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ABSTRACT The results of a Fourier transform infrared study of poly(ethy1ene-co-methacrylic acid) (EMAA) 
copolymer blends with poly( 2-vinylpyridine) (P2VP) and a copolymer of styrene and 2-vinylpyridine are 
presented. EMAA copolymers are strongly self-associated at ambient temperatures through the formation 
of intermolecular carboxylic acid dimers. PSVP, a polymer that is inherently weakly self-associated, forms 
a strong association with EMAA by forming intermolecular hydrogen bonds between the carboxylic acid and 
pyridine groups. The fraction of interacting sites in these blends plays a major role in determining the solution 
and film forming properties of the mixtures and ultimately the degree of molecular mixing of the two polymers. 
Quantitative measurements of the fraction of pyridine groups that are hydrogen bonded to carboxylic acid 
groups have been obtained, and the results are discussed in terms of competing equilibria. 

In the previous papers of this series we have described 
FTIR studies of miscible blends of a polyurethane with 
poly(ethy1ene oxide-co-propylene oxide) ( E P O ) ~ F ~  and 
poly(ethy1ene-co-methacrylic acid) (EMAA) blends con- 
taining the polyethers poly(viny1 methyl ether) (PVME) 
and EP03. Pure EMAA copolymers are strongly self-as- 
sociated in the condensed state a t  ambient temperatures 
through the formation of intermolecular carboxylic acid 
dimers. Molecular mixing of EMAA, which requires the 
disassociation of some or most of these carboxylic acid 
dimers, is possible with chemically dissimilar polymers that 
are inherently weakly self-associated but contain specific 
sites that can potentially form favorable intermolecular 
interactions (notably hydrogen bonds) with EMAA. This 
may be described quantitatively in terms of competing 
eq~ilibria.’-~ Equilibrium constants, KA and KB, were 
employed to express the self-association of EMAA and the 
association of EMAA with PVME (or EPO), respectively, 
as depicted below. 

A + A & A A  A + B & A B  
As we have demonstrated: miscible systems are feasible 

even if the magnitude of KB is much smaller than Kk For 
the EMAA-polyether blends studied, K A  was determined 
to be approximately 2-3 orders of magnitude greater than 
KB. It  should be emphasized, however, that the relative 
strengths (AH) of the specific hydrogen bonded interac- 
tions associated with the carboxylic acid dimer and the 
carboxylic acid-ether pair are very similar. In marked 
contrast, the results presented in this paper are of a study 
of EMAA mixtures with polymers where the strength of 
the interaction AB is significantly greater than that of AA 
(self-association). Poly(2-vinylpyridine) (P2VP) and 
poly(2-vinylpyridine-co-styrene) (SP2VP) are two such 
polymers; they are inherently weakly self-associated but 
contain a basic nitrogen atom that can form a strong hy- 
drogen bond with the carboxylic acid proton. As we will 
see, this leads to some unusual spectral features. Ac- 
cordingly, we believe it useful to briefly review some of the 
fundamentals of hydrogen bonding before presenting our 
results. 

There is a wealth of literature concerning hydrogen 
bonds in all their manifestations, summarized in various 
major reviews and books.Pg This work principally concerns 
small molecules, however, and synthetic polymers are 
largely ignored. It is clear from a review of this literature, 
however, that most workers are aiming at a fundamental 
understanding of the nature of the hydrogen bond. We 
are not. Rather, we wish to know what the existence of 
such bonds does to the properties of polymers and their 
mixtures. 
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Most of us are familiar with the type of hydrogen bonds 
that occur in synthetic polymers such as polyamides and 
 polyurethane^."^^ The N-H stretching band shifts to 
lower frequency (compared to the “free” N-H stretching 
band), broadens significantly, and increases dramatically 
in intensity. Conceptually, the interpretation of the broad 
band in terms of a dynamic distribution of various struc- 
tures containing different hydrogen bond strengths, which 
are intensity enhanced by changes in electronic structure, 
is intuitively pleasing to a polymer scientist.’O In addition, 
there is a nice analogy to the statistics of linear polycon- 
densation when one considers a description of the “chains” 
of hydrogen-bonding amide or urethane groups that are 
formed in terms of association models.’J3 Things become 
more complex and the spectra more difficult to interpret 
as we consider progressively stronger hydrogen bonds. The 
spectroscopic characteristics of various hydrogen bonds 
have been nicely summarized by Hadzi,l49l5 Odinokov et 
a1.,I6 and, in the special case of acid salts, Speakman.“ 
Essentially, spectral features characteristic of three dif- 
ferent categories of hydrogen bonds are identified: weak, 
medium, and strong (naturally, these categories are not 
exclusive and there exist intermediate “shades of gray”). 

