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by forced Rayleigh scattering and dynamic light scattering
studies. ' The effects of 2 and M on R, (~N) prevail
over that of ¢p® (~N71), resulting in curve (iii) with low
magnitude of R,,. Thus the homogeneous blend without
appreciable composition fluctuation is expected in the
ternary system consisting of very high molecular weight
polymers, unless sufficient time to phase-separate is given.
We think the situation is realized in Figure 11.

Concluding Remarks

We have found the development of modulated structure
in solution-cast films of polymer blends. Characteristic
features of the structure are the high level of phase in-
terconnectivity and the unique periodicity. We have in-
vestigated the effects of various factors on the development
of modulated structure: casting speed, polymer—polymer
compatibility, blend ratio of polymers, and molecular
weights of polymers. The experimental results have been
interpreted in terms of the thermodynamics of ternary
polymer solution and the kinetics of spinodal decompo-
sition.

Our arguments have come from the assumption that the
prevailing mechanism of phase separation during the so-
lution casting is the spinodal decomposition. The as-
sumption has been based on the morphological features.
To verify the assumption in a quantitative sense, we should
rely upon the kinetic studies of phase separation in ternary
systems. The kinetic studies are under way using a tem-
perature-drop procedure instead of the concentration jump
corresponding to the solution casting. The results will be
published elsewhere.?

Formation of the modulated structure in polymer blends
has been limited to the thermally induced phase separation
of the two-component polymer systems having LCST and
UCST type phase diagrams.>® We believe that our studies
have presented a new way to prepare polymer blends with
modulated structure for various polymer pairs. On the
other hand, this type of study is very important in the
estimation procedures of polymer—polymer compatibility,
which is commonly based upon the morphological inves-
tigations and measurements of physical properties of so-
lution-cast films of polymer blends. That is, attention
should be paid to the time scale of film preparation for the
proper estimation of polymer-polymer compatibility.
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Structural Studies of Poly(N-vinylimidazole) Complexes by
Infrared and Raman Spectroscopy
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ABSTRACT: Structural changes of poly(N-vinylimidazole) induced by metal complexation and protonation
have been studied by Fourier-transform infrared and Raman spectroscopy. Ni** complexation was indicated
by shifts of the imidazole ring-mode vibrational bands at 1500, 1085, and 915 cm™ to higher frequencies. Spectral
changes in the N—H stretching region (2400-2900 cm™) and the ring-mode deformation at 915 cm™ are consistent
with the formation of an H-bridged complex between the protonated and unprotonated imidazole rings upon
partial protonation. These latter changes are accompanied by an intensity change in the Raman band at
1015-1020 cm™, which is suggested to be associated with a conformational change in the chain backbone.

The solution behavior of poly(N-vinylimidazole) has
been well characterized and reported from these labora-
tories.!? These studies show that the conformation of the
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polymer chain is sensitive to the degree of protonation, the
degree of quaternization, the nature of the solvent, and the
type of added salts. It is believed that both overall and
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local chain conformations of the polymer are important
in its interaction with transition-metal ions and its catalytic
properties.

A conformational transition of the polymer upon pro-
tonation was demonstrated by potentiometry, viscosity,
and NMR studies.? The polymer coil first collapses upon
partial protonation but expands with further protonation.
The contraction of the coil during the initial stages of
neutralization was interpreted as the result of H bonding
between the protonated and unprotonated non-nearest-
neighboring imidazole rings.

In this paper, the infrared and Raman spectroscopy of
poly(N-vinylimidazole) is studied as a function of pro-
tonation and shown to be consistent with the existence of
an H-bridged complex when partially protonated. We have
also examined the Ni?* complex of the polymer by vibra-
tional spectroscopic techniques.

