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ABSTRACT: Several metal-containing polymer blends which form coordination complexes have been 
investigated in the solid state. The d-block model compounds are zinc salts of acetic acid, lauric acid, and 
stearic acid. The ligand is poly(viny1pyridine) with nitrogen in either the 2- or 4-position. Thermal analysis 
via differential scanning calorimetry (DSC) is used to probe the phase behavior of these binary mixtures a t  
the macroscopic level. DSC thermograms identify the melting transition of the small-molecule-rich phase 
and the glass transition of the amorphous polymer-rich phase. High-resolution carbon-13 solid-state NMR 
spectroscopy is used in an indirect detection mode to probe microenvironmental factors that influence mixing. 
The interaction-sensitive carboxyl carbon resonance of the zinc salts is perturbed in blends with poly(vi- 
nylpyridine) when the nitrogen ligand is structurally accessible. The NMR data suggest that all of the small 
molecules form coordination compleses with poly(4-vinylpyridine) except magnesium acetate. The divalent 
magnesium cation is classified as a hard acid, and it favors the acetate anion and the waters of hydration, 
which are hard bases, instead of the pyridine ligand, which is a borderline base. d-Metal complexation is 
observed in polymer-ionomer blends representing a direct extension of the above-mentioned studies on 
model systems, particularly those for zinc stearate with either poly(2-vinylpyridine) or poly(4-vinylpyridine). 
As expected, carbon-13 NMR spectroscopic detection of solid-state coordination in polymer-ionomer blends 
yields positive results when the ionic copolymer is neutralized with zinc and when the nitrogen ligand is in 
the 4-position of the pyridine ring. These phenomenological observations suggest that zinc coordinates to 
the pyridine ring via nitrogen’s lone pair and infrared spectroscopic data support the concept that the py- 
ridine group participates in metal-ligand r-bonding. The stress-strain properties of poly(4-vinylpyridine)/ 
zinc ionomer blends exhibit a synergistic mechanical performance when the nitrogen/zinc molar ratio is 
optimized. 

Introduction 
The use of d-block metals to produce coordination 

complexes in polymer-polymer and polymer-smdl mol- 
ecule blends, illustrated herein, represents an extension 
of the hydrogen-bonding concept that has dominated 
literature examples of strongly interacting systems. There 
are relatively few documented studies that have focused 
on the coordination mechanism to enhance compatibility 
in polymer blends. Wissbrum and Hannon’ studied d- 
metal complexation in polymer-nitrate salt mixtures where 
the polymers were chosen from the following list: cellulose 
acetate, poly(viny1 acetate), poly(viny1 alcohol), poly- 
(methyl acrylate), or poly(methy1 methacrylate). The 
nitrate salts contained either copper, zinc, or cadmium 
cations. Agnew2 prepared d-metal chloride complexes with 
vinylpyridines and poly(viny1pyridines). Coordination in 
the monomeric complexes with cobalt and zinc revealed 
similar geometries and coordination numbers relative to 
the solid polymeric complexes, but the trends were not 
consistent for the monomeric and polymeric complexes 
based on nickel and copper(II).2 All of the d-metal chloride 
complexes with 2-vinylpyridine adopted tetrahedral ar- 
rangements. Molecular models suggest that intrumolec- 
ular coordination between adjacent vinylpyridine mono- 
mer units is feasible in poly(2-vinylpyridine), but mostly 
intermolecular coordination should occur in poly(4- 
vinylpyridine).2 Register et aL3 investigated polymer- 
ionomer blends containing poly(styrene-co-4-vinylpyri- 
dine) with copper-neutralized carboxy-terminated poly- 
butadiene and reported that substantial, though not 
complete, mixing occurs in the polybutadiene-rich phase. 
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The work described herein follows the inspirational study 
of Peiffer, Duvdevani, Agarwal, and Lundberg4 which 
reports that the zinc salt of a sulfonated ethylenepropy- 
lenediene thermoplastic elastomer produces coordination 
complexes with random glassy copolymers of styrene and 
4-vin~lpyridine.~~~ 

The blends chosen for investigation progress smoothly 
from polymer-small molecule mixtures, in which the mo- 
lecular weight of the alkyl tail in the zinc salts is 
systematically increased, to polymer-ionomer blends. The 
overall objective is to identify molecular engineering design 
concepts based on structural variations in the “model 
systems” and employ these concepts in the design of high- 
molecular-weight blends that potentially exhibit syner- 
gistic macroscopic properties. Carbon-13 solid-state NMR 
spectroscopy is employed in an indirect detection mode 
to probe coordination from a molecular engineering 
viewpoint. The carboxylate carbon NMR signal is ex- 
tremely sensitive to blending-induced metal-ligand bonds 
formed between the zinc cation and the pyridine group. 
Infrared spectroscopy directly identifies the pyridine ring 
as a complementary interaction site, and the shift of the 
aromatic carbon-nitrogen stretching vibration to higher 
energy supports the hypothesis that the pyridine group 
coordinates to the metal center via a-bonding and r- 
bonding. Whenever possible, the spectroscopic results are 
correlated with macroscopic temperature-composition 
phase diagrams, generated with the aid of differential 
scanning calorimetry. 

