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ABSTRACT: A number of new aryl phosphorus-containing polymers were found to be miscible with the
commercially significant bisphenol A-based poly(hydroxy ether)s (PHE) over the entire composition range
by differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA) measurements of
the blends. Both the FTIR and CP-MAS 3P NMR results suggested extensive hydrogen-bonding
interactions between hydroxyl groups and the phosphonyl groups. Specifically, the poly(arylene thioether
diphenylphenylphosphine oxide) and phosphorus-containing polyimides were also miscible with PHE,
again emphasizing the importance of phosphonyl groups for generating miscible polymer blends. In
contrast, a structurally similar commercial polyimide, Ultem, was not miscible with PHE. These results
suggested that the miscibility was induced mainly by hydrogen bonding between phosphonyl and hydroxyl
groups, rather than other sites such as carbonyl or ether oxygen atoms and the hydroxyl groups.
Furthermore, the measurements of proton spin—lattice relaxation times in the rotating frame (T1,) showed
that the phosphorus-containing polyimide/PHE blends were homogeneous even at about a 4 nm scale.

Introduction

Polymer blends have found many industrial applica-
tions, since this strategy can often generate relatively
inexpensive materials with improved properties. How-
ever, most polymer blends are heterogeneous (im-
miscible). From a thermodynamic point of view, it is
well-known that the entropy of mixing increase is very
small in polymer blends. But miscibility can often be
achieved by a favorable (negative) mixing enthalpy.
Further understanding of miscibility and the stability
of homogeneous polymer blends is of great interest from
both academic and industrial points of view. It has been
crucial for the development of new materials, since only
the miscible polymer blends are thermodynamically
stable.l™* Hydrogen bonding is the most important
specific interaction for promoting polymer miscibility.

The literature illustrates that bisphenol A poly-
(hydroxy ether) (PHE) is miscible with many polymers,
because its pendant hydroxyl groups can act as both
proton donors and acceptors. The structure of PHE is
shown in Scheme 1.

For example, it is miscible with poly(e-caprolactone),®
poly(butylene terephthalate),® a cyclohexane-dimetha-
nol-based polyester,” a polyester-based polyurethane,?
poly(ethylene adipate),® poly(butylene adipate), poly-
(ethylene oxide),'0 poly(vinyl ethyl ether),1%2 poly(methyl
methacrylate),!! poly(vinylpyrrolidone) (PVP),*? phenol-
phthalein poly(ether ether ketone),’3 poly(N-methyl-
N-vinylacetamide) (PMVAC),** poly(N,N-dimethylacryl-
amide) (PDMAC),'* poly(ethyloxazoline) (PEOX),1415 poly-
(ether sulfone),'® poly(arylene ether phenylphosphine
oxide),*”18 and various epoxy resins.'® All of the polymer
blend systems were reported to be miscible over the
entire composition region.

In recent years, the discovery of the extensive hydro-
gen bonding between phosphonyl and hydroxyl groups
has sparked new interest in preparing some new
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phosphorus-containing polymers, since the hydrogen-
bonding interaction between hydroxyl group and phos-
phonyl group promotes polymer—polymer miscibility
and improves the selected properties.17:1820-22 |t also
has potential to stabilize nanosilica particle/polymer
composites.24d

Introducing interphase or sizing materials has been
demonstrated to improve the mechanical properties of
composites.23 In the past decade, many new phosphorus-
containing high-performance polymers including poly-
(arylene ether)s,?* poly(arylene thioether)s,25> poly-
imides,?® and cyanate resins?’ have been synthesized
in our laboratory and elsewhere. These polymers exhibit
good mechanical properties, thermal stability, and fire
and atomic oxygen resistance. Introduction of the
phosphonyl group also increases the polarity of the
polymers, which allows them to serve as excellent proton
acceptors. Incorporating phosphonyl groups may also
improve the surface adhesion between these polymers
and other materials, organic or inorganic, which have
hydroxyl groups. This capability has promoted our
interest in the possibility of phosphorus-containing high-
performance polymers as interphase materials for com-
posites which have either epoxy resins or bisphenol A
dimethacrylate matrices. The major advantages of those
high-performance polymers include high T4 and good
mechanical properties such as toughness. Another
objective of our research was to develop some new
polymer blends with improved mechanical and thermal
properties. Recent research showed that bisphenol A-
or hydroquinone-based poly(arylene ether phosphine
oxide)s formed miscible blends with bisphenol A-based
poly(hydroxy ether) (phenoxy resin) (PHE).1"18 Further

10.1021/ma001821r CCC: $20.00 © 2001 American Chemical Society
Published on Web 10/12/2001



8052 Wang et al.

Table 1. GPC and Intrinsic Viscosity Characterization of
Bisphenol A Poly(hydroxy ether)s, Bisphenol A
Polysulfone, Poly(ether sulfone), Various
Phosphorus-Containing Poly(arylene ether)s,
Polyimides, and Ultem