Experimental Section

Materials. Poly(N-vinylimidazole) (PVI) used in the infrared
measurements was synthesized in a benzene solution! by Mr. W,
A. Bowman and in an aqueous medium? by Mr. K. R. Hollister
of these laboratories. No difference was observed in the infrared
spectra of the polymers prepared by these two methods. PVI
prepared in the aqueous medium was pale vellow and unacceptable
for Raman measurements because of interferences from
fluorescence. All Raman spectra reported here were obtained with
PVI prepared in benzene after exhaustive dialysis.

NiCl,-6H,0, obtained from Matheson Coleman and Bell, was
used without further purification.

Methods. A. Fourier-Transform Infrared (FTIR)
Spectroscopy. Infrared spectra for some of the PVI-Ni com-
plexes were obtained from a Digilab FTS-14 infrared spectrometer
with a dehumidified-air purge. Each spectrum was recorded at
2-cm™ resolution and 200 scans in the range 4000-400 cm™. These
measurements were made at Case Western Reserve University.
Most of the FTIR spectra reported here were obtained in these
laboratories with a Nicolet 7199 spectrometer at 2-cm™ resolution
and 64 scans. The spectra taken from the Digilab and Nicolet
spectrometers were identical.

The spectra for the polymer and polymer-Ni complexes were
taken in the condensed phase from sample dispersions in KBr
pellets. The polymer-Ni samples were prepared by freeze-drying
various stoichiometric mixtures of the polymer and Ni** solutions.

The protonated PVI samples were prepared by casting films
on disks of Kodak Irtran-2 material from 2% aqueous solutions
adjusted to the correct level of protonation with 1 M HCL Solution
spectra were also obtained by placing 3-8 uL of 10 wt % solutions
between 2-cm-diameter Irtran disks. The volumes were adjusted
so that solvent absorbances did not exceed 1.5. Solvent spectra
were then subtracted in the absorbance mode, and analysis was
completed on the difference spectra.

B. Raman Spectroscopy. Spectra were recorded on a Cary
82 Raman spectrometer. The samples were excited with 200 mW
at 514.5 nm by a Spectra-Physics Model 164 argon ion laser. All
spectra were obtained at a resolution of 9 cm™ from aqueous
solutions held in capillary melting-point tubes.

Results and Discussion

Poly(N-vinylimidazole)-Ni Complex Formation. A
pale greenish blue precipitate was obtained upon addition
of a PVI solution to a Ni%* solution. The stoichiometry
of the complex formed in a solution containing excess Ni?*
was {imidazole] /[Ni?*] = 6/1 in aqueous solution and 4/1
in aqueous 1 M KNO;. Quantitative studies of the com-
plex formation constants, heats of complexation, and
glass-transition temperatures of the complexes will be
reported in another paper.?

The FTIR spectra of the neutral and fully protonated
PVI and the PVI-Ni complex (6/1) are shown in Figure
1. The assignments of the peaks as listed in Table I were
made in reference to those of imidazole*® and N-methyl-
imidazole,%” with numbering of the ring modes (R,) as
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Figure 1. FTIR of the Ni** complex of PVI ([I;}/[My] = 10),
PV, and full protonated PVI.

Table I
Vibrational Spectra of PVI and Its Protonated Form (cm™)
PVI HPVI tentative
IR Raman IR Raman assignments®
3110 m 3100 m v CH (ring)
2950 w 2940w 2950 w v CH, » CH,
(backbone)
2300-29800 br, m » NH (protonated
ring)
1500 vs  1495sh 1573 vs Rl}u C-C,C-N
1512sh 1512m 1544 s R,f (ring)
1452 vw 1452 vw 1450 6 CH (backbone)
1350 vw 1350 vs 1450 sh 1460s Rg (v ring)

1418 m 1419w 1430s
1200 w 1290 m 1300 s

1430 m R, (v ring)
1310 vs R; (6 CH (ring) +
v C-N (ring))

1228 v 1233 vw 1260 m sh 4 CH (ring) + »
C-N (ring)
1172 m 1175w &6 CNH
(protonated
ring)
1110 m 1114w 1110sh 1110 sh & CH (ring)
1085m 1090m 1090 m 1090s & CH (ring) + v