Obtaining direct evidence for polymeric metal-ligand 
complexes is not a simple task, especially when coordi- 
nation between a small-molecule zinc salt and an amor- 
phous polymer is restricted to the noncrystalline regions 
of the blend, rendering X-ray diffraction techniques 
completely ineffective. The previous paragraph briefly 
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mentions the indirect nature of carbon-13 solid-state NMR 
diagnostics and the direct probe offered by infrared 
spectroscopy. Even though NMR identifies coordination 
between the zinc cation and the pyridine nitrogen lone 
pair via the carbon nuclear spin manifold which is a few 
bonds removed from the interaction sites, the results 
correlate quite well with macroscopic phase behavior.6 
Infrared spectroscopy directly identifies the pyridine ring 
in poly(4-vinylpyridine) as a ?r-bonding ligand because 
the carbon-nitrogen stretching vibration, which is unique 
to the polymer, shifts to higher energy as a consequence 
of coordination.6 It is envisioned that the metald-electrons 
in the tzg molecular orbitals overlap with the "bonding" 
p-orbitals of the ligand to strengthen the carbon-nitrogen 
bond in the pyridine ring. However, a correlation between 
the infrared data and macroscopic phase behavior is not 
attempted in this contribution because the infrared 
absorptions overlap extensively in the frequency region of 
interest. I t  should be mentioned that both spectroscopic 
techniques fail to identify a geometry, or a coordination 
number, for the metal-ligand complex in the blended 
states. X-ray crystallography identifies the zinc cation in 
a slightly distorted pseudooctahedral arrangement in 
undiluted zinc acetate but a tetrahedral 
complex is the preferred geometry for the anhydrous 
~rystal .~ Hard-and-soft acid-base conceptsa might account 
for the displacement of the "hard-base" water(s) of 
hydration in zinc acetate dihydrate by the "borderline- 
base" pyridine ligand, because the zinc cation is charac- 
terized as a borderline acid. Brernsted acid ionization 
constantsg (i.e., pK, values) and Guttman donor-acceptor 
numbed0 rank the pyridine ligand as a stronger base than 
the waters of hydration. Hence, stronger metal-ligand 
a-bonding is expected in zinc acetate-poly(4-vinylpyri- 
dine) complexes relative to zinc acetate dihydrate, and 
this trend favors an increase in the pseudooctahedralligand 
field splitting." However, this claim cannot be verified 
by d-d electronic transitions that absorb radiation in the 
visible and/or near-infrared region of the spectrum because 
Zn2+ forms a dl0 complex with a completely filled d-sub- 
shell.12 Since complexation is restricted to the amorphous 
regions of the polymer-small molecule blends, long-range 
periodicity is not required, and, hence, the nature of the 
complex may not be well-defined. In support of this claim, 
solid-state NMR consistently identifies a rather broad, 
but well-resolved, signal for the carboxylate carbon of the 
zinc salts and the zinc-neutralized copolymer in the vicinity 
of 179-181 ppm when binaries are produced that contain 
poly(viny1pyridine) with a structurally accessible nitrogen- 
like molecular orbital containing the lone pair.6J3J4 

Experimental Procedures 
Materials. Poly(2-vinylpyridine) (P2W) and poly(44nylpy- 

ridine) (P4W) were purchased from Scientific Polymer Products 
with reported viscosity-average molecular weights of 5 X 104 and 
4 X. IO4, respectively. These relatively low-molecular-weight 
polymers were blended with small-molecule zinc and magnesium 
salts. Zinc acetate dihydrate, Zn(00CCH3)2(Hz0)2, was acquired 
from Sigma Chemical Co., anhydrous zinc laurate, Zn- 
(00CCllH23)2, was purchased from Pfaltz & Bauer, anhydrous 
zinc stearate, Zn(OOCClsH37)2, was supplied by Alfa Products, 
and magnesium acetate tetrahydrate, Mg(OOCCH&(H20)4, was 
obtained from Aldrich Chemical Co. Zinc-neutralized copolymers 
of ethylene and methacrylic acid (15 wt % acid, 60% neutral- 
ization of the carboxylate groups, tradename Surlyn 1706) were 
kindly provided by Ruskin Longworth and George Hoh at E. I. 
Du Pont de Nemours and Co. in Wilmington, DE. All materials 
were used without further purification or neutralization in the 
case of the ionic copolymers. The solvents used for blend 
preparation were reagent grade. 
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Table I 
Metal-Containing Model Binary Systeme Investigated 

molding 
metal salts polymer solvent temp, O C  

zinc acetate P4VP acetic acid, 2 % 250 
zinc laurate P4VP THF-CHzC12 none 
zinc stearate P4VP methylene chloride 150 
zinc stearate PZVP methylene chloride 150 
magnesium acetate P4VP methanol 130 

Sample Preparation Techniques. Polymer-small molecule 
blends were mixed initially in solution for at least 24 h without 
the formation of a precipitate followed by solvent evaporation 
in a fume hood. The residues were compression-molded a 
minimum of three times in a Carver laboratory press at the tem- 
peratures indicated in Table I with subsequent slow-cooling to 
ambient temperature until macroscopic uniformity was obtained. 
All blends were dried further under vacuum at 25 O C  for at least 
1 week before physical characterization was attempted. Solvents 
and compression-molding temperatures for each polymer-small- 
molecule "model" system are summarized in Table I. Polymer- 
ionomer blends of Du Pont's Surlyn zinc-containing ethylene- 
methacrylic acid copolymer with either P2VP or P4W were 
prepared from direct molten mixing in a Carver laboratory press 
at 200 "C. 

Physical Characterization Methods 
Differential Scanning Calorimetry. Thermal anal- 

ysis was performed on a Perkin-Elmer DSC-7 with the 
overall goal of generating temperature-composition phase 
diagrams. Melting endotherms were recorded under 
helium and nitrogen purges at  a rate of 10 OC/min during 
the first heating trace in the calorimeter. After quench- 
ing from the molten state, glass transition temperatures 
were measured at a rate of 20 OC/min during the second 
heating trace. Tg was calculated at  the midpoint of the 
heat capacity change between the liquid and glassy states, 
without complicating effects due to enthalpy relaxation. 
Differential power output was monitored via Perkin-Elm- 
er's TAC-7/DX thermal analysis controller in conjunction 
with the DSC-7 multitasking software on a 386/33 personal 
computer. 