GPC
Mox  Mux [] (dL/g)
sample 103 1073 Mw/Mn  CHCls, 25 °C
BPA-PEPO-100 39 74 1.9 0.42
BPA-PEPO-50 70 159 2.3 0.73
HFBPA-PEPO 58 128 2.2 0.67
BP-PEPO 140 281 2.0 2.02
SS-PTPO 42 92 2.2 0.48
BPADA-DAMPO 20 33 1.8 0.282
BPADA-DAPPO 19 38 2.0 0.282
BPADA-m-PDA 20 33 1.7 0.40
Udel 26 48 1.9 0.39
Victrex 21 34 1.6 0.34b
PHE 20 46 2.3 0.28

aln NMP at 30 °C. ® In NMP at 25 °C.

work demonstrated that bisphenol A poly(arylene ether
phenyl phosphine oxide) is miscible with both oligomeric
uncured and cured commercial bisphenol A dimeth-
acrylate networks (vinyl ester resin with styrene as the
diluent).22 The hydrogen-bonding interaction between
the hydroxyl group and the phosphonyl group was
shown to be the driving force for the miscibility.
However, miscibility depends on both the favorable
specific interaction with the phosphonyl group and the
less favorable, or unfavorable, interaction with other
groups in the chain. Therefore, miscibility is a compro-
mise of the favorable specific interaction with the
phosphonyl groups and unfavorable interactions with
other groups in the copolymer chains. Extension of our
investigations to some other systems was important to
further define the universality of compatibility by
phosphonyl/hydroxyl hydrogen bonding. The present
research was designed to systematically investigate the
miscibility of PHE with phosphorus-containing poly-
(arylene ether)s, such as 4,4'-(hexafluoroisopropylidene)-
diphenol (HFBPA)- or biphenol (BP)-based poly(arylene
ether phenylphosphine oxide) (abbreviated as HFBPA-
PEPO and BP-PEPO, respectively), with poly(arylene
thioether phenylphosphine oxide) (abbreviated as SS-
PTPO), and with polyimides (polymers prepared from
2,2'-bis[4-(3,4-dicarboxyphenoxy)phenyl]propane dian-
hydride (BPADA) and bis(m-aminophenyl)methylphos-
phine oxide (DAMPO) (abbreviated as BPADA-DAMPO)
or bis(m-aminophenyl)phenylphosphine oxide (DAPPO)
(abbreviated as BPADA-DAPPO). The structures of the
above polymers and the related systems are shown in
Schemes 2 and 3.

Experimental Section

Materials. Bisphenol A poly(hydroxy ether) (PHE) (M, =
20K) was supplied by Phenoxy Associates, Inc. (Rock Hill, SC).
A commercial polyimide, Ultem resin (BPADA-m-PDA), was
supplied by the General Electric Company. A commercial
cycloaliphatic epoxy resin, ERL-4221 (3,4-epoxycyclohexyl-
methyl-3,4-epoxycyclohexyl carboxylate) (ECHMECHC), was
obtained from the Union Carbide Chemicals. Polymers BPA-
PEPO, HFBPA-PEPO, and BP-PEPO were prepared in our
laboratory.'824 SS-PTPO and BPADA-DAMPO and BPADA-
DAPPO polyimides were synthesized in our laboratory.?>2¢ The
molecular weights and intrinsic viscosities of these polymers
are tabulated in Table 1.

Preparation of Polymer Blends. The BPA-PEPO, HFBPA-
PEPO, SS-PTPO, BPADA-DAMPO, and BPADA-DAPPO were
separately dissolved in chloroform as 7.5 wt % solutions and
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then mixed with portions of a 7.5 wt % PHE chloroform
solution to achieve the desired blend compositions. The
polymer mixtures were isolated by precipitation in methanol
and then dried in a vacuum oven for 24 h at 150 °C. Films for
FTIR measurements were prepared by casting blend solutions
onto glass slides or salt plates and drying in a vacuum oven
in a similar manner. The films used for dynamic mechanical
analysis (DMA) measurements were obtained by compression
molding between metal plates for about 3 min at temperatures
ranging from 160 °C for the PHE to 280 °C for the phosphorus-
containing homopolymers. The melt-pressed samples were
allowed to cool to ambient temperature between the metal
plates.

The polymer blends BPADA-m-PDA/PHE and BP-PEPO/
PHE were prepared in dimethylacetamide (DMAc) solutions
instead of chloroform, but the other procedures were similar.
Thermogravimetric analysis (TGA) and nuclear magnetic
resonance spectroscopy (NMR) were used to determine that
all the solvent was completely removed from the specimen.

Characterization. Intrinsic viscosities were measured in
chloroform or N-methylpyrrolidone (NMP) at 25 °C. GPC
measurements were performed at 60 °C using a Waters 150C
instrument to characterize the molecular weights and molec-
ular weight distributions. NMP containing 0.02 M phosphorus
pentoxide was the solvent. A differential refractive index
detector and a Viscotek differential viscometer connected in
parallel permitted calculation of absolute molecular weights
and molecular weight distributions by applying the universal
calibration principle.?®

FTIR measurements were performed with a Nicolet impact
mode 400 FTIR spectrometer. Each spectrum was based on
an average of 256 scans at a resolution of 2 cm™.