One classification that ultimately depends upon the A--B 
interatomic distance is based on the different potential 
curves corresponding to the various species depicted in the 
following equilibrium scheme. 

AH + B + A-H...B + (A-H--B)+ A**.H-B + A-+HB 
(a) (b) (4 (d) (e) 

The classic Morse potential (or the semiempirical 
Schroeder-Lippincott f u n ~ t i o n ’ ~ J ~ )  has been used to de- 
scribe a lone or “free” A-H group to a first approximation 
(depicted as (a) above). For weak or moderately strong 
hydrogen bonds the hydrogen atom is located closer to one 
atom or the other (depicted as (b) and (d) above). The 
potential energy is correspondingly unsymmetric with a 
double minimum potential. The lower of the two minima 
is located near the donor atom. As the strength of the 
hydrogen bond increases and the A-B length decreases, 
the hydrogen atom is not so clearly identified as more 
strongly associated with one atom or the other (depicted 
as (c) above). Thus for strong hydrogen bonds we might 
expect a potential energy diagram with two equal (or nearly 
equal) potential minima having a low potential barrier 
between the two or, alternatively, a single symmetric po- 
tential energy curve with a truly broad minimum. 

Having set the stage by setting up some (more or less) 
arbitrary criteria that allow us to place various hydro- 
gen-bonded systems into certain categories, let us now 
consider the spectroscopic characteristics of each. It should 
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be kept in mind that this picture is necessarily painted 
with a broad brush and certain systems exhibit interme- 
diate behavior. Additionally, we will not dwell upon the 
special characteristics of weak hydrogen bonds as we are 
familiar with the broad, usually structureless band pro- 
files’OJ3 centered near 3300 cm-’. As we progress to hy- 
drogen bonds of intermediate strength, as in carboxylic 
acid dimers’ or phenol-pyridine complexes (see ref 20 for 
the analogous polymer complex), the A-H stretching mode 
shifts to 3100-2800 cm-’ and we start to observe so-called 
“satellite” bands superimposed upon the broad funda- 
mental profile. These satellite bands are thought to arise 
from either overtones and combinations that are intensity 
enhanced by Fermi resonance or anharmonic coupling of 
the vg (A-H stretching) and a, (He-B stretching) modes.21 

As we move from intermediate to strong hydrogen 
bonds, the infrared spectra start to look very strange. In 
the paper of Odinokov et al. there are beautiful examples 
(see figures 1 and 2 in ref 16) of spectra for acid-base 
complexes corresponding to the series (b), (c), and (d) of 
the equilibrium scheme given above. For type I complexes 
(A-He-B), where the proton is not transferred, with in- 
creasing hydrogen bond strength, the A-H band “splits” 
into three characteristic intense broad bands (usually 
denoted A, B, and C) at about 2800,2500, and 1800 cm-’. 
As the proton becomes increasingly delocalized, or sym- 
metrically placed between the A and B atoms, then broad 
bands (D and E) at about 1200 and 700 cm-I dominate the 
spectrum. Finally, a t  higher base strengths the situation 
reverses itself as the proton is now closer to the B atom 
(structure (d) in the equilibrium scheme above). A, B, and 
C bands between 1800 and 3000 cm-l return. 

In this paper we will see some of the features attributed 
to strong hydrogen bonding in the infrared spectra of 
polymer blends containing methacrylic acid and pyridine 
groups. In addition, we will see how composition, defined 
in terms of the fraction of interacting sites, has a dramatic 
effect on the solution and film-forming properties of these 
blends. 

Experimental Section 
The ethylenemethacrylic acid copolymers (EMAA) containing 

18,32,44, and 55 wt % MAA (denoted EMAA[18], EMAA[32], 
etc.) were synthesized in the laboratories of the E.I. Du Pont de 
Nemours Co. and are described in the previous paper of this 
~eries.~ A copolymer of 2-vinylpyridine and styrene (SP2VP[70]) 
containing 70 wt % of vinylpyridine was obtained from Polys- 
ciences Inc. Poly(2-vinylpyridine) (P2VP) was obtained from 
Reilly Tar and Chemical Corp. The latter two polymers are 
amorphous with Tgs of 99 and 77 O C ,  respectively. 

Infrared spectra were recorded on either a Digilab Model 
FTS-15E or a FTS-60 Fourier transform infrared (FTIR) spec- 
trometer at a resolution of 2 cm-’. A minimum of 64 scans were 
signal averaged, and the spectra were stored on a magnetic disc 
system. Spectra recorded at elevated temperatures were obtained 
by using a SPECAC high-temperature cell mounted in the 
spectrometer and a Micristar heat controller. This device has 
a reported accuracy of f0.1 O C .  Diffuse reflectance infrared 
Fourier transform (DRIFT) spectra were obtained by using a 
COLLECTOR diffuse reflectance cell (Barnes/Spectra-Tech Inc.) 
and are presented in the Kubelka-Munk formatsz2 Details of the 
preparation of samples for FTIR analysis are given in the text. 
Thermal analysis was performed on a Perkin-Elmer 7 Series 
differential scanning calorimeter. A heating rate of 20 OC/min 
was employed by using a sample size of approximately 10-15 mg. 