Carbon-13 Solid-state NMR Spectroscopy. Proton- 
enhanced dipolar-decoupled carbon-13 solid-state NMR 
spectra were obtained on a modified Nicolet NT-150 
spectrometer at  the NSF-supported Regional NMR Cen- 
ter, Colorado State University, Fort Collins, CO. The 
carbon frequency was 37.735 MHz, and magic-angle 
spinning was performed at  3600 Hz. The spectrometer 
incorporates a cross-polarization/magic-angle-spinning 
(CP/MAS) probe that was designed and constructed at 
the CSU Regional NMR Center. The spinner system is 
a modified version of Wind's15 with a sample volume of 
0.3 cm3. A proton 90" pulse width of 5 ps was employed, 
corresponding to a radio-frequency (rf) field strength of 
50 kHz. The rf field was maintained at  50 kHz during 
cross polarization and subsequent high-power lH decou- 
pling. The lH-13C cross-polarization contact time was 
typically 1-2 ms, and the pulse sequence repetition delay 
was 2 s. In consideration of the fact that proton spin- 
lattice relaxation times in the laboratory frame are much 
less than 1 s for the materials of interest, the 13C NMR 
spectra are fully relaxed and contain information about 
all regions of the sample that respond to a contact time 
of 1-2 ms. The l3C free induction decay (FID) was 
accumulated via 2K time-domain data pointa using quadra- 
ture detection. Prior to Fourier transformation, the signal- 
averaged FID was zero-filled to 4K. The spectral width 
encompassed a f10-kHz frequency range, and 5 Hz of line 
broadening was employed. Following Stejskal and 
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Schaefer,16 spin-temperature alternation in the rotating 
frame was used to suppress the buildup of artifacts which 
may occur in proton-enhanced spectra. The sample tem- 
perature was maintained at  15 f 2 "C by passing the 
spinner air through a copper cooling coil immersed in an 
ice bath. Carbon-13 chemical shifts were referenced 
externally to the methyl resonance of hexamethylben- 
zene, 17.355 ppm deshielded from tetramethylsilane 
(TMS)." 

Fourier Transform Infrared Spectroscopy. Thin 
films for FTIR measurements were cast from solution onto 
zinc sulfide windows at  ambient temperature. After the 
majority of the solvent evaporated, the films were trans- 
ferred to a vacuum oven at  60-70 "C for more than 72 h 
to remove residual solvent, with subsequent storage under 
vacuum. Infrared spectra were recorded on a Perkin- 
Elmer Model 1600 FTIR spectrophotometer. A minimum 
of 64 scans was signal averaged at  a resolution of 4 cm-l. 
The experiments were carried out at room temperature 
(=20 "C). All of the films used for infrared studies were 
sufficiently thin to be within the range where the Beer- 
Lambert lawla is obeyed. 

Mechanical Properties. Ambient-temperature stress- 
strain properties were measured on a servohydraulic In- 
stron Model 8501 tensile testing apparatus at  a draw rate 
of 8 X in./s. Waveform generation and digital data 
acquisition were accomplished via the FLAPS (Fatigue 
Laboratory Applications) software package and an IEEE- 
488 instrumentation interface on a Compaq Deskpro 3861 
20 personal computer. The sample thickness was 47-8) 
X 10-3 in., and the initial length of the ASTM (D 638M) 
specimen was 0.4 in. Tensile stress in these samples was 
detected on a 20-lb low-force load cell. 
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Results and Discussion 
Transition-Metal Coordination in Polymer-Small 

Molecule Blends. Zinc Acetate and Poly(4-vinylpy- 
ridine). Carbon-13 NMR spectroscopy is employed herein 
as a diagnostic probe of d-metal complexes in the solid 
state. The nitrogen lone pair in P4VP is available to form 
a coordination complex with the d-orbitals of the zinc 
cation.l+l2 Accessibility to the nitrogen ligand in the 2- 
vs 4-position of the pyridine ring is an important con- 
sideration in the chemical design of these strongly inter- 
acting systems. Zinc acetate was chosen as the transition- 
metal component because (i) due to its reasonably low 
melting temperature ( ~ 2 4 5  "C) in comparison with other 
zinc salts, homogeneous films can be produced from binary 
mixtures via high-temperature compression molding with- 
out inducing thermal degradation of poly(viny1pyridine) 
and (ii) the conformation of the organic portion of the 
molecule (OOCCH3)2 is not expected to hinder potential 
coordination with the pyridine ligand. In the following 
sections, the molecular weight of the alkyl tail in the zinc 
salt is increased from C1 to C11 to C18, and NMR spectra 
of the carboxylate carbon depend on this structural change 
in blends with poly(viny1pyridines). 

Zinc acetate and poly(4-vinylpyridine) precipitate from 
methanollg but not from acetic acid. The solid-state data 
described below were obtained from acetic acid-cast films 
followed by subsequent high-temperature compression 
molding as indicated in the Experimental Section. The 
concentration dependence of the glass transition temper- 
ature is illustrated in Figure 1 for these binary mixtures. 
Synergistic thermal response is observed in the vicinity of 
10-30 mol ?6 zinc acetate where Tg of the blends is greater 
than that of undiluted poly(4-vinylpyridine). The max- 
imum enhancement in Tg is approximately 20 "C when 
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Figure 1. Synergistic thermal response in the glass transition 
phase diagram for binary mixtures of zinc acetate and poly(4- 
vinylpyridine). The enhancement of Tg is =20 "C relative to 
undiluted PIVP. No evidence of melting is observed for blends 
that contain as much as 85 mol % zinc acetate. 

the molar concentration of zinc acetate is ~ 1 6 % .  Fur- 
thermore, the first-order melting transition of the poten- 
tially crystallizable zinc salt is not observed for blends 
containing as much as 85 mol ?4 zinc acetate. These results 
suggest that (i) the two components form macroscopically 
compatible amorphous mixtures and (ii) d-metal coordi- 
nation is operative based on the fact that the zinc salt 
increases the glass transition temperature of the blends 
when the polymer is in excess. Frechet et aL20 measured 
synergistic glass transition response in polymer-polymer 
blends of poly(4-vinylpyridine) with poly(vinylphenol), 
presumably due to the formation of hydrogen bonds. Kwei 
and c o - w ~ r k e r s ~ l - ~ ~  have identified several interpolymer 
complexes that exhibit synergistic behavior in the glass 
transition phase diagram. To illustrate the importance of 
structural variations in the pyridine ring, blends of zinc 
acetate with poly(2-vinylpyridine) exhibit a melting tran- 
sition when the concentration of the zinc salt ranges from 
40 to 100 mol % .26 Furthermore, the glass transition of 
P2VP is very weakly concentration dependent in mix- 
utres with zincacetate.26 These observations from thermal 
analysis indicate that two-phase behavior is prevalent when 
the nitrogen lone pair is sterically hindered to some extent, 
as it is in the case of poly(2-vinylpyridine). However, 
infrared spectroscopy detecta evidence for metal-ligand 
bonding in the miscible fraction of zinc acetate and poly- 
(2-~inylpyridine).~~ 