Differential scanning calorimetry (DSC) thermograms were
obtained on a Perkin-Elmer DSC-7 in a dry nitrogen atmo-
sphere and were used to determine the glass transition
temperatures of the polymer blends. The midpoint tempera-
ture of the specific heat increase in the glass transition region
during a second heat at 10 °C/min was taken as the T,

Dynamic mechanical analyses (DMA) were performed at 1
Hz in a Perkin-Elmer DMA-7e with an extension probe at a
heating rate of 2 °C/min.

NMR spectra of the polymer blends of BPADA-DAMPO
polyimide and PHE were obtained employing a Bruker MSL
300 instrument according to the following procedures: The
phosphorus NMR was measured under a standard 3P CP-
MAS condition, with 100—200 scans per FID using a spinning
rate of 6.0—6.5 kHz. Measurements of proton spin—lattice
relaxation times in the rotating frame (T4,) under *3C CP-MAS
conditions by using a 90° pulse, followed by a variable proton
spin lock, followed by a fixed contact time. Twelve proton spin
lock periods were used ranging from 0.25 to 20 ms. Measure-
ments of the proton spin—lattice relaxation times in the
rotating frame (T1,) were obtained from a computer-generated
best fit of the intensity of the 13C NMR spectra to the single-
exponential equation M(t) = M(0) exp(—7/Ty,). All NMR
measurements were performed at room temperature with
250—350 mg of sample in a Zirconia rotor with a Kel-F end
cap. A 90° pulse of 5 us was employed with 512 per FID signal
accumulations. Spinning rates were 6.0—6.2 kHz, and the
Hartmann—Hahn match was adjusted before each accumula-
tion using an adamantane reference sample.

Results and Discussion

Hydrogen Bonding between Phosphonyl and
Hydroxyl Groups. Poly(arylene ether phenylphos-
phine oxide) or Poly(arylene thioether phenylphos-
phine oxide)/PHE. Hydrogen-bonding interactions
in small molecules between the phosphonyl groups and
the hydroxyl groups of alcohols, phenols, carboxylic
acids, or chloroform have been reported.?°=33 The as-
sociation constants for the triphenylphosphine oxide/
phenol complex in carbon tetrachloride solvent were
reported to be 1055 and 365 at 20 and 50 °C, respec-
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tively.3° This strongly suggests that the driving force ether phenylphosphine oxide)/PHE showed a shift due
for the miscibility of phosphine oxide containing poly- to hydrogen bonding of the hydroxyl stretching vibration
(arylene ether)s, and PHE is the hydrogen-bonding peak from 3445 to about 3300 cm~1.18 We previously
interaction.”18 FTIR spectra of bisphenol A poly(arylene reported similar hydrogen-bonding interactions between
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bisphenol A poly(arylene ether phosphine oxide) and
hydroxyl-containing dimethacrylates.?? This paper de-
scribes the hydrogen-bonding interactions observed in
the hexafluorobisphenol A and biphenol-based poly-
(arylene ether phenylphosphine oxide)s. Figure la,b
shows the stretching vibration of hydrogen-bonded
hydroxyl shifted to lower wavenumber.

It was recognized that a significant contribution to
hydrogen bonding between the hydroxyl groups of PHE
and the ether oxygen atoms of BPA-PEPO could exist.
Accordingly, a well-known miscible system poly(ether
sulfone) (Victrex)/PHE was employed as a model system
to study the hydrogen-bonding interaction between two
components.1® Figure 2 shows that the peak maximum
at 3445 cm~1 due to the stretching vibration of hydrogen-
bonded OH of PHE shifted to 3526 cm~! when PHE was
blended with poly(ether sulfone). However, it was not
certain whether the shift of hydrogen-bonded OH was
due to the interaction of the hydroxyl group with the
ether oxygen or the interaction of the hydroxyl group
with the sulfonyl group. In either case, the results
suggested a quite weak specific interaction because the
band attributed to hydrogen-bonded OH stretching
vibration shifted to higher wavenumbers.? The hydrogen-
bonding interaction between the hydroxyl group of PHE
and the ether group of the phosphorus-containing
polymers is thus reasonably assumed to be similar to
that observed in the model system; e.g., very weak and
negligible. In fact, any hydroxyl/ether oxygen interaction
between PHE and another arylene ether polymer would
be in direct competition with the hydroxyl/ether oxygen

PHE self-interaction. It is concluded that the strong
hydrogen-bonding interaction between phosphonyl groups
and hydroxyl groups is the driving force for miscibility
in the blends examined in the present research.

The hydrogen-bonded hydroxyl group shifted to low
wavenumbers with about the same magnitude as the
phosphorus-containing poly(arylene ether)/PHE blend
systems in the thioether system, as shown in Figure 3.
It is suggested that the thioether sulfur in SS-PTPO
should act as a much weaker proton acceptor for
hydrogen bonding compared with the ether oxygen, so
the predominant contribution of hydrogen bonding
should again come from the interaction between hy-
droxyl and phosphonyl group. These results imply that
the hydrogen-bonding interaction between OH and
phosphonyl group is relatively independent of the other
main-chain molecular features.

