE-
like rigid component and lPOE-like mobile component. The
relative ratio of these two components is approximately equal
up to 10 wt %, above which the rigid-component fraction
decreases. At 40 wt %, the lPDME500 line shape appears very
much like the lPOE400 line shape, consistent with a strongly
phase-separated POE domain and the DSC results of Figure 2.

The 1H line shapes for cPOE in its 4.5 wt % blends with PS
were measured as a function of cPOE molecular weight. The
line widths decrease with increasing size of cyclic POE: cPOE400

) 400 Hz, cPOE600 ) 350 Hz, cPOE900 ) 300 Hz, and cPOE1.5K

Figure 3. Weight fraction of POE incorporated into PS blended with
cyclic POE (b, cPOE), methoxyl-terminated linear POE (O, lPDME),
or hydroxyl-terminated linear POE (0, lPOE) as a function of the POE
molecular weight. The weight fraction incorporated into the PS-rich
phase was determined using the blend Tg from DSC and the Fox
equation (eq 3). The solid line represents complete dissolution of the
POE into the PS at the overall weight fraction of 4.5%. The dashed
lines are drawn as guides to distinguish the behavior of the three
different POE additives.

Figure 4. (a) 1H solid-state NMR line shapes for blends of PS with 10
wt % of (from top to bottom) cyclic POE (cPOE, 400 g/mol), methoxyl-
terminated linear POE (lPDME, 500 g/mol), or hydroxyl-terminated
linear POE (lPOE, 400 g/mol). Spectra, collected at room temperature
while magic-angle spinning (MAS) at 5 kHz, are expanded to display
the narrow POE component only; the underlying broad component due
to PS is not shown. The spectra are scaled to the same intensity. (b)
1H solid-state NMR line shapes for (from top to bottom) cPOE400,
lPDME500, and lPOE400. These POE samples are liquids at room
temperature so spectra were collected without MAS. The blend samples
were measured under MAS because the narrow POE component for
the cPOE and lPDME blends are only resolved under MAS.

9788 Singla and Beckham Macromolecules, Vol. 41, No. 24, 2008



) 150 Hz. The cPOE1.5K line shape is composed of two
components, somewhat similar to the lPDME500 line shape
shown in Figure 4, indicating the presence of two different
environments. This is consistent with the DSC results of Figure
3 which show that not all of the cPOE1.5K is mixed into the
PS-rich phase of this binary blend. 1H line shapes for the
lPDME/PS and lPOE/PS blends were not analyzed as a function
of POE molecular weight due to the contribution of POE
crystallinity to the room-temperature 1H line width. Crystallinity
broadens the 1H spectra, making it less straightforward to
analyze line shapes in terms of miscibility alone. Although the
lPOE400 is certainly phase-separated and semicrystalline in its
blend with PS (see Figure 1), the 1H line shapes shown in Figure
4 were measured at room temperature, which is well above the
Tm for the lPOE400 (see Table 1).

POE Domain Sizes from Spin-Diffusion NMR. The mobil-
ity difference between the PS and POE allowed us to utilize
dipolar magnetization transfer (i.e., spin diffusion) experiments
to estimate the POE domain sizes. The dipolar filter was
optimized to quantitatively select only the 1H magnetization due
to the POE. The broad component (∆ν1/2 ∼ 30 kHz) in the 1H
solid-state NMR spectra of the POE/PS binary blends is not
present when the 1H signal is measured immediately after
application of the filter. The efficacy of the filter was further
confirmed by measuring the filtered magnetization after cross-
polarization to 13C, which shows a single peak for POE (70.3
ppm) and no peaks for PS.