Molecular-level support for the synergistic glass tran- 
sition response in blends of zinc acetate with P4VP is 
provided in Figure 2. High-resolution solid-state NMR 
spectra in the carboxylate carbon chemical shift region, 
which is unique to zinc acetate, reveal that the relatively 
sharp resonance in the vicinity of 185 ppm is broadened 
and shifted gradually to 179 ppm as zinc acetate is diluted 
by the polymer. There is no 13C NMR evidence in Figure 
2 for the coexistence of both crystalline and amorphous 
phases that contain spectroscopically detectable fractions 
of zinc acetate. Comparison of the full width at  half-height 
for zinc acetate's carboxylate carbon signal suggests that 
the blends depicted in the lower eight spectra of Figure 
2 are amorphous and compatible. This claim, supported 
by DSC, is based on the breadth of the resonance envelope 
for blends containing 10-85 mol ?6 zinc acetate relative 
to the uppermost spectrum of the completely crystalline 
small molecule which was prepared from acetic acid 
solution and high-temperature compression molding, 
analogous to the blends. In the four lowermost spectra of 
Figure 2 at  10,16,28, and 34 mol ?6 zinc acetate, a shoulder 
appears on the carboxylate carbon signal in the vicinity 
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Figure 2. Carbon-13 solid-state NMR spectra in the carbox- 
ylate chemical shift region for binary mixtures of zinc acetate 
and poly(4-vinylpyridine). The mole percent of zinc acetate is 
indicated at the right of each spectrum. The broad resonance 
at =180 ppm in the lower spectra is indicative of zinc coordinated 
to the pyridine ring via the nitrogen lane pair. 

of 170-175 ppm. This is attributed to zinc acetate 
coordinated to two pyridine ligands in a pseudooctahe- 
dralgeometry when the polymer is present in excess. Both 
hard-and-soft acid-base considerations8 and a ranking of 
the strength of the possible ligand basesgJO suggest that 
zinc acetate dihydrate will shed one or both of its waters 
of hydration and coordinate to pyridine in an effort to 
stabilize the complexes via stronger metal-ligand CT- 

bonding. If the zinc salt forms metal-ligand bonds with 
pyridine groups on two different macromolecular chains, 
then the enhancement of the glass transition temperature 
is rationalized via "coordination cross-links". Synergistic 
thermal response is observed in Figure 1 for the coordi- 
nation complexes whose 13C NMR data are illustrated in 
the lower three spectra of Figure 2. The proposed 
phenomenological correlation between macroscopic and 
site-specific probes of metal-ligand complexation in these 
model blends is evident from the following observation. 
When Tg of the blends exceeds that of the undiluted 
polymer (i.e., for concentrations of zinc acetate between 
10 and =35 mol %), the peak of the broad carboxylate 
carbon signal is found at 179 ppm and traces of the above- 
mentioned shoulder are present between 170 and 175 ppm. 
At  higher concentrations of zinc acetate when the Tg- 
composition data in Figure 1 reveal that the glass transition 
of the blends no longer surpasses that of the undiluted 
polymer, the peak position of the carboxylate resonance 
is found at progressively higher chemical shifts which 
approach 185 ppm, characteristic of completely crystalline 
zinc acetate. Furthermore, the shoulder a t  170-175 ppm 
on the carboxylate carbon resonance is absent for blends 
that contain more than 34 mol % zinc acetate, suggesting 
that the metal center coordinates to one pyridine group 

4160 
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Figure 3. Temperature-composition phase diagram illustrating 
melting and glass transition response for binary mixtures of zinc 
laurate and poly(4-vinylpyridine). Synergistic behavior is not 
observed. 

in this range of blend concentrations. Complementary 
NMR spectral perturbations (not illustrated in Figure 2) 
between 145 and 165 ppm are also observed for the py- 
ridine ring carbons in P4VP when the complexes contain 
25-85 mol % zinc acetatesz6 

Zinc Laurate and Poly(4-vinylpyridine). The in- 
teraction-sensitive carboxylate carbon resonance of the 
zinc-containing small molecule is useful to correlate site- 
specific results from solid-state NMR with the temper- 
aturecomposition projection of the phase diagram for 
blends containing zinc laurate and P4VP. In a previous 
investigation that originated in this laboratory, the car- 
boxylate carbon NMR signal of the liquid-crystalline 
component, p(penty1oxy)cinnamic acid, was correlated 
phenomenologically with the two-phase behavior of solid- 
state blends containing Bisphenol A polycarbonate.28 
Results from 13C solid-state NMR spectroscopy and 
differential scanning calorimetry identify two-phase be- 
havior over a wide concentration range for blends of zinc 
laurate with P4VP. The conformation of the rather long 
organic portion of zinc laurate prevents NMR-detectable 
coordination with the polymer when the nitrogen lone pair 
is in the 2-position of the pyridine ring. However, the 
interaction can be detected spectroscopically when the 
lone pair is structurally accessible in the case of poly(4- 
vinylpyridine). This observation suggests that nitrogen's 
lone pair plays a more important role in coordination 
phenomena than the *-orbitals of the pyridine ring. Due 
to solubility limitations, blends of zinc laurate and P4VP 
were cast from a cosolvent mixture of tetrahydrofuran 
and methylene chloride at ambient temperature, as 
indicated in Table I. Precipitation did not occur from the 
cosolvent mixtures. 