Further characterization of the hydrogen bonding was
also performed by means of solid-state 3P CP-MAS
NMR. The 3P chemical shift shifted downfield with
phosphonyl group hydrogen bonds with other groups.
Thus, in the BPA-PEPO/PHE, HFBPA-PEPO/PHE,
BP-PEPO/PHE, and SS-PTPO/PHE blend systems,
the phosphorus peak shifted from about 25 ppm down
to about 29.5 ppm with increasing amounts of PHE in
the polymer blends. Parts a and b of Figure 4 show the
31p chemical shift in the BPA-PEPO-100/PHE and
HFBPA-PEPO/PHE blend systems with various com-
positions, respectively. Table 2 shows the 3P chemical
shifts in the various polymer blend systems. The chemi-
cal shifts are approximately the same as that of a model
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Figure 1. FTIR spectra of (a, left) HFBPA-PEPO/PHE and (b, right) BP-PEPO/PHE blends recorded at room temperature in the
hydroxyl stretching region (A) polymer, (B) PHE, and (C) 50/50 wt % blend.
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Figure 2. FTIR spectra of poly(ether sulfone)/PHE blends at
various compositions (repeat unit mole ratios) recorded at room
temperature in the hydroxyl stretching region (A) 0:1, (B) 1:2,
(C) 1:1, (D) 2:1, and (E) 1:0.

triphenylphosphine oxide in 2-propanol in 1:20 mole
ratio solutions.32 These spectra reveal changes in the
chemical shifts that could be a result of specific molec-
ular interactions between blend components. Changes
in the chemical shift originate from relatively short-
range effects, so they necessarily indicate interaction
between the blend constituents on a molecular level.
Chemical shift changes may be induced directly by
interchain shielding, that is, by alteration of the phos-
phorus electron cloud by a change in chemical environ-

3321 em™
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S
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Figure 3. FTIR spectra of SS-PTPO/PHE blends at various
weight compositions recorded at room temperature in the
hydroxyl stretching region at (A) 0/100, (B) 20/80, (C) 40/60,
(D) 50/50, (E) 60/40, (F) 80/20, and (G) 100/0 wt % composi-
tions.

ment, or indirectly by changes in conformation through
modification of bond angles and variations in intrachain
nearest-neighbor distances.3* The spectral changes shown
in Figure 4a,b provide strong evidence for intimate
intermixing on a molecular scale.

It should be noted that the chemical shift of phos-
phorus in a copolymer BPA-PEPO-50 (with 50:50 mole
ratio of bis(4-fluorophenyl)phenylphosphine oxide and
4,4'-dichlorodiphenyl sulfone as the comonomers) has
the same chemical shift as the homopolymer BPA-
PEPO. The BPA-PEPO-50/PHE blends showed the
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Figure 4. CP-MAS 3P NMR spectra of (a, left) BPA-PEPO/PHE and (b, right) HFBPA recorded at room temperature at (A)
100/0, (B) 80/20, (C) 60/40, (D) 50/50, (E) 40/60, and (F) 20/80 wt % compositions.

Table 2. Chemical Shifts of Solid-State 3P CP-MAS NMR
Resonances of Various Polymer Blends

wt % of X-PEPO, SS-PTPO, or X-DAMPO
in the Blends for chemical shift (ppm) of

blend 0 20 40 50 60 80 100
BPA-PEPO-100/PHE 295 289 283 277 262 251
BPA-PEPO-50/PHE 29.0 283 27.6 263 25.0
HFPBA-PEPO/PHE 29.1 28.6 28.1 27.7 264 252
BP-PEPO/PHE 29.9 29.1 29.0 275 26,5 258
SS-PTPO/PHE 294 29.0 285 27.7 268 257

same tendency as homopolymer BPA-PEPO/PHE, sug-
gesting that the chemical shift is not due to the dilution
of phosphonyl groups in the blend systems.3® For the
blends with the same weight composition, the chemical
shift is approximately the same. This may be explained
by the accessibility of phosphonyl groups. Not all of the
phosphonyl groups would be expected to be accessible
to hydrogen bonding due to steric hindrance consider-
ations.

Further investigation of the origin of the phosphorus
chemical shifts of poly(arylene ether phenylphosphine
oxide)/PHE systems was attempted by selecting a
model system BPA-PEPO/ERL-4221 (3,4-epoxycyclo-
hexylmethyl-3,4-epoxycyclohexyl carboxylate) (ECHM-
ECHC), a miscible blend system without hydrogen
bonding.3¢ Figure 5 shows the chemical shift of BPA-
PEPO/ERL-4221 blends. Compared with that of BPA-
PEPO/PHE, the phosphorus chemical shift only slightly
moved downfield with the change of compositions in the
BPA-PEPO/ERL-4221 blend system. The results further
suggest that the chemical shift of phosphorus is mainly
due to the hydrogen bonding with a hydroxyl instead
of other effects.

Figure 6 shows the 3P chemical shift of SS-PTPO/
PHE blends. As surmised before, the hydrogen bonding
between hydroxyl and thioether sulfur should be rela-
tively weaker in the SS-PEPO/PHE blend system, and
one concludes the chemical shift of phosphorus is strong
evidence of the hydrogen bonding between the phos-
phonyl groups and hydroxyl groups.

Intensity (a.u.)

[ PETTNTTITS FTTV TN T TN IR O FURTR TS FRRENENNTY |
50 40 30 20 10 0

Chemical Shift (ppm)

Figure 5. CP-MAS 3P NMR spectra of BPA-PEPO/ERL-4221
recorded at room temperature at (A) 100/0, (B) 60/40, and (C)
40/60 wt % compositions.