Here we use the broader meaning of the term “domain” to
refer to the POE even if it is dissolved in the PS and forms a
miscible blend. In this case the POE represents a domain that
is distinguished from its surroundings by its dynamics. Even in
pure amorphous polymers, dynamic heterogeneities that exist
just above Tg have been characterized as “domains” and their
sizes measured by spin-diffusion NMR.56

Figure 5 shows the spin-diffusion decay curves for binary
blends of PS with cPOE400, lPDME500, and lPOE400 for 10 wt
% POE concentrations. The three blends show very different
spin-diffusion behavior. The normalized mobile-phase magne-
tization (IPOE/IPOE,0) for the cPOE400/PS blend monotonically

decreases and reaches a plateau at an end value of ∼0.2,
corresponding to the stoichiometric POE 1H fraction in the
blend. A straight line is fitted to the initial part of this spin-
diffusion decay curve (shown as a dashed line in Figure 5) and
extrapolated to its intercept with the x-axis, where IPOE/IPOE,0

) 0. This intercept yields the �tm
* value needed to compute the

POE domain size using eq 1. According to eq 1, the domain
size is directly proportional to a dimensionality factor, ε, that
reflects the number of orthogonal directions for which a spin
polarization gradient exists, and therefore spin diffusion is
relevant. For microphase-separated block copolymers whose
morphologies are known (e.g., from SAXS or TEM), it is
straightforward to apply ε )1 for lamellae, ε ) 2 for cylinders,
or ε ) 3 for spheres. However, the appropriate ε value to use
for miscible or partially miscible blends is not obvious without
some independent information on the morphology.57 The
literature on spin-diffusion studies of polymer blends reports
the use of ε ) 158-62 and ε ) 2.63,64 For the dissolved POE,
we used ε ) 1 and assumed that the important polarization
gradient is 1-dimensional for a POE chain segment in intimate
contact with more rigid PS chain segments. For the phase-
separated POE, we used ε ) 3 although cylindrical or lamellar
morphologies could also be justified for the blends containing
higher POE concentrations (e.g., 25 and 40 wt %), which would
lead to smaller computed domain sizes.

Based on the DSC (cf. Figure 2) and 1H data (cf. Figure 4a),
all of the cPOE400 is dissolved into the PS at 10 wt % to yield
single, dynamically hindered POE domains. The spin-diffusion
curve for this sample shows a single rapid decay, similarly
signifying a single POE domain. From the extrapolated initial
decay, �tm

* ) 3.2 ms1/2, from which eq 1 yields a dPOE of 1.5
nm using ε ) 1. In contrast, the lPOE400/PS spin-diffusion curve
did not show much decay for the mixing times used, indicating
large POE domains. The POE domain size in this case was
estimated to be ∼100 nm using the slope of the spin-diffusion
curve. This is also consistent with the DSC (cf. Figure 2) and
1H data (cf. Figure 4a) which show that most of the lPOE400 is
phase-separated from the PS at 10 wt % to yield single,
dynamically mobile POE domains.

The spin-diffusion curve for the lPDME500/PS blend exhibits
a two-step decay, which we attribute to the dissolved POE
(short-tm fast decay) and the phase-separated POE (long-tm slow
decay). Such two-step spin-diffusion curves have been observed
for emulsion-polymerized core-shell polymers in which only
the short-tm portion of the curve was analyzed to give the
thickness of the interface.65 Analysis of the long-tm portion of
such two-step spin-diffusion curves is not at all straightforward
as it represents spin diffusion of magnetization that has
originated from separate sources in typically unknown or
perhaps irregular spatial arrangements. Applying the initial-rate
approximation to the short-tm portion of the two-step spin-
diffusion curve shown in Figure 5 yielded 3 nm for the dissolved
POE domains in the partially miscible lPDME500/PS blends. This
value was determined using ε ) 1. As discussed above, using
ε ) 1 for dissolved POE that exists as isolated domains is done
with some degree of ambiguity. However, in the partially
miscible blends, instead of isolated domains, the dissolved POE
could exist as the interface between the phase-separated POE
and the PS. In this scenario, the most appropriate model is in
fact 1D with ε ) 1. By ignoring the possible presence of this
interface and multiple magnetization sources, we analyzed the
long-tm portion of the two-step spin-diffusion curve by throwing
away the short-tm portion, renormalizing and using the initial-
rate approximation. In effect, we have computed the domain
size for an assumed simple two-phase structure characterized
by the spin-diffusion decay observed as the second step in the
two-step decay curve. Using this approach, the phase-separated