Results and Discussion 
A summary of the major temperature dependent infra- 

red spectral features attributed to the methacrylic acid 
structural unit has been presented in the previous paper 
of this ~ e r i e s . ~  We have also previously reported on the 
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Figure 1. (A) Transmission infrared spectrum of a film of 
EMAA[55]. (B) DRIFT spectrum of a powdered sample of PPVP. 
(C) DRIFT spectrum of the EMAA[55]-PZVP powdered pre- 
cipitate. 
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Figure 2. Schematic diagram illustrating the carboxylic acid- 
pyridine nitrogen interaction. 

application of diffuse reflectance infrared Fourier trans- 
form (DRIFT) spectroscopy to powder samples of polymer 
complexes formed by precipitation from solution of poly- 
(4-vinylphenol) (PVPh) and poly(2-vinylpyridine) (P2VP) 
in a common solvent.20 The composition of this precipi- 
tated complex was found to be essentially independent of 
the composition of the initial ingredients. If we now repeat 
the experiment, but use EMAA[55] instead of PVPh, the 
result is the same; a precipitate is formed when dilute THF 
solutions of the two pure polymers are mixed. Scale ex- 
panded DRIFT spectra of the EMAA-P2VP complex to- 
gether with the spectra of the pure components are shown 
in Figure 1. A purely schematic chemical representation 
of the complex given in Figure 2. 

The EMAA[55] spectrum (denoted A) is dominated by 
the characteristic bands of self-association attributed to 
the intermolecular carboxylic acid dimer at  about 3000 
(vs(O-H)), 2650 (“satellite” bands), and 1700 cm-’ 
(vs(C=O)). The most striking feature of Figure 1, however, 
is the presence of two broad bands in the top spectrum of 
the complex at 2515 and 1930 cm-’. These correspond to 
the “B” and “C” bands discussed above which are indica- 
tive of strong hydrogen bonds. It is of interest to note that 
these bands were not seen in the PVPh-P2VP complex;20 
the hydrogen bond formed in this case is significantly 
weaker with the v,(O-H) stretching frequency occurring 
beneath the CH stretching modes. The new band at about 
1725 cm-’, which will be featured prominently in our 
forthcoming discussions, is indicative of a carbonyl group 
that is neither associated with an acid monomer or acid 
dimer but has been “liberated” as a consequence of the 
association of the acid hydroxyl group with the pyridine 
nitrogen atom in the formation of the complex (see Figure 
2). Other spectral features of interest, which are poten- 
tially useful to our blend studies, concern the characteristic 
modes of the pyridine group at  1590, 1050,993, and 625 
cm-I. Upon formation of the complex, these modes are 
perturbed and shift to 1600, 1067, 1011, and 634 cm-l, 
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Table I 
EMAA/ composition 
P2VP 20/80 35/65 50/50 65/35 80/20 

EMAA[18] 
EMAA[32] - precipitate - - clear solution - 
EMAA[441 precipitate throughout all compositions EMAA[55] } 

clear solution throughout all compositions 

re~pectively.~~ Again, an indication of the strength of the 
hydrogen bond formed between EMAA[55] and P2VP. 

The precipitated EMAA[55]-P2VP complex is insoluble 
and cannot be fused together to form a coherent film 
without degrading the sample. One question that comes 
to mind is, "if we reduce the volume fraction of interacting 
sites present in the polymer chains can we prepare a true 
solution of the two polymers in a common solvent and, 
furthermore, produce a coherent film of the blend of the 
same composition by evaporation of the solvent?" In other 
words, by manipulating the volume fraction of interacting 
sites available, can we arrive at  a compromise that results 
in a film forming miscible blend? 

The solution behavior of P2VP mixtures with EMAA 
copolymers of varying composition in THF is summarized 
in Table I. Immediate turbidity is produced over the 
complete blend composition range when clear dilute THF 
solutions of P2VP are mixed together with EMAA[55] or 
EMAA[44] in the same solvent. A similar observation is 
made for EMAA[32] mixtures in compositions of greater 
than about 50 wt % P2VP. On the other hand, true, clear 
THF solutions are formed of EMAA[lS]-PBVP mixtures 
over the entire composition range and for EMAA[32]- 
P2VP mixtures containing less than about 50 wt 70 P2VP. 
Coherent films can be readily cast from these blend solu- 
tions onto KBr windows for transmission infrared analysis. 