Phosphine Oxide Containing Polyimide and
Bisphenol A Poly(hydroxy ether)s System (BPADA-
DAMPO)/PHE. FTIR spectra of BPADA-DAMPO poly-
imide, PHE, and their blends are displayed in Figure
7a,b. One notes that the band of the hydroxyl stretching
vibration shifted from 3445 to about 3320 cm~1. In
contrast, the band due to the carbonyl stretching
vibration did not shift, indicating little or no hydrogen-
bonding interaction between the carbonyl group of
BPADA-DAMPO and the hydroxyl group of PHE. The
immiscibility of the BPADA-m-PDA resin and PHE
provides indirect evidence of minimal interaction be-
tween the carbonyl group of polyimide and the hydroxyl
group of PHE. The solid-state 3!P CP-MAS NMR spectra
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Figure 6. CP-MAS 3P NMR spectra of SS-PTPO/PHE
recorded at room temperature at (A) 100/0, (B) 80/20, (C) 60/
40, (D) 50/50, (E) 40/60, and (F) 20/80 wt % compositions.

of the blends (BPADA-DAMPO/PHE) show a progres-
sive downfield shift in the chemical shift of phosphorus,
as illustrated in Figure 8. The results of FTIR and solid-
state NMR measurements suggested hydrogen-bonding
interaction between the phosphonyl and hydroxyl groups
of the two components.

Miscibility and Glass Transition Temperatures
of Polymer Blends. The films of poly(arylene ether
phenylphosphine oxide)s, or poly(arylene thioether phen-
ylphosphine oxide), or phosphine oxide-containing poly-
imides/PHE prepared by either solution casting or melt
pressing are transparent, even though their refractive
index values are different, suggesting their miscibility.
It is recognized that the determination of miscibility
may be dependent on the criteria of the physical method
employed and that sometimes these criteria may give
misleading results.3” Miscibilities of the above polymer
blends were thus further characterized by DSC and
DMA and a single Ty at a temperature intermediate
between those of the pure components indicates misci-
bility. In the present study, all the samples were
completely solvent free as checked by TGA and NMR.
The data were collected from second-run DSC scans to
minimize thermal history and solvent effects. Parts a
and b of Figure 9 display the DSC thermograms of
polymer blends at various compositions of HFBPA-
PEPO/PHE and BP-PEPO/PHE, respectively. The DSC
thermograms show single T4 values for the polymer
blends over the entire composition range, and the glass
transition temperature increases monotonically with
increasing amounts of HFBPA-PEPO or BP-PEPO.
DMA also showed a similar increase of the peak
temperature of well-defined single tan 6 loss peaks with
increasing amounts of HFBPA-PEPO or BP-PEPO, as
shown in Figure 10a,b. These results again strongly
support our hydrogen-bonding hypothesis.17-18.22

The single glass transition behavior was also observed
in the SS-PTPO/PHE system. Figure 11 illustrates the
monotonic increase in Ty with increase in the weight
percent of SS-PTPO.

Poly(arylene phosphine oxide) Systems 8057

Table 3. Glass Transition Temperatures (DSC) of
Polymer Blends of PHE with Various Phosphine
Oxide-Containing Polymers

wt % of X-PEPO or SS-PTPO
in the blends at T4 (°C) of

blend 0O 20 40 50 60 80 100
HFPBA-PEPO/PHE 93 111 132 144 170 180 209
BP-PEPO/PHE 93 121 143 157 171 196 234
SS-PTPO/PHE 93 108 126 135 143 160 175

BPADA-DAMPO/PHE 93 120 143 154 164 187 213
BPADA-DAPPO/PHE 93 116 138 150 161 184 213

A totally different system, phosphorus-containing
polyimide/PHE blends, was also investigated to expand
the breadth of material systems. As an evidence of the
miscibility of this system, the films of BPADA-DAMPO/
PHE prepared by either solution casting or melt press-
ing were transparent even though refractive index
values were very different for the homopolymers. Fur-
ther qualitative criteria indicating the miscibility of this
blend system were provided by DSC and DMA data.
Both DSC and DMA thermograms show single T4 values
for the polymer blends over the entire composition
range. The glass transition temperatures increased
monotonically with the increase of the amount of
polyimide. To illustrate this finding, Figure 12a,b shows
the DSC and DMA results for BPADA-DAMPO/PHE
blends. The DSC and DMA results are consistent. They
indicate that the two polymer components are miscible,
at least on the scale detectable by DSC and DMA.
Further study of the effect of polyimide structure on the
miscibility was done (e.g., phenyl vs methyl group) by
blending a similar polyimide (BPADA-DAPPO) with
PHE. The resulting polymer blends also showed a single
Tg. Again, it suggests the determining factor for the
miscibility is hydrogen bonding.