Figure 5. 1H spin-diffusion curves for blends of PS with 10 wt %
lPOE400, lPDME500, or cPOE400. The normalized mobile-phase mag-
netization, IPOE/IPOE,0, is plotted as a function of the square root of the
mixing time, �tm. The dashed lines are fits to the initial part of each
of the spin-diffusion curves that are extrapolated to the x-axis intercepts,
�tm

* , which are used in eq 1 to determine domain sizes. For the
lPDME500 curve, a second straight-line fit is shown for longer mixing
times as this sample apparently consists of two separate POE domains.
The computed POE domain sizes are located in the gray boxes adjacent
to the associated decay curve.
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POE is contained in domains with typical minimum dimensions
of ∼22 nm, which should be considered a very rough estimate.
This is consistent with the DSC results (cf. Figure 2) that show
only a part of the lPDME500 component is dissolved into the
PS and also with the 1H line shapes that show two dynamically
distinct domains for the lPDME500 (cf. Figure 4a).

In addition to the data shown in Figure 5 for the 10 wt %
blends of the smallest POE additives (cPOE400, lPDME500, and
lPOE400), spin-diffusion data were also collected for these blends
at POE concentrations of 1.5, 4.5, 25, and 40 wt %. Spin-
diffusion curves are shown in Figure 6 for the cPOE400/PS
blends as a function of cPOE400 concentration. As the cPOE400

concentration increases in the blend, the plateau values of the
spin-diffusion curves increase which reflects the increasing
fraction of POE-to-PS protons in the samples. The spin-diffusion
curves in Figure 6 reveal single, small domains up to 10 wt %
and two separate domains for 25 and 40 wt % cPOE400. This is
consistent with the DSC results (cf. Figure 2) which show
complete dissolution of the cPOE400 up to 10 wt %. The
dissolved POE is present in the 25 and 40 wt % blends but is
accompanied by phase-separated POE domains.

Domain sizes were calculated as described above and are
summarized in Table 2 for all POE/PS blends. When the 1H
line shapes could be clearly resolved into two components, two
spin-diffusion coefficients were determined from the respective
T2 relaxation data. In these cases of partially miscible blends,
the spin-diffusion decay curve could be resolved into two
components, and two domain sizes were computed and are
reported for the dissolved POE and the phase-separated POE.

The blends can be placed into one of three categories
according to the number and size of POE domains: completely
miscible, partially miscible, and not miscible. The completely
miscible blends are characterized by single, small domains
attributed to dissolved POE. The completely immiscible blends
are also characterized by single POE domains, but these POE
domains are much larger due to phase separation of the POE.
The partially miscible blends consist of two POE domains: a
small one due to the dissolved POE and a larger one due to the
phase-separated POE. The completely miscible blends are the
ones prepared from cPOE400 at concentrations e10 wt %.
The dissolved POE domains in these completely miscible blends
are 1-1.5 nm. The completely immiscible blends include all

of the ones prepared with lPOE, lPDME500 at 25 and 40 wt %,
and with lPDME2K at 4.5 wt %. The POE domain sizes in these
completely immiscible blends are ∼100 nm and greater,
indicative of gross phase separation. The partially miscible
blends are those shown in Table 2, for which two POE domain
sizes are reported. These include the cPOE400 at 25 and 40 wt
%, all the blends prepared with cPOE > 400 g/mol, the
lPDME500 at e10 wt %, and the lPDME1K at 4.5 wt %. These
results are consistent with observations made upon solvent
casting and annealing the sample films: the completely miscible
blends were optically clear while the partially miscible and
immiscible blends appeared varying degrees of cloudy.

For the completely miscible cPOE400/PS blends (up to 10 wt
%), the POE domain sizes are 1-1.5 nm. At these concentra-
tions and for this molecular weight, the completely dissolved
POE can exist as isolated molecules in the PS matrix; the overlap
fraction for linear POE of 400 g/mol is about 0.25. Thus, these
domain sizes should reflect some characteristic size of a cPOE400