In simple terms, the precipitation of polymer "complex" 
from a common solvent in which both polymers were in- 
itally soluble is a manifestation of the more favorable at- 
traction of the two different polymers for one another than 
either polymer-solvent pair. Ultimately, of course, it is 
a balance between the free energy contributions involved. 
Introducing chemical units into the polymer chain that are 
not capable of forming relatively strong intermolecular 
interactions with complimentary units of the other polymer 
chain alters this balance. At some point, solution of the 
two polymers in the common solvent becomes more fa- 
vorable than phase separation (precipitation). I t  is not our 
intent to systematically describe the FTIR results obtained 
on all the EMAA blends. In those cases that resulted in 
turbid solutions the mixtures can be separated by cen- 
trifugation into a precipitate and a supernatant liquor. We 
will not elaborate upon these FTIR results as the general 
conclusions are similar to those described previously for 
the PVPh-P2VP complexes.20 Rather, we wish to em- 
phasize the results obtained by using conventional trans- 
mission FTIR spectroscopic studies of coherent film sam- 
ples of polymer mixtures of known composition. 

Figure 3 shows scale expanded FTIR spectra over the 
range of 1800-3800 cm-'. A film cast from a clear THF 
solution containing 65:35 wt % of EMAA[32]:P2VP was 
employed. Spectra were recorded as a function of tem- 
perature as the sample was heated to 140 "C (below the 
onset of anhydride formation3) and then cooled back down 
to room temperature. As one might expect, the charac- 
teristic infrared bands indicative of strong hydrogen 
bonding between the carboxylic acid and pyridine moieties 
are immediately apparent at 1950 and 2530 cm-'. This, 
of course, indicates that intermolecular interactions are 
occurring between the two polymers in the blend which, 
in turn, suggests a significant degree of mixing has taken 
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Figure 3. Scale expanded transmission infrared spectra in the 
1800-3800 cm-' region obtained on a film of a 6535 EMAA- 
[32]-P2VP blend recorded as a function of temperature. 
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Figure 4. Scale expanded transmission infrared spectra in the 
1500-1800 cm-' region obtained on a film of a 6535 EMAA- 
[32]-P2VP blend recorded as a function of decreasing tempera- 
ture. 

place. Infrared bands attributed to the carboxylic acid 
dimer (self-association of the EMAA copolymer) are still 
in evidence, albeit masked somewhat by the CH stretching 
modes. The effect of temperature, at least up to 140 "C, 
is not dramatic. This might be expected given the relative 
strength of the hydrogen bond involved and the limited 
temperature range covered. A measurable decrease in the 
intensity of the 1950 cm-' band is observed, however, which 
recovers when cooled to room temperature. The small 
band detected at 3530 cm-' in the 140 "C spectrum is 
consistent with the formation of a very small concentration 
of "free" acid groups. 

Figure 4 shows the 1500-1800 cm-' region of the infrared 
spectrum of the same EMAA[32]-P2VP film sample. Only 
the cooling part of the cycle from 140 "C is shown as the 
spectra recorded during heating are essentially superim- 
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posable a t  identical temperatures. In the carbonyl 
stretching region of the spectrum, the 1700 cm-' band 
attributed to the intermolecular carboxylic acid dimer 
(self-association of EMAA[32]) dominates. The contri- 
bution at 1725 cm-' is assigned to the "free" carbonyl group 
liberated when the complex between the acid hydroxyl and 
the pyridine nitrogen group is formed. A knowledge of the 
absorptivity ratio of these two bands permits a quantitative 
measure of the fraction of the interacting species. In 
common with the 0-H stretching region, the effect of 
temperature (up to 140 "C) on the carbonyl stretching 
region is minimal. The slight absorbance detected at 1750 
cm-' in the elevated temperature spectra is consistent with 
the presence of a trace of acid monomer. 

A most interesting trio of infrared bands appearing at 
1570, 1590, and 1600 cm-' deserve special mention. As 
stated above, the bands at 1570 and 1590 cm-' are essen- 
tially ring modes of the pyridine group. Upon mixing 
P2VP with EMAA[32], a new band at  1600 cm-' is ob- 
served. This band is characteristic of the pyridine-car- 
boxylic acid i n t e r a ~ t i o n ~ ~  and results from a perturbation 
of the 1590 cm-' ring mode. Conversely, the 1570 cm-' 
band appears insensitive to the formation of the 
complex-a fact we will use to our advantage in our 
forthcoming quantitative measurements. In the room- 
temperature spectrum of the blend (see Figure 4) these 
three bands are well-resolved. As the temperature is raised, 
the intensity of the 1600 cm-' band appears to decrease 
but this is complicated by a concurrent shift to lower 
frequency. In any event, these two bands (1590 and 1600 
cm-') are sensitive to changes of the strength of the acid- 
pyridine interaction. 