In contrast, the blends of commercial BPADA-m-PDA
(Ultem resin) and PHE did not yield transparent films
either by solution casting or melt pressing, although the
BPADA-m-PDA has a structure somewhat similar to
those of the above phosphorus-containing polyimides.
In Figure 13, DSC thermograms show two Ty values for
the polymer blends corresponding to the Ty values of
the homopolymer components. It should be noted that
neither the ether oxygen group nor the carbonyl group
afforded significant hydrogen bonding with PHE. Thus,
BPADA-m-PDA is not miscible with PHE. This result
indirectly shows the importance of the phosphonyl group
for the miscibility of phosphorus-containing polymers
with PHE.

One of the most important ways of characterizing
miscible polymer blends is the determination of the
composition dependencies of their Ty values. The study
of the relationship of glass transition temperatures to
the composition of mixtures is of both technological and
scientific interest. The glass transition temperatures of
some polymer blends measured by DSC and DMA are
tabulated in Table 3 and Table 4, respectively. For
simplicity, only T4 values obtained by DSC will be
discussed.

Since the purpose of the present effort was to study
the effect of the polymer, main-chain structures of
phosphorus-containing polymers on the blend miscibili-
ties, T4 data, as tabulated in Table 3, were examined
for five different polymer/PHE blends using four differ-
ent Tg—weight fraction composition equations.

The first three equations were derived on the bases
of free volume additivity [Fox: eq 1],%® free volume
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Figure 7. FTIR spectra of BPADA-DAMPO/PHE blends at various weight compositions recorded at room temperature (a, left)
in the hydroxyl stretching region and (b, right) in the carbonyl stretching region at (A) 0/100, (B) 20/80, (C) 40/60, (D) 50/50, (E)

60/40, (F) 80/20, and (G) 100/0 wt % compositions.
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Figure 8. CP-MAS 3P NMR spectra of BPADA-DAMPO/PHE
recorded at room temperature at (A) 100/0, (B) 80/20, (C) 60/
40, (D) 50/50, and (E) 40/60 wt % compositions.

<

additivity corrected for thermal expansion coefficient
differences [Gordon—Taylor: eq 2],%° or a pseudo-second-
order thermodynamic transition combination of entropic
changes in the constituent polymers at their respective
glass transitions [Couchman: eq 3].4° The fourth equa-
tion [Kwei: eq 4]* is an empirical equation of the
Gordon—Taylor form to which a term representing
specific interaction contributions has been added. A
recent derivation similar in protocol to that of Couch-
man, but from an enthalpic approach and incorporating

Table 4. Tan d Peak Values of Polymer Blends
HFBPA-PEPO/PHE, BP-PEPO/PHE, and
BPADA-DAMPO/PHE

wt % of X-PEPO
in the blends at T4 (°C) of

blend 0O 20 40 50 60 80 100

HFPBA-PEPO/PHE 86 122 145 158 170 189 212
BP-PEPO/PHE 86 126 149 167 182 204 243
BPADA-DAMPO/PHE 86 119 144 155 166 186 208

an enthalpy of mixing, has yielded an equation of the
Kwei form expressed, however, in polymer unit mole
fractions.*?

1 Wa W
Fox: ﬁ = Tg + Tg (1)
m A B

WATgA + kGTWBTgB

Gordon—Taylor: T, = W ¥ Korwy 2
wuln Ty + kewg In Ty
Couchman: InT, = W T kw 3)
" A cWB
Kwei: T, = WaTo, * KicWaT, + qw,w, (4)
"~ Om W, + KWy qWaWe

In the Fox equation, the predicted glass transition
temperature is dependent only on the weight fraction
compositions of the prepared blends and the experi-
mentally determined glass transition temperatures of
the constituent polymers. From the derivation of the
Gordon—Taylor equation Ker = (oug; — 0gg)/(ou, — Qg,) IS
a compression constant involving the ratio of the
thermal expansion coefficient changes of the constituent
polymers at their respective glass transitions. The
Couchman equation derivation gives kc = (Cj; — Cgg)/
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Figure 9. DSC thermograms of (a, left) HFPBA-PEPO/PHE and (b, right) BP-PEPO/PHE blends at various weight compositions.
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Figure 10. Mechanical loss tangents of (a, left) HFPBA-PEPO/PHE and (b, right) BP-PEPO/PHE blends at various weight

compositions.

(Ci, — Cg,); the ratio of the specific heat increases of
the constituent polymers at their respective glass
transitions. The empirical Kwei equation, which has the
form of the Gordon—Taylor equation plus an arbitrary
“interaction contribution” term, could logically be ap-
plied by setting kkx equal to the theoretical kgt and
employing q as an adjustable parameter. In Ty data
analyses of the composition dependencies of miscible
polymer blends kst and k¢ are often treated as adjust-
able, curve-fitting parameters which contain a combina-
tion of the individual constituent contributions and

specific interaction contributions. Adopting such an
empirical curve-fitting approach to the present Tg—w
data, we obtained the parameter values shown in Table
5. Rather than setting kx equal to the theoretical kgt
as suggested above, kg is set equal to the theoretical k¢
of Couchman in calculating the g values listed in Table
5. The heat capacity increases at Ty are 0.20, 0.20, 0.22,
0.25, and 0.24 J/(g °C) for BFPA-PEPO, BP-PEPO, SS-
PTPO, BPADA-DAMPO, and BPADA-DAPPO, respec-
tively. The heat capacity increase at Ty of PHE is 0.41
J/(g °C).
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Figure 11. DSC thermograms of SS-PTPO/PHE blends at
various weight compositions.