The concentration dependence of Tg and Tm is illustrated 
in Figure 3. The melting transition of the small-molecule- 
rich phase was measured at  a DSC heating rate of 10 "C/ 
min during the first heating cycle in the calorimeter, and 
the second-order transition characteristic of the polymer- 
rich phase was observed at 20 OC/min during the second 
heating cycle after quenching from the molten state into 
liquid nitrogen. Both Tg and Tm are depressed with no 
evidence of synergism. d-Metal coordination is detectable 
via the carboxylate carbon resonance of zinc laurate as 
illustrated in the NMR spectra of Figure 4. There are two 
contributors to the overall resonance envelope of zinc lau- 
rate's carboxylate carbon that appear to be separated by 
-4 ppm. The relatively sharp signal in the vicinity of 185 
ppm is characteristic of completely crystalline zinc lau- 
rate. Generation of a coordination complex between the 
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Figure 4. Carbon-13 solid-state NMR spectra in the carbox- 
ylate chemical shift region for binary mixtures of zinc laurate 
and poly(4-vinylpyridine). The mole percent of zinc laurate is 
indicated at the right of each spectrum. The weak carboxylate 
signal at 185 ppm in the 32 mol % zinc laurate spectrum is 
indicative of a highly disordered crystalline phase in low 
abundance. 
two dissimilar components produces a new mixing-induced 
signal a t  =181 ppm when P4VP is the dominant compo- 
nent. The breadth of the 181 ppm resonance relative to 
the sharp signal a t  185 ppm suggests that the interactions 
are concentrated in the amorphous phase. Hence, long- 
range crystallographic order is not required to produce 
coordination complexes in polymer-small molecule sys- 
tems. I t  should be emphasized that the carboxylate 
resonance envelope in blends of zinc laurate with P4VP 
differs from the NMR data in the previous section for 
blends of zinc acetate with P4VP due to phase diagram 
dissimilarities and the fact that the carboxylate carbon 
signal is sensitive to the phase or phases that contain the 
zinc salt. Whereas blends of zinc acetate and P4VP are 
amorphous and compatible, with the carboxylate signal 
exhibiting a full width at  half-height of 4-7 ppm as 
illustrated in Figure 2, blends of zinc laurate and P4VP 
exhibit concentration-dependent miscibility with two 
coexisting solid-state phases present over most of the 
concentration range a t  the temperature of the NMR 
experiment (=15 "C). The carboxylate resonance envelope 
of zinc laurate in Figure 4 is consistent with the two-phase 
behavior of the blends discussed in this section, and the 
NMR line widths are representative of crystalline (185 
ppm) and metal-ligand-coordinated amorphous (181 ppm) 
microenvironments. Two-phase behavior is observed from 
the viewpoint of solid-state NMR (Figure 4) at 32,40, and 
65 mol % zinc laurate where the crystalline and rigid 
amorphous phases are detected simultaneously. Melting 
transitions are detected in the DSC thermograms for 
blends containing 40-100 mol % zinc laurate. The 
appearance of the unresolved shoulder at  185 ppm in the 
NMR spectrum a t  32 mol 5% zinc laurate suggests that 
solid-state NMR can detect the crystalline phase, which 
is in low abundance and might be slightly disordered, while 
the DSC thermogram for this mixture is dominated by 
the glass transition process in the 60-70 O C  temperature 
range. The liquidus line representing T, depression 
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Figure 5. Carbon-13 solid-state NMR spectra in the carbox- 
ylate chemical shift region for binary mixtures of zinc stearate 
and poly(4-vinylpyridine). The mole percent of zinc etearate- 
P4VP is indicated at the left of each spectrum. The NMR- 
detectable two-phase behavior of this system is spectroscopically 
similar to blends of zinc laurate with PIVP. 

converges on the concentration-insensitive glass transition 
phase boundary in the vicinity of 30-35 mol % zinc lau- 
rate (see Figure 3). This poses a mobility restriction for 
crystallization of the 32 mol % blend, thereby retarding 
the kinetics which govern crystallization of the small- 
molecule-rich phase from the molten state. The zinc lau- 
rate-PQVP binary system represents one of a number of 
investigations originating in this laboratory that have 
produced temperature-composition phase diagrams sim- 
ilar to the one illustrated in Figure 3. Four strongly 
interacting partially miscible semicrystalline binary sys- 
tems that have been identified previously are resorcinol 
with poly(2-~inylpyridine),2~ poly(ethy1ene oxide) with 
poly(vinylphenol),3° poly(ethy1ene succinate) with poly- 
(vinylphenol)?l and poly(ethy1ene adipate) with poly- 
(vinylphen~l) .~~ In each case study, the melting-point 
depression line approaches the single glass transition phase 
boundary with increasing concentration of the amorphous 
component such that the restricted range of plausible 
supercooling temperatures coupled with the decrease in 
chain mobility upon cooling in the vicinity of Tg thwarts 
the crystallization process of the potentially crystalliz- 
able component (italicized for each of the five cases 
mentioned above). 

In both of the polymel-zinc salt blends discussed above, 
the rather broad carboxylate carbon resonance in the 
vicinity of 180 ppm is an indicator of metal-ligand 
coordination in the amorphous phase between the d- 
orbitals of the zinc cation and the structurally accessible 
nitrogen lone pair. 
Zinc Stearate and Poly(vinylpyridine8). In this 

section, the alkyl tail of the zinc salt is extended to an 
18-carbon linear chain. The effect of this structural 
modification on the potential for zinc stearate to form a 
coordination complex with poly(viny1pyridines) is detected 
quite convincingly from 13C solid-state NMR spectroscopy 
of the carboxylate signal. Structural accessibility of the 
pyridine nitrogen lone pair is an important consideration 
in the chemical design of strongly interacting blends that 
contain poly(viny1pyridine). This concept is illustrated 
below by focusing on the NMR line shape of zinc stear- 
ate's carboxylate carbon resonance in blends with P2VP 
vs P4VP. 