molecule. For 400 g/mol linear POE, the radius of gyration (Rg)
was calculated to be 0.7 nm using a characteristic ratio of 5
and an average bond length of 1.46 Å. Since the Rg for a cyclic
polymer is approximately half the value of the linear polymer
of equivalent molecular weight,66 the Rg for cPOE400 is estimated
to be 0.35 nm. This value seems reasonable when compared to
some reported molecular dimensions of cPOE440 (i.e., 30-crown-
10); the crystal structure of cPOE440 reveals a relatively flat
extended molecule with no cavity that is 1.36 nm long and 0.4
nm wide.67 Thus, we used the estimated Rg of 0.35 nm to
calculate a relevant characteristic size for cPOE400 as 2Rg )
0.7 nm, which is reasonably comparable to the 1.1 nm
determined for the 1.5 wt % cPOE400 blend by spin-diffusion
NMR (see Table 2). This agreement suggests that the choice of
ε ) 1 may indeed be the most appropriate. The experimentally
determined value may be even smaller than 1.1 nm. It has been
reported recently that the local 1H spin-diffusion coefficient for
polystyrene is 0.2-0.3 nm2/ms, significantly smaller than the
0.8 nm2/ms typically used for rigid domains on the 10 nm length
scale.68 If we use 0.2 nm2/ms for the DPS, a dPOE of 0.9 nm is
calculated for the 1.5 wt % cPOE400 blend.

For higher concentrations and higher molecular weights, the
size of the small (i.e., dissolved POE) domain increases. The
small domain size in the cPOE400/PS blends increases to 5 and
then 8 nm for the 25 and 40 wt % blends, respectively. Thus,
as the cPOE400 concentration increases beyond 10 wt %, some
degree of POE clustering (or interface broadening) takes place
for the dissolved POE phase. An increase in the small domain
size is also observed as larger POE molecules are used, for a
given concentration. The dissolved POE domain size in the 4.5
wt % blends increases to 1.6 and then 3 nm for the cPOE900

and cPOE1.5K blends, respectively. As the POE molecular weight
increases, the POE solubility in PS decreases so that the small
domains become increasingly POE-rich. This is consistent with
the fact that the small domain sizes in the cPOE/PS blends do
not scale proportionately with POE size, suggesting that the
larger cPOE chains are not as swollen in the matrix as the
smallest cPOE. This is also consistent with the reduction of the
spin-diffusion coefficients (see Table 2) and 1H line widths for
the cPOE domains as the cPOE molecular weight increases,
indicating higher mobility as the domains become more POE-
rich.

The spin-diffusion coefficients (DPOE) shown in Table 2 reflect
the changes observed in the POE segmental dynamics with
morphology. Only three different DPOE’s are reported: 0.07 nm2/
ms for the dissolved POE, 0.01 nm2/ms for the phase-separated
POE in the partially miscible blends, and 0.007 nm2/ms for the
phase-separated POE in the completely immiscible blends. The
DPOE’s are greatest for the dissolved POE since the POE

Figure 6. 1H spin-diffusion curves for blends of PS with cPOE400 at
concentrations of 1.5, 4.5, 10, 25, and 40 wt %. The spin-diffusion
curves plateau at end values representative of the POE-to-PS 1H
fractions in the samples. The curves for the 25 and 40 wt % blends
consist of a fast and a slow decay, indicative of two separate POE
domains in these samples.
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segmental dynamics are slowed by intimate contact with PS
segments which makes the dipolar couplings strongest and spin
diffusion more efficient. For example, the DPOE is 0.07 nm2/ms
for the completely miscible cPOE400/PS blends at cPOE400

concentrations e10 wt %. This value, 0.07 nm2/ms, is exactly
the same used for the POE phase in microphase-separated
poly(styrene-ethylene oxide) diblock copolymers in which the
POE segments are covalently linked to the PS segments.69 For
the partially miscible blends for which two spin-diffusion
coefficients could be measured, the DPOE for dissolved POE is
also 0.07 nm2/ms, while the DPOE for the phase-separated POE
domains is 0.01 nm2/ms, reflecting the reduced dipolar couplings
in these domains due to increased POE segmental mobility. For
the completely immiscible blends, for example all of the lPOE/
PS blends, the DPOE decreases to 0.007 nm2/ms as gross phase
separation further allows increased POE dynamics and reduced
dipolar couplings. These DPOE data are consistent with the 1H
line shape data, as they should be since the DPOEs are determined
from T2 measurements that scale inversely with 1H line widths.