Having set the stage, we are now in a position to attempt 
the quantitative measurement of the number of specific 
interactions present in a methacrylic acid-pyridine poly- 
mer blend system as a function of composition. However, 
the EMAA[32]-P2VP system is not soluble in THF over 
the complete composition range (Table I), and there is the 
unfortunate complication of a significant amount of 
polyethylene type crystallinity present in the EMAA- 
[18]-P2VP blends in the solid state a t  ambient tempera- 
tures (in effect, a "crystalline" compatible blend). Ac- 
cordingly, for the remainder of this study we will concen- 
trate on the transmission infrared spectral results obtained 
by using films prepared from the EMAA[32]-SP2VP[70] 
blend system. In essence, we have reduced the volume 
fraction of pyridine groups in the P2VP polymer by co- 
polymerizing with inert styrene groups. I t  should be em- 
phasized that a true solution of this polymer mixture can 
be prepared in THF. Thus, clear coherent films can be 
readily prepared by solvent casting at any desired blend 
composition. 

Thermal analysis of these blends supports the conten- 
tion that the EMAA[32]-SP2VP[70] is indeed miscible. 
Pure SP2VP[70] has a Tg of 99 OC. Thermograms of 
blends containing 20 and 40 wt 70 EMAA[32] yielded 
single distinctive Tis  at 63 and 38 "C, respectively. At 
higher concentrations of EMAA[32] in the blend, partial 
crystallization occurs, the thermogram becomes more 
complex and it is not possible to unambiguously identify 
a TB' However, a t  80 wt 70 EMAA[32] we once again 
observe an apparent Tg at -2 OC (resolved because the Tg 
of the blend is separated away from the transitions due 
to crystallinity). A plot the experimental T 's a+a function 
of the blend composition together with the $est Fox-Flory 
curve fit to these results is shown in Figure 5. 

Figure 6 shows scale expanded room-temperature FTIR 
spectra in the 1620-1800 and 1520-1640 cm-' ranges of 
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Figure 5. Graph of T versus EMAA[32]-SP2VP[70] blend 
composition. The solid fine was calculated from the Fox-Flory 
relationship. 
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Figure 6. Scale expanded transmission infrared spectra recorded 
at room temperature in the 1520-1640 and 1640-1800 cm-' regions 
of EMAA[32]-SP2VP[70] blend samples: (A) 90:10, (B) 80:20, 
( C )  70:30, (D) 60:40, (E) 40:60, (F) 10:90, and (G) 0:lOO wt % 
EMAA[ 32]:SP2VP[70]. 

EMAA[32] blends of varying composition with SP2VP[70]. 
The blends characteristic of strong hydrogen bonds at 2530 
and 1950 cm-' are prominent in the spectra of these blends 
but are not shown since they closely resemble those dis- 
played in Figure 3. Let us first turn our attention to the 
carbonyl stretching region of the spectrum (left hand side 
of Figure 6). Spectra are shown of blend films containing 
90,80, 70, 60, 40, and 20 wt % EMAA[32]. As the con- 
centration of SP2VP[70] in the blend is increased up to 
about 50 wt  %, the band attributed to the carboxylic 
acid-pyridine interaction, Le., the "liberated" C = O  group 
at  approximately 1725 cm-', increases a t  the expense of 
the carboxylic acid dimer (1700 cm-l). This is reminiscent 
of analogous results reported for the EMAA-PVME blend 
system3 and is entirely consistent with a high degree of 
mixing of the two polymers at the molecular level. In 
marked contrast, however, the presence of excess pyridine 
groups (i.e. blend compositions rich in SP2VP[70]) leads 
to a single intermediate broad band centered at approxi- 
mately 1708 cm-'. Separate contributions from carboxylic 
acid dimers and carboxylic acid-pyridine interactions are 
not now obvious. As we will see later, this is consistent 
with a rapidly decreasing concentration of carboxylic acid 
dimers in blend compositions of greater than 50 wt % 
SP2VP[70] and would not be easy to measure accurately 
even under ideal conditions. Additionally, it is most 
probable that in the presence of excess pyridine groups, 
the "liberated" carbonyl group attributed to the carboxylic 
acid-pyridine interaction is broadened and shifted to lower 
frequency through polar interactions. In any event, this 
unfortunate complication prevents us from using this re- 
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Table I1 
Curve-Fitting Data from Infrared SDectra of EMAAr321-SP2VPr701 Blends 

fractn fractnal 
"free" py area of A ,  

EMAA[32] Y , ,  Wllz ,  area ~ 2 ,  Wlp, area Y,, WlI2 ,  area 
mol fractn cm-' cm-' A ,  cm-1 cm-1 A ,  cm-l cm-~ A ,  