13C NMR spectra are presented in Figure 5 for meth- 
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undiluted starting materials. This difference of approx- 
imately 20 wavenumbers between two distinct carbon- 
nitrogen absorption modes suggests qualitatively that the 
pyridine group participates in metal-ligand ?r-bonding. If 
a pseudooctahedral geometry is postulated, then metal 
d-electrons in the t p g  molecular orbitals overlap the T- 

bonding orbitals of the unsaturated pyridine ring. This 
represents an example of “back-bonding” where the flow 
of electron density is from the filled d-orbitals of the metal 
center to the ligand, the latter of which functions as a 
Lewis s-acid.”J2 Of course, one requires that the T-  

bonding orbitals of the pyridine ring accept electron 
density from the metal center without deviating from 
planarity or resonance structures. Consequently, the 
carbon-nitrogen bond is strengthened when metal d- 
electron density flows into the aromatic s-bonding orbitals, 
and the “coordination” absorption band of the pyridine 
carbon-nitrogen stretch is observed 20 wavenumbers 
higher relative to the infrared absorption when coordi- 
nation is absent. An analysis of the results from both 
spectroscopic techniques ( 13C NMR and FTIR) suggests 
that coordination is operative in the amorphous phase 
between the zinc cation and the pyridine ring. The NMR 
discussion above pinpoints the zinc cation indirectly by 
focusing on the carboxylate carbon, two bonds removed 
from the coordination sites. In this section, the results 
from infrared spectroscopy pinpoint the ligand directly 
by probing vibrational motions that involve the pyridine- 
nitrogen site. The 1575-1600 wavenumber region of the 
infrared spectra in Figure 7 (a and b) contains overlapping 
vibrational absorptions from each component in the binary 
mixtures. This complication, which is prevalent through- 
out most of the FTIR spectrum, makes it difficult to detect 
unambiguously the uncomplexed (i.e., free) pyridine 
stretching vibration at  1596 wavenhmbers in blends that 
contain excess polymer on a molar basis. In this respect, 
the site-specific molecular-level results from infrared 
spectroscopy are not correlated further, on a case-by-case 
basis, with the temperature-composition phase diagrams 
in Figures 1 and 3. 

Importance of d-Block Metallic Cations Catego- 
rized as Borderline Acids When Coordination with 
Pyridine Is Desired. Magnesium Acetate and Poly- 
(4-vinylpyridine). The ability of dl0 Zn2+ complexes to 
coordinate with pyridine ligands is emphasized from the 
concept of hard-and-soft acids and bases* in this section 
via comparison of zinc acetate-P4VP and magnesium 
acetate-P4VP solid solutions. Carbon-13 solid-state NMR 
spectra are presented in Figure 2 for blends that contain 
the borderline acid salt, zinc acetate. It was concluded 
that a coordination complex forms between the zinc cation 
and the accessible pyridine-nitrogen lone pair which is 
localized in the amorphous phase. The carboxylate carbon 
NMR signal in zinc acetate indirectly detects this blending- 
induced metal-ligand bond via line-shape broadening, and 
a progressive shift of the peak position to lower chemical 
shifta. In contrast, the spectroscopic data in Figure 8 reveal 
that the carboxylate 13C NMR signal of the hard-acid salt, 
magnesium acetate, in its undiluted state and in blends 
with PIVP, is not sensitive to the presence of the polymeric 
component. This provides one counterexample demon- 
strating that the borderline polymeric base, P4VP, favors 
coordination with borderline acids, such as Zn2+, rather 
than hard acids such as Mg2+. Infrared data are consistent 
with this counterexample because the aromatic carbon- 
nitrogen vibrational absorption of P4VP is found at  1596- 
1600 cm-’ in blends with magnesium acetate,27 indicative 
of a pyridine ligand that does not participate in a-bonding 
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Figure 6. Carbon-13 solid-state NMR spectra in the carbox- 
ylate chemical shift region for binary mixtures of zinc stearate 
and poly(2-vinylpyridine). The mole percent of zinc stearate- 
P2VP is indicated at the right of each spectrum. The carbox- 
ylate signal of zinc stearate is spectroscopically inert in all of the 
blends. 

ylene chloride-cast blends of zinc stearate and P4VP that 
were subsequently molded at  150 “C. The data can be 
categorized with the results in the previous section for 
two-phase mixtures of zinc laurate and P4VP. The car- 
boxylate carbon signal of zinc stearate in Figure 5 reveals 
that there are at  least two contributors to its resonance 
envelope. This suggests that two NMR-dissimilar zinc 
stearate-containing phases coexist when the concentration 
of the small molecule is between 25 and 63 mol ?6 . On the 
basis of observation of zinc stearate’s carboxylate signal 
in Figure 5, the crystalline (185-186 ppm) and metal- 
ligand-coordinated amorphous (181-182 ppm) phases are 
detected simultaneously in two of the blends. Assignments 
are made from a comparison of peak position and line 
width relative to the carboxylate signal in undiluted zinc 
stearate (lowermost spectrum in Figure 5).  When the 
structure of the polymeric component is altered such that 
the potential nitrogen ligand is, in the 2-position of the 
pyridine ring, 13C solid-state NMR spectra illustrated in 
Figure 6 reveal that the carboxylate signal between 185 
and 186 ppm is spectroscopically inert in blends of zinc 
stearate and P2VP. The data suggest that structural 
inaccessibility of the P2VP nitrogen lone pair due to steric 
hindrance of the polymeric backbone coupled with the 
rather long aliphatic tail of zinc stearate prevents the 
formation of a coordination complex with the zinc cation 
in the amorphous phase. Results from infrared spectros- 
copy provide evidence for metal-ligand bonding when the 
nitrogen lone pair is in the 4-position (i.e., P4VP), but 
there is no similar evidence when the lone pair is in the 
%position (i.e., P2VP).27 Consequently, zinc stearate’s 
carboxylate carbon resonance does not exhibit a relatively 
broad amorphous component in the 181-182 ppm chemical 
shift region in blends with P2VP (see Figure 6), and it is 
postulated that the zinc salt forms isolated crystalline 
domains in the blended states. 