The DSC results of Figure 2 indicate that all or some fraction
of the cPOE400 dissolves in PS to lower the blend Tg at
concentrations of 1.5-40 wt %. The cPOE400 domains respon-
sible for this Tg depression range in size from 1 to 8 nm. For
all of the other blends, the small POE domain is no larger than
5 nm (for the 4.5 wt % lPDME1K/PS blend). For all of the
blends, the phase-separated POE domain, or large domain in
the case of two POE domains, is no smaller than ∼22 nm (21
nm for the 40 wt % cPOE400/PS blend when ε ) 1). Thus,
10-20 nm seems to be a critical size for the POE domain in
these POE/PS blends. Below this critical size, the POE is
intimately mixed with the PS, and segmental dynamics are
influenced. Above this critical size, the POE is effectively phase
separated and does not influence PS segmental dynamics. These
conclusions are based on the results obtained from a combination
of thermal analysis and solid-state NMR measurements on these
polymer blends.

Scattering measurements would also be useful. Examples in
the literature confirm that small-angle X-ray scattering (SAXS)
and spin-diffusion NMR provide similar or complementary
information.29,57,70-73 This is not surprising since the commonly
used spin-diffusion coefficients were established by conducting
spin-diffusion experiments on samples with known domain sizes
previously determined with SAXS.25,28 For example, electron
density correlation lengths computed from SAXS data agree
with long periods determined from spin-diffusion NMR on
samples of polyacrylonitrile threaded with cyclic POEs.29

Domain size and size dispersion determined from SAXS and
spin-diffusion NMR were found to agree for blends of cellulose
and two different synthetic polymers.70 Agreement between
SAXS and spin-diffusion NMR data has also been reported for
interdomain distances measured for a variety of copoly-
mers.71-73 When the two methods have not been in agreement,
it was attributed to differences in the models used to analyze
the two types of data69 or to electron density fluctuations
occurring on different length scales from those governed by
the different chemical compositions of the two phases.74

Scattering measurements on blends of PS with cyclic POE are
in progress.

Conclusions

Hydroxyl-terminatedlinearpoly(oxyethylene)(lPOE,400-1500
g/mol) is not miscible in polystyrene (15 kg/mol) for concentra-
tions e40 wt %. By replacing the hydroxyl end groups with
methoxyl end groups, partially miscible blends can be formed
at concentrations up to 4.5 wt % for 1 kg/mol and up to 10 wt
% for 500 g/mol linear methoxyl-terminated POE. By cyclizing
the POE, completely miscible POE/PS blends can be prepared

at concentrations up to 10 wt % for 400 g/mol cyclic POE
(cPOE). Higher concentrations and higher molecular weights
of cyclic POE give partially miscible blends. For all concentra-
tions and molecular weights studied, cyclic POE is more
miscible in PS than linear POE. The miscibility of cyclic POE
in PS is evidenced by a blend Tg that is reduced compared to
the Tg of pure PS. For the miscible blends, a second Tg is
observed below the blend Tg but much higher than the Tg of
pure POE. This elevated POE Tg, which is consistent with
recently reported dynamic confinement effects,53 indicates the
POE segmental dynamics are slowed in the blend compared to
pure POE. This was confirmed with 1H solid-state NMR line
shape studies that revealed broader lines, indicative of reduced
segmental dynamics, for the POE dissolved into the PS matrix.

Solid-state NMR spin-diffusion measurements were used to
estimate the POE domain sizes in the blends. For the miscible
blends and for the dissolved POE in the partially miscible blends,
the POE domain sizes are in the range of 1-8 nm, with the
smallest domains appearing for the smaller POE additives at
the lower concentrations. Partial miscibility is marked by the
appearance of second POE domains with sizes >∼20 nm, in
which the POE exhibits increased segmental dynamics compared
to the dissolved POE.

In summary, cyclization of poly(oxyethylene) can be used
to prepare miscible blends of poly(oxyethylene) with polysty-
rene. These miscible blends exhibit heterogeneous dynamics on
the nanometer length scale. Along with molecular weight and
primary chemical structure, topology can be a useful tool in
developing miscible polymer blends and broadening the palette
of material properties available to designers, engineers, and
formulators.
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