0.83 1600 10 64 1590 1 2  18 1571 8 28 0.22 0.25 
0.69 1600 
0.57 1599 
0.46 1599 
0.27 1599 
0.12 1600 
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Figure 7. Scale expanded transmission infrared spectra recorded 
at room temperature in the 600-660 and 960-1040 cm-' regions 
of EMAA[32]-SP2VP[70] blend samples: (A) 0:100, (B) 2080, 
(C) 4060, (D) 6040, and (E) 8020 wt % EMAA[32]:SP2W[70]. 

gion of the spectrum for simple quantitative analysis. 
All is not lost, however. The 1600/1590 cm-' bands, 

attributed to pyridine groups that are and are not involved 
in intermolecular interactions with the carboxylic acid 
groups in the blends, are shown on the right-hand side of 
Figure 6. The styrene poup also exhibits weak absorption 
in this region of the spectrum, but fortunately, as the 
spectrum of pure SP2VP[70] in this region shows (spec- 
trum 6G), the interference is minimal. As the concen- 
tration of EMAA[32] is increased in the blend, there is a 
corresponding increase in the relative intensity of the 1600 
cm-' band while that of the 1590 cm-' band decreases. 
Parallel changes are also observed for the pyridine ring 
modes at 10111993 and 6371624 cm-l, shown in Figure 7. 
Although all three spectral regions appear to lend them- 
selves to quantitative analysis, the former is particularly 
convenient because the baseline is well-defined and, more 
importantly, the 1570 cm-l band appears unaffected by the 
presence of the EMAA copolymer and may be used as an 
internal standard. 

The spectra obtained were of excellent quality, and it 
was a straightforward task to draw a linear base line from 
3800 to 500 cm-' through regions where there is little or 
no absorption. The three bands in the 1520 to 1640 cm-' 
region are relatively narrow and essentially Lorentzian in 
character. Accordingly, a least-squares fit of three Lor- 
entzian curves was performed, and the results are iven 
in Table 11. The fraction of "free" pyridine groups, 4 (Le. 
those SP2VP[70] pyridine groups not hydrogen bonded 
to EMAA[32] carboxylic acid groups), is defined as 

A1590 

a1600 

a1590 

f? = 

A1590 + -A1600 

where A and a are the intensities (areas) and absorption 
coefficients, respectively, for the bands identified. There 
is reason to be confident that little error will be introduced 

63 1570 10 100 0.27 0.30 
117 1570 9 120 0.40 0.29 
231 1570 8 180 0.51 0.28 
616 1569 7 300 0.73 0.26 
988 1569 7 397 0.86 0.26 

if an absorptivity ratio of unity is assumed. The 1570 cm-' 
pyridine ring mode appears unaffected by the presence of 
carboxylic acid groupsB and may be considered an internal 
standard. Consequently, major differences in the mag- 
nitude of the absorption coefficients of the 1590 and 1600 
cm-' bands should yield a systematic change in the frac- 
tional area of the 1570 cm-' band with blend composition. 
This is not observed and the fractional area of the 1570 
cm-' band relative to the total area of all three bands 
+ A15w + Aim) remains essentially constant (within 10%) 
at 0.28 (see Table 11). Equation 1 thus reduces to 

(2) 

The estimated fraction of "free" pyridine groups in the 
blends of varying molar composition are also included in 
Table 11. A range of approximately 14-78% of the pyridine 
groups are involved in intermolecular interactions with the 
EMAA carboxylic acid groups as the molar composition 
of EMAA[32] in the blend increases from 12 to 83%. 

Theoretical Considerations-Competing 
Equilibria 

The blends of the EMAA copolymers with P2VP and 
SP2VP[70] discussed above may be again described in 
terms of two competing equilibria in a manner similar to 
other polymer blend systems described recently.'-3 
Equilibrium constants, KA and KB, are used to express the 
self-association of EMAA[32] and the association of 
EMAA[32] with SP2VP [70], respectively, as depicted 
below. 

A1590 

A1590 + A1600 
f F  = 

KA KB 
A + A = A A  A + B = A B  (3) 

Where [ A ,  tB, EM, and Em are the mole fractions of A, B, 
AA, and AB units in the mixture at equilibrium. Following 
FloryZ4 we have noted that in systems where chains of 
hydrogen-bonded groups are formed the equilibrium con- 
stants are more correctly defined in terms of molar con- 
centrations. As Sarolea-Mathot2S has shown, however, the 
errors involved using mole fractions are not large in simple 
monomer-dimer systems. In order to demonstrate the 
dependence of complex formation on composition, we will 
use the simple mole fraction approach here and present 
a more rigorous description of the thermodynamics of these 
systems in a separate publication. 