Table 5. Empirical Constants Determined for the
Ty/Composition Equations of PHE Blends

ket ke q(°C)
blend DSC DMA DSC DMA DSC DMA
HFBPA-PEPO/PHE 074 1.1 1.1 1.6 53 120
BP-PEPO/PHE 0.82 074 1.2 1.3 70 108
SS-PTPO/PHE 1.20 1.1 53
BPADA-DAMPO/PHE 0.89 1.1 1.0 1.5 60 93
BPADA-DAPPO/PHE 0.78 0.89 48

Figure 14 presents the observed Ty values of HFPBA-
PEPO/PHE, SS-PTPO/PHE, and BPADA-PEPO/PHE
blends plotted against the weight fractions of the
corresponding phosphine oxide containing polymers,
representing three totally different kinds of polymer.
The positive deviation of the blend Ty relative to the
Fox equation prediction (broken line) is observed for all
the studied polymer blends. These observations are
consistent with a free volume decrease with resultant
increased Ty in the blends due to favorable (exothermal,
densifying) phosphonyl/hydroxyl group interactions. The
deviation of the observed Ty from the theoretical T, for
the HFPBA-PEPO/PHE blend system is relatively
smaller, although strong hydrogen-bonding interaction
was observed by FTIR and 3P NMR. A possible expla-
nation can be made as follows. Incorporating the
relatively bulky CF3 groups in the chain unit may result
in producing a more open polymer chain. Therefore, the
hydrogen-bonded polymer blends containing the hexaflu-
oroisopropylidene may possess larger free volume than
those of the other polymer blend systems. The result is
that the polymer blends are closer to the free-volume
additivity condition. Quantitative comparison among
the different polymer blend systems is not possible, since
both the specific interaction and the chain structure may
affect miscibility. Fitting of the data to the Gordon—
Taylor equation (solid curves in Figure 14) by an
adjustable kgt is fairly successful.
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Figure 15 presents the same blend glass transition
temperature data that were presented in Figure 14,
where the broken line curves correspond to the Couch-
man equation in which k¢ values were calculated from
the individual constituent polymer specific heat changes
at their glass transitions. The solid curves represent the
fit using adjustable k¢ values. The increased Ty values
relative to the theoretical Couchman equation predic-
tion, with the incorporation of phosphine oxide content,
are consistent with favorable (exothermal, densifying)
phosphonyl/hydroxyl group interactions.

Figure 16 presents the blend Ty data, the Ty values
predicted by the theoretical Gordon—Taylor equation
(with ket = kc) represented by broken line curves, and
the empirical Kwei equation fit (solid curves) of the data.
Fitting the blend Ty data by the Kwei equation with g
as an adjustable interaction parameter gives very good
fits (solid line curves) with changes of q values in
different systems, as tabulated in Table 5. This trend
in enhancement of T4 by the qwawg term is definitely
consistent with a favorable, hydrogen-bonding interac-
tion between the phosphonyl group of the polymer and
the hydroxyl group of PHE.

Scale of the Miscibility of BPADA-DAMPO/PHE.
The properties of the polymer blends are of course
dependent on their microstructures. Although DSC and
DMA can afford some information on the homogeneity
of the polymer blends, the information may be on a
relatively larger phase scale. Thus, it was of interest to
study the polymer blends 2C CP-MAS NMR which
provides the possibility of evaluating the scale of
miscibility of polymer blends according to the dynamic
NMR relaxation measurement.3443-50 The interaction
of the blend components by hydrogen bonding has been
shown to cause changes in line shape and/or shifts in
the 13C resonance frequencies in the NMR spectra of
the blend components, in comparison with the spectra
of the pure polymer components.’2¢51 As discussed
above, the hydrogen-bonding interactions between phos-
phorus-containing polymers and PHE cause significant
shifts in the 3P NMR resonance frequency. This sug-
gests an intimate interaction between the two compo-
nents with small domain size. In polymer blends the
values of the proton rotating frame spin—Ilattice relax-
ation time T,,(H) are enhanced by the efficiency of spin
diffusion among protons of the polymer components.
This efficiency depends on short-range spatial proximity
of neighboring chains with different chemical units. In
a miscible binary polymer blend, the protons of the two
components are closely coupled and expected to relax
at an identical rate.***852 The relaxation measurements
provide miscibility information on a very fine scale.
Unfortunately, this method can only be applied to the
BPADA-DAMPO/PHE blends in our study due to the
overlapping of the spectra of the two components in
other systems mentioned above. Even in this system,
only T1,(H) measurement is available because the two
components have similar T; values. The peak at 70 ppm
has been ascribed to aliphatic CH, and CH carbons.%
The 165 ppm resonance peak has been ascribed to
carbonyl carbon. Initial measured spin—lattice relax-
ation times in the rotating frame (T1,(H)) for the
homopolymers and blends are shown in Table 6. In all
the blends with various compositions, the T,(H) values
of both components are approximately the same.