(ring)

1020 vw 1016 m 1010 vw 1020 w 6 CH (backbone)
+» CC

. (backbone)

916 w 920 vw 905 w 905w Rg(vring + 6
ring)

830sh 860 vw R,

820 m 830 m,br v CH + v ring

745 m v CH + v ring

662 vs Rg(w N-C + 5
ring)

638 m v ring

%y, stretching; §, in-plane bending; v, out-of-plane bending.

described by Perchard et al.> On formation of the Ni?*
complex, the PVI ring mode (R,) at 1500 cm™ shifts to
1511 cm™, the mode at 1085 cm™ (6§ CH + » ring) shifts
to 1096 cm™!, and the 915-cm™ ring mode (Rg) decreases
in intensity concurrent with the formation of a new band
at 945 cm™.

The spectral changes in the 850-1150-cm™ region are
shown in Figure 2 as a function of [lp]/[Mr], where [17]
and [M7y] are the total concentrations of the imidazole
group and Ni?* added. The displacements of the PVI
peaks from 915 and 1085 cm™ to 945 and 1096 cm™?, re-
spectively, are completed in the region 1.55 < {ly]/[Mr]
< 5.0. This result is consistent with a stoichiometry of 46
determined quantitatively from binding isotherms.® The
appearance of the polymer peaks at 915 and 1085 cm™ for
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Figure 2. FTIR of the 850-1150-cm™ region of PVI + Ni?* at

various [lp]/[M7y] ratios.
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Figure 3. FTIR of the C-H and N-H stretching region of PVI
films at various levels of protonation.

samples with [l7]/[Mrg] > 5 is a result of the presence of
excess uncomplexed imidazole groups.

Protonation of Poly(N-vinylimidazole). A. Evi-
dence for Conformational Changes from FTIR
Spectra. Infrared absorbance spectra in the C-H and
N-H stretching regions of dried PVI films at various de-
grees of protonation («) are shown in Figure 3. The broad
peak at ca. 3450 cm™ arises from the presence of a small
amount of bound water in the film samples. The band
structure in the N-H stretching region of the spectrum
(23002900 cm™) is similar to that in H-bonded imidazoles
and has been assigned to vibrations of different H-bonded
species® or to Fermi resonance between the N-H stretching
bands and combinations of bands in the 1000-1600-cm™
region.®® The latter explanation is now generally accepted.

Figure 3 shows that intensity in the N-H stretching
region increases rapidly with protonation but levels off at
higher a. The intensities of two of the N~H stretching
bands are plotted against « in Figure 4. The initial in-
crease in intensities would be expected as N-H bonds are
formed by protonation. The occurrence of maxima at 50%
protonation may be associated with the formation of an
H-bridged complex between a protonated and un-
protonated imidazole base pair. This H bonding could
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Figure 4. Plot of N-H intensities vs. extent of protonation of
PVI films.
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Figure 6. Plot of FTIR band intensities in the 900-950-cm™!
region of PVI films vs. extent of protonation.

occur between adjacent or nonadjacent sites on the poly-
mer chain or different polymer chains. The nonadja-
cent-neighboring H bonding is more consistent with the
viscosity behavior reported earlier.?

Further evidence consistent with the formation of an
H-bridged species is found in the mid-IR region shown in
Figure 5. Tentative assignments of the vibrational
spectrum of the completely protonated polymer (HPVI)
are given in Table I. The HPVI spectrum contains an
additional N-H band at 1172-1175 cm™ (as well as the
N-H stretch at 2300-2900 cm™! mentioned above).