We have shown previously3 that X A ,  the initial mole 
fraction of A units in the blend, may be expressed as 

Since we have independently determined3 the value of 
KA at room temperature for the EMAA copolymers at 2 
X lo4, this equation may be solved numerically by assum- 
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Figure 8. Plot of the fraction of “free” pyridine groups versus 
the mole fraction of EMAA[32] in blends with SP2VP[70] at room 
temperature. The solid lines are calculated by using the values 
of K B  indicated-see text. 
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Figure 9. Plot of the fraction of ”free” carbonyl groups versus 
the mole fraction of EMAA[32] in blends with SP2VP[70] at room 
temperature. The solid lines are calculated by using the values 
of K B  indicated-see text. 

ing values of K B .  Accordingly, values of X A  are calculated 
over the range from zero to unity by using appropriate 
values of [A. The parameters [u, [B, and [AB are then 
readily calculated. The theoretical fraction of “free” 
pyridine groups, #, is defined as [B/([B + [AB), and this 
may be compared directly to the experimental data, as it 
is equivalent to what we have measured in the infrared 
spectra. A comparison of the experimental blend data 
(Table 11) with theoretical curves of the fraction of ”free” 
pyridine groups versus mole fraction of EMAA using ap- 
propriate values of K B  is displayed graphically in Figure 
8. Theoretical curves were determined for K B  values of 
2 X lo4, 2 X lo3, 500,200, and 100. The experimental data 
for the EMAA[32]-SP2VP[70] blends parallels the theo- 
retical curve obtained for K B  = 500. Thus the magnitude 
of K B  in this case is some 40 times less than that of K A .  
(Again we emphasize that the equilibrium constant is re- 
lated to the enthalpy and entropy of hydrogen bond for- 
mation via the well-known relationship, In K = -AH/RT 
+ AS/R. Accordingly, in these terms, In K A  and In K B  (9.9 
and 6.2, respectively) differ only by a factor of about 1.6.) 

In our previous paper3 concerning EMAA blends with 
PVME and EPO we were able to quantitatively measure 
the fraction of “free” C=O groups over the entire com- 
position range. (Recall, in this case the “free” or liberated 
C=O group corresponds to an interaction involving the 
carboxylic acid and pyridine groups). As mentioned above, 
it was not possible to measure the fraction of “free” C=O 
groups in the EMAA[32]-SP2VP[70] blends over the 
whole composition range. Nevertheless, we can still cal- 
culate a theoretical fraction of “free” carbonyl groups, f$’, 
defined as [AB/([AB + 2[AA), using the same values of K B  
as above. The results are shown graphically in Figure 9. 
Three experimental values of the fraction of “free” C=O 
groups obtained from the spectra of the EMAA[32] rich 
blends are included. These were determined by using an 

08 K B  = 5 0 0  
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Figure 10. Calculated distributions of the mole fraction of A, 
AA, B, and AB species versus the mole fraction of EMAA[32] in 
blends with SP2VP[70] at room temperature assuming KA and 
K B  values of 2 X lo4 and 5 X lo2, respectively. 

identical method to that described in our previous paper.3 
The two infrared bands, in these specific cases, are rea- 
sonably well-separated, but we frankly do not have much 
confidence in these data because of the inherent spectral 
complications mentioned above. Nevertheless, it is 
pleasing to see that the data do seem to be following a K B  
value of approximately 500-the same as that seen for the 
“free” pyridine data (see Figure 8). 

Having reasonable estimates of both K A  (2 X lo4) and 
K B  (5 X lo2), we can now calculate the mole fraction of the 
species A (acid monomer), AA (acid dimer), B (uncom- 
plexed pyridine), and AB (acid-pyridine complex) as a 
function of blend composition. This is shown in Figure 
10. Not surprisingly, the concentration of acid monomers 
is very small throughout the whole composition range. 
With increasing concentration of EMAA[32] in the blend, 
the mole fraction of acid dimers increases while that of the 
uncomplexed pyridine groups decreases. At the same time, 
the mole fraction of acid-pyridine complexes rises to a 
maximum and then decreases and has the form of a 
bell-shaped curve. We were particularly interested to see 
that a t  blend compositions of less than 40 mol % 
EMAA[32] (equivalent to approximately 50 wt %) the 
concentration of acid dimers and monomers becomes in- 
significant. AB species (acid-pyridine complexes) are 
present in a sea of B species (uncomplexed pyridine). I t  
is at this point where we see no obvious contribution from 
the acid dimer in the infrared spectrum at 1700 cm-l but 
do observe a broadening and shifting of the carbonyl band 
attributed to the acid-pyridine complex. 