If the motion of the polymer components in the blends
is not greatly changed by blending, the average proton
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relaxation rate (the inverse of the relaxation time) of
a homogeneous blend can be predicted by the model
for linear additivity of relaxation times of pure compo-
nents:3553

1 _Na 1 Ng 1
Tlp(H)AB N Tlp(H)A N Tlp(H)B

(5)

where 1/Ti,(H)a, LTi(H)s, and 1/T1,(H)as are the
relaxation rates of polymer A, polymer B, and their

Table 6. T1,(H) Values (ms) for PHE, BPADA-DAMPO,
and Their Blends?

BPADA-DAMPO/PHE  BPADA-DAMPO PHE calcd

(wt %) 165 ppm 70 ppm  value
0/100 2.04 2.04
20/80 2.24 2.59 2.25
40/60 3.03 3.12 2.56
50/50 3.45 2.84 2.78
60/40 2.73 351 3.07
80/20 5.31 4.46 4.07
100/0 6.92 6.92

a Accuracy of the measurements is about +10%.

blends, respectively; Na, Ng, and Nag are the numbers
of protons of the respective components and for the
polymer blends Nag = Na + Ng. The calculated values
of the polymer blends are tabulated in Table 6. It is
noted that there is a positive deviation of the experi-
mental results from the calculated values. Hydrogen
bonding apparently makes the chains stiffer and hinders
the segmental motion of the components. Thus, a slower
spin—Ilattice relaxation rate was observed.

The approximate scale of mixing can be readily calcu-
lated with the equation L2 ~ L¢?t/T,, where Lo is the
distance between protons, typically 0.1 nm, t the mea-
sured relaxation time, and T, the spin—spin relaxation
time which, below Ty, is ca. 10 u4s.52 Therefore, from the
T1,(H) values, it is estimated that BPADA-DAMPO
polyimide and PHE mix on a scale of about 3—4 nm.

A one-dimensional diffusion equation for the average
diffusive path length can also be used to estimate the
mixing scale:*>54

L = ,/6DT, (6)

where D is the spin-diffusion coefficient that depends
on the average proton to proton distance as well as on
dipolar interactions with a typical value of the order of
6 x 10716 m2 s71, T; is the relaxation time according to
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Figure 14. Fit of experimental T4 vs composition data to the
curves predicted by the Fox equation (broken line) and the
Gordon—Taylor equation with empirically adjusted ket (solid
line): (A) HFBPA-PEPO/PHE, (B) SS-PTPO/PHE, and (C)
BPADA-PEPO/PHE.
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Figure 15. Fit of experimental T4 values to those predicted
by Couchman with k¢ as the ratio of the heat capacity
increases of the components at their Ty (broken line) and with
empirical kc (solid line): (A) HFBPA-PEPO/PHE, (B) SS-
PTPO/PHE, and (C) BPADA-PEPO/PHE.

the relaxation experiment. The estimated mixing scale
is about 4 nm, which is consistent with the previous
equation.
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Figure 16. Fit of experimental T4 values to those predicted
by the Gordon—Taylor part term of the Kwei equation with
kk = kc (broken line) and the full form of Kwei equation (solid
line): (A) HFBPA-PEPO/PHE, (B) SS-PTPO/PHE, and (C)
BPADA-PEPO/PHE.

Conclusions

It has been demonstrated that a new series of phos-
phine oxide-containing poly(arylene ether)s (BPA-
PEPO, HFBPA-PEPO, BP-PEPO), poly(arylene thio-
ether phenylphosphine oxide) (SS-PTPO), and poly-
imides (BPADA-DAMPO, BPADA-DAPPO) are miscible
with PHE on the basis of optical clarity and DSC and
DMA data. Both DSC and DMA results show single
composition-dependent Ty's for the polymer blends. The
glass transition temperatures of the polymer blends
were intermediate between those of the pure compo-
nents and varied monotonically with the blend composi-
tions. It is suggested that the intermolecular hydrogen
bonding of phosphonyl groups with hydroxyl groups is
the driving force for the miscibility. Several pieces of
evidence support the hydrogen-bonding hypothesis. It
was observed that the FTIR band due to the hydrogen-
bonded hydroxyl stretching vibration shifts from about
3445 to about 3300 cm™! in phosphorus-containing
polymers/PHE blends systems while that of a control
poly(ether sulfone)/PHE blends shifts to a higher wave-
number. This is because these miscible polymer blends
are induced by different hydrogen-bonding interactions.
Furthermore, this shift is observed in SS-PTPO (without
an ether group)/PHE and BPADA-DAMPO/PHE in
which no carbonyl stretching vibration band shift is
observed. In addition, solid-state 3P CP-MAS NMR
spectra show a significant downfield shift of the phos-
phorus resonance band in phosphorus-containing poly-
mer/PHE blends while it does not display a significant
phosphorus chemical shift in a miscible blend BPA-
PEPO/ERL 4421.

Evidence for miscibility in BPADA-DAMPO/PHE
blends is also obtained from spin—lattice relaxation
(T1p(H)) measurements. From solid-state NMR relax-
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ation measurements the homogeneity scale of the dif-
ferent blends was evaluated, and the proximity of
different chains is approximately within 4 nm. These
results further suggest that varying the main-chain
structural units of the phosphorus-containing polymer
does not significantly affect its miscibility with PHE
resin.
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