Fourier Transform Infrared Spectroscopic Inves- 
tigation of the Coordination Complexes. The mac- 
roscopic and molecular-level results discussed above in 
terms of transition-metal coordination as a potential route 
for preparing compatibilized blends are supported further 
by FTIR data of the ligand in Figure 7. Analogous to the 
results of Peiffer et al.: there are two aromatic carbon- 
nitrogen stretching vibrations in P4VP that exhibit 
sensitivity to microenvironmental factors. Infrared bands 
are observed at  1596 cm-1 when coordination is absent 
and 1617 cm-l when coordination is operative in blends 
with zinc acetate (Figure 7a) and zinc laurate (Figure 7b). 
The absorption band at  1617 cm-l is absent in all of the 
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a poly(4-vinylpyridine) b poly(4-vinylpyridine) 
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Figure 7. Fourier transform infrared spectra of binary mixtures containing poly(4-vinylpyridine) with (a) zinc acetate and (b) zinc 
laurate. The dashed line identifies the carbon-nitrogen stretching vibration unique to the pyridine ring when P4VP is coordinated 
to zinc. The mole percent of the zinc salt is indicated at the right of each infrared spectrum. 
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'.'C Solid State Chemical Shift 
Figure 8. Carbon-13 solid-state NMR spectra in the carbox- 
ylate chemical shift region for binary mixtures of magnesium 
acetate and poly(44nylpyridine). The mole percent of mag- 
nesium acetate-P4VP is indicated at the left of each spectrum. 
The carboxylate signal of magnesium acetate is spectroscopically 
inert in all of the blends. 

or *-bonding with the metal center. Macroscopic support 
for this claim is provided by the fact that concentration- 
independent melting is observed for magnesium acetate 
in blends with P4VP that contain 25-100 mol % of the 
hard-acid salt,26 whereas no melting is detected in blends 
containing as much as 85 mol 5% zinc acetate (see Figure 
1). Furthermore, the glass transition of poly(4-vinylpy- 
ridine) is weakly concentration dependent in blends with 
magnesium a~etate,l~7~6 exhibiting only a slight depression 
for the 50150 blend relative to the undiluted polymer. As 
a second counterexample, blends of P4VP with the hard- 

acid salt, calcium acetate, exhibit a glass transition tem- 
perature that is the same as the Tg of undiluted P4VP.34 
In contrast, synergistic glass transition response is observed 
in blends of P4VP with zinc acetate (see Figure 1). 

The experimental results presented in Figures 1-8stress 
the importance of chemical structure and the concept of 
hard-and-soft acids and bases8 in the design of strongly 
interacting systems. Coordination complexes with poly- 
(4-vinylpyridine) require that d-block metallic cations 
classified as borderline acids (e.g., Zn2+ and Ni2+ 34) be 
present in one of the components. The ligands should 
contain a lone pair that is not hindered sterically by other 
segments of the molecular chain. The results suggest that 
the molecular weight of the hydrocarbon tail in the zinc 
salts plays an important role in governing the one- vs two- 
phase behavior of the binary systems that were investi- 
gated. These concepts are employed in the following 
section to design polymer-ionomer blends that form 
coordination complexes and exhibit synergistic mechan- 
ical performance. 

Transition-Metal Complexation in Polymer-Ion- 
omer Blends. The overall goal of the research described 
in this section is to design high-molecular-weight blends, 
based on the concepts introduced above, that exhibit d- 
metal coordination and attractive macroscopic properties 
as a consequence of site-specific interactions. The poly- 
meric ligand P4VP contains a nitrogenic lone pair that is 
structurally accessible. This follows directly from the 
model system investigations. The polymeric d-block 
metal-containing component (Surlyn 1706) mimics the 
small-molecule zinc salts by using the zinc cation to 
neutralize the methacrylic acid segments of an ethylene- 
methacrylic acid copolymer. This choice of components 
allows one to focus on the carboxylate carbon NMR signal 
in the amorphous domains of the ionic copolymer and 
obtain indirect spectroscopic detection of metal-ligand 
coordination. Direct detection of metal-ligand *-bonding 
is provided by infrared spectroscopy. Relative to the model 
systems that contain a low-molecular-weight component, 
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Figure 9. Carbon-13 solid-state NMR spectra in the carbox- 
ylate chemical shift region for Surlyn 1706 (A) in the undiluted 
state (the weight fraction of methacrylic acid in the ion-containing 
copolymer is 0.15 and =60% of the carboxylic acid groups are 
neutralized with zinc), (B) in a blend with 33 wt % poly(2-vi- 
nylpyridine), and (C) in a blend with 29 wt % poly(4-vinylpy- 
ridine). The arrow in spectrum C identifies the I3C NMR 
detectable carboxylate signal that arises when zinc coordinates 
to the pyridine ring via the nitrogen lone pair. 
the choice of a polymeric ligand and a zinc-containing 
ionomer should enhance the potential for these high-mo- 
lecular-weight blends to exhibit synergistic mechanical 
response. 

The 13C NMR data in Figure 9 focus on the carboxylate 
signal of the partially neutralized ionic copolymer of eth- 
ylene and methacrylic acid in the 180-190 ppm chemical 
shift region of the spectrum. Partial neutralization of the 
methacrylic acid group produces an additional complexity 
in the carboxylate region that was not an issue for the 
blends containing low-molecular-weight zinc salts. This 
is illustrated in spectrum A where two carboxylate signals 
are well-resolved for the undiluted ionic copolymer. 
Previous investigations of the morphological and spec- 
troscopic properties of copolymers and ionomers contain- 
ing ethylene and methacrylic acid13J4 have identified the 
unneutralized 13COOH resonance in spectrum A at  185 
ppm and the neutralized 13COOZn signal at  488-189 ppm. 
Hence, zinc neutralization of the carboxylate group 
produces an NMR-distinguishable effect on the carbon 
spectrum. On the basis of spectroscopic observations for 
model blends of zinc stearate and P2VP (see Figure 6), it 
is not surprising that the overall carboxylate resonance 
envelope of the ionomer is insensitive to the presence of 
P2VP as illustrated in spectrum B. When P2VP is 
replaced by P4VP and the nitrogenic lone pair becomes 
“structurally accessible”, the data in Figure 9C reveal that 
a new mixing-induced carboxylate signal appears in the 
vicinity of 179-180 ppm. Infrared data for polymer-ion- 
omer blends of Surlyn 1706 and P4VP identify the 
coordination absorption band of P4VP’s aromatic carbon- 
nitrogen stretch a t  1618 wave number^,^^ suggesting that 
metal-ligand *-bonding is operative. This is consistent 
with all of the results discussed above for the model P4VP- 
small molecule blends. Hence, spectroscopic observations 
indicate that coordination complexes between the ionic 
copolymer and P4VP are favorable to some extent, but 
some of the barriers that thwart complexation in P2VP- 
zinc stearate mixtures are prevalent also in these high- 
molecular-weight systems containing P4VP. In support 
of this latter claim, the carboxylate signal a t  179-180 ppm 
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Figure 10. Mechanical properties of polymer-ionomer blende 
containing Surlyn 1706 and poly(44nylppidine) a~ a function 
of P4VP concentration. A 15% increase in fracture response 
with respect to undiluted Surlyn 1706 is observed for blends 
which contain 46-72 mol % PQVP, where the concentration of 
Surlyn 1706 is based on the moles of zinc counterions. The 
ultimate elongation is greater than 440% for blends that exhibit 
synergistic fracture stress behavior. 