Finally, it is informative to compare the results obtained 
on the blends of the copolymer EMAA[32] with the two 
different polymers, PVME and SP2VP[70], at room tem- 
perature. The equilibrium constants, K B ,  describing the 
association of the carboxylic acid group with either the 
ether oxygen of PVME3 or the pyridine nitrogen group of 
SP2VP[70] differ significantly (100 versus 500, respec- 
tively). To some extent, this reflects the increased strength 
of the hydrogen bond in the latter case. However, it is 
important to recognize that even though the s t rength  of 
the interaction between the EMAA carboxylic acid and 
SP2VP pyridine groups exceeds that of the carboxylic 
dimer (self-association), the magnitude of the carboxylic 
acid dimer equilibrium constant is greater-there is an 
entropic contribution to the hydrogen bond formation that 
cannot be ignored. 
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ABSTRACT: 2-Chloroacrylonitrile and 1,3-cyclohexadiene have been copolymerized by using radical and 
coordination initiators. Elimination reactions were carried out in the brominated and the virgin copolymer 
using KF and a phase-transfer catalyst in order to prepare derivatives which facilitated in the characterization 
of the copolymer. '9 NMR and attached proton test (APT) indicate that the HCl elimination from the virgin 
copolymer leads to the formation of a highly substituted olefin. FT-IR analyses of the copolymer and its 
derivatives suggest the formation of essentially l,4-linkages across the cyclohexene unit. The copolymer 
microstructure has been characterized by 'H NMR, two-dimensional proton J-correlated (COSY), 13C NMR, 
DEPT, and two-dimensional lH-I3C chemical shift correlated (CSCM) spectroscopic techniques. These studies 
indicate the presence of l,Clinkages, while simultaneously suggesting the absence of a significant amount 
of 1,2-linkages in the copolymer. 

Introduction 
Regular alternating copolymers are commonly syn- 

thesized from monomer pairs that form intermediate do- 
nor-acceptor These systems include the 
diene-dienophile type in which the charge-transfer (CT) 
complex can also undergo competitive Diels-Alder cyclo- 
addition reactions. Both cyclic and acyclic dienes, such 
as l,&pentadienes, 1,3-~yclohexadienes, furans, isoprene, 
butadiene, and piperylene, serve as electron donors in 
conjunction with electron acceptors, which include maleic 
anhydride, and polar vinyl monomers, such as acrylonitrile, 
2-chloroacrylonitrile, and methyl 2-~hloroacrylate.~-~ 

Polymerization of these CT complexes can occur spon- 
taneously or can be initiated by numerous species with a 
substantial increase in polymerization rate. Typical ini- 
tiators include free radical systems (AIBN, benzoyl per- 
oxide), Lewis acids (ZnC12, A1C13), and metal salts (silver 
triflate). 

Among these systems, the use of 1,3-cyclohexadiene 
(CHD) as the donor monomer is intriguing in that the 
copolymers formed may be used as a substrate for subse- 
quent elimination or addition reactions. The ability to 
locate cyclohexene rings along a polymer chain may serve 
as a method of incorporating isolated phenyl rings in the 
polymer after aromatization. In this manner, poly- 
phenylenes have been synthesized under severe conditions 
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from unsubstituted cyclohexadieness while more recently 
the use of the acetate derivative of 5,6-dihydroxy-1,3- 
cycl~hexadiene,~J~ has yielded high molecular weight 
polyphenylenes under milder conditions. 

The mechanism of polymerization of 1,3-CHD can 
proceed via either 1,2- or 1P-additions across the ring. For 
example in the case of diester substituted CHD's, the 
relative content of 1,2 versus 1,4 structures has been found 
to be a function of ester type.1° In the case of the alter- 
nating copolymerization of 1,3-CHD and polar vinyl mo- 
nomers the mechanism of polymerization through the 
CHD ring has not been fully elucidated." 

In this paper, we describe the structure of the copolymer 
poly(2-chloroacrylonitrile-co-1,3-cyclohexadiene), hereafter 
labeled poly(CAN/CHD), utilizing TGA, FT-IR, 13C and 
'H NMR, 2D 13C1H correlated (CSCM), 2D COSY, I3C- 
distortionless enhancement by polarization transfer 
(DEPT), and attached proton test (APT) spectroscopy. 
Two-dimensional NMR techniques have previously been 
used in characterizing copolymer microstructure.12 De- 
rivatives of this copolymer, synthesized via either addition 
(bromination) or elimination reactions, have been used in 
structure confirmation. 
Experimental Section 

Materials and Methods. 1,3-CHD (98% Aldrich Chemical) 
was distilled over CaH2. 2-Chloroacrylonitrile (99% Aldrich 
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