that is indicative of metal-ligand coordination represents 
only a minor fraction of the overall line shape in spectrum 
C. 

Mechanical properties in Surlyn 1706P4VP solid-state 
blends are illustrated in Figure 10 as a function of P4VP 
concentration. It should be mentioned that data on the 
concentration axis are based on the moles of nitrogenic 
lone pairs and the moles of Zn2+. Hence, if the weight 
fraction of Surlyn 1706 in the blend is designated by w ,  
then w/1972 represents the moles of Zn2+ and (1 - w)/105 
represents the moles of nitrogen. This formulation of the 
blend concentration variable allows one to identify a sto- 
ichiometric imbalance of one of the interacting groups. 
The properties of the undiluted ionic copolymer appear 
on the left side of Figure 10. A 5-fold increase in elastic 
modulus is observed relative to the modulus of Surlyn 
1706 when one introduces the polymeric component that 
contains the pyridine ligand. This is understandable 
because P4VP exhibits a larger resistance to mechanical 
deformation. The properties of undiluted P4VP are 
difficult to measure because the polymer is quite brittle 
with low mechanical integrity when the molecular weight 
is in the range of 40 OOO. However, this “low-molecular- 
weight” P4VP (i) imparts stiffness to Surlyn 1706, (ii) 
enhances the fracture stress of the blends by =15%, and 
(iii) maintains an acceptable ultimate elongation of at  least 
440 ?6 when the concentration of nitrogen lone pairs is less 
than 72 mol %. Mechanical synergy is operative when 
one of the blend properties illustrated in Figure 10 exceeds 
the corresponding best pure-component property. In this 
respect, there is no synergistic response in ultimate 
elongation because Surlyn 1706 is more ductile (i.e., -600% 
strain a t  failure) than all of the blends. The fracture strain 
of P4VP (MW = 40 OOO) is a few percent at best. The 
search for synergy in the elastic modulus is, most likely, 
overshadowed by the fact that P4VP is more resistant to 
mechanical deformation than Surlyn 1706. This suggests 
that the substantial improvement in blend moduli is 
strongly a consequence of the additive “rule of mixtures”. 
Verification of this claim is pending because of a lack of 
knowledge of the pure component mechanical properties 
of P4VP (MW = 40 OOO). Finally, the fracture stress of 
Surlyn 1706 is much higher than that of undiluted P4VP. 
The concentration dependence of the fracture response 
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suggests that this clain is justified even though pure- 
component properties were not measured for P4VP. The 
synergistic effect on fracture stress illustrated in Figure 
10 is =15% relative to the fracture stress of undiluted 
Surlyn 1706 for blend concentrations between 46 and 72 
mol ?6 nitrogen. At  higher concentrations of P 4 W ,  the 
mechanical properties deteriorate markedly. 

Conclusions 
The results presented in this contribution identify the 

coordination mechanism as an attractive route to produce 
solid-state blends that exhibit synergistic properties at 
the macroscopic level. Glass transition temperatures and 
mechanical fracture stresses were measured in excess of 
the best pure-component properties for poly(4-vinylpy- 
ridine) blends with zinc acetate and a zinc-neutralized 
ionomer, respectively. Molecular spectroscopy offers a 
useful diagnostic probe of these d-metal complexes. 
Infrared studies directly identify the fact that the pyri- 
dine nitrogen lone pair participates in metal-ligand a- 
bonding via a shift of the aromatic carbon-nitrogen 
stretching vibration to higher energy. Solid-state NMR 
focuses on the carboxylate carbon in the zinc salts and the 
ionic copolymer to provide indirect evidence for coordi- 
nation. The chemical shift of the carboxylate carbon is 
very sensitive to microenvironmental factors that perturb 
its local electron density. Hence, it is possible to differ- 
entiate metal centers coordinated to acetate and pyridine 
ligands from metal centers coordinated to acetate and 
waters of hydration. The NMR results correlate quite 
well with macroscopic temperature-composition phase 
diagrams, suggesting that isotropic 13C chemical shifts are 
sensitive to phase coexistence when the “critical” com- 
ponent is present in both phases. In one particular case 
described herein, the carboxylate signal of zinc laurate 
identifies a disordered crystalline phase in low abundance 
that is not detected by differential scanning calorimetry, 
due to overlap between the glass and melting transitions. 
The concept of hard-and-soft acids and bases is useful to 
explain the fact that the hard acid Mg2+ preferentially 
coordinates to acetate anions and waters of hydration, 
which are classified as hard bases, instead of the borderline 
base poly(4-vinylpyridine). In agreement with this hy- 
pothesis, solid-state NMR reveals that the carboxylate 
13C signal of magnesium acetate is spectroscopically inert, 
infrared spectroscopy does not detect the coordination 
absorption of P4VP’s aromatic carbon-nitrogen stretch, 
and calorimetry identifies major differences between 
blends of (i) magnesium acetate with P4VP and (ii) zinc 
acetate with P4VP, the latter of which exhibits thermal 
synergy. 
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