In general, spectra of partially protonated PVI contain
the expected proportions of the bands associated with the
PVI and HPVI species. This is evident in a plot of the
intensity of such bands against «. A clear exception,
however, is the band pattern at 900-950 cm™, In this
region, the intensity of the R4 ring deformation at 915 cm™
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Figure 7. Plot of FTIR band intensities in the 900-950-cm™

region of 10% solutions of PVI in methanol vs. extent of pro-
tonation.
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Figure 8. Plot of FTIR band intensities in the 900-950-cm™
region of 10% solutions of PVI in 0.8 M aqueous NaCl vs. extent
of protonation.

decreases with protonation and becomes negligible for «
> 0.5. At the same time, a band at 940 cm™ reaches
maximal intensity at 50% protonation and then decreases
in intensity, while a band at 905 cm™ (Rg of HPVI) in-
creases from 50% to 100% protonation (Figure 6). We
believe that the band at 940 cm™ may be a unique marker
for imidazole—-H-imidazole complex formation.

The above assignments are corroborated by those of the
PVI-Ni complexes. The ring-mode vibrational bands of
the uncomplexed imidazole at 1500 and 915 cm™ shift to
1511 and 945 cm™, respectively, upon complexation. These
spectral changes parallel those described above for the
formation of an imidazole-H-imidazole complex upon
protonation in dried PVI films.

To correlate the IR spectral changes associated with
H-bridged complex formation in dried film and the con-
formational change in solutions observed previously by
potentiometry, viscometry, and NMR, we examined the
900-1100-cm™ region of the IR spectrum of PVI as a
function of protonation in methanol and aqueous 0.8 M
NaCl. The solvent spectra were subtracted from those of
the solutions, as indicated in the Experimental Section.
Figures 7 and 8 show the intensities as a function of « for
the ring-deformation modes at 900-950 cm™ in these two
solvents.
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In methanol, the intensity of the 950-cm™ band we
tentatively assign to an H-bridged complex is maximal at
a = 0.3 (Figure 7). This « value is identical with that
required for minimum inherent viscosity? but lower than
that observed above for maximum H-bond formation in
dried films. This suggests that, in methanol solution, the
electrostatic repulsion among the protonated sites of the
polymer overrides the force for H bonding between the
protonated and unprotonated base pair at a lower extent
of protonation than that attained in the solid films. This
would be expected, because the chloride counterions in
solution are not as tightly bound to the protonated polymer
sites as those in the solid state. Consequently, charge
repulsion will be minimized and formation of bridged
complexes will dominate in the solid state. Another pos-
sible cause for the difference in « for maximum H bonding
in solution and solid films is that partial deprotonation
may occur in the film sample during solvent evaporation,
resulting in lower effective a than expected.

In aqueous solutions at low ionic strength, an increase
in viscosity with increasing degree of protonation was
observed even at low degrees of protonation.? At an ionic
strength of 0.8 M, a shallow minimum in the viscosity curve
was observed.? The IR data in Figure 8 show indeed that
the 950-cm™ complex band in high-ionic-strength aqueous
solutions is reduced compared to those in methanol and
dried films. One explanation for the lower stability of the
complex in aqueous solutions may be the competition
between water and imidazole residues for H-bonding sites.

B. Evidence for Conformational Change from Ra-
man Spectra. Raman and FTIR spectra of the neutral
PVI polymer are shown in Figure 9 for comparison. The
tentative assignments of the peaks are listed in Table 1.
The moderately strong 1015-1020-cm™ peak in the Raman,
which is weak in the IR, is assigned to the C-C stretch of
the polymer backbone.

Raman spectra for a series of 2% PVI solutions as a
function of « in 0.88 M aqueous NaCl were recorded. A
plot of the intensity of the 1020-cm™ band vs. « is shown
in Figure 10. A change in slope is observed at ca. 356%
protonation, the same level of protonation at which the
950-cm™! IR band shows a maximum (Figure 7). This
suggests involvement of the backbone in a conformational
change paralleling complex formation as was suggested
earlier? on the basis of NMR studies of the same polymer.
This suggestion is thus supported by the present Raman
finding.

Conclusions

A. Evidence for PVI-Ni complexation was given by
FTIR spectra. The ring-mode vibrations at 1500, 1085,
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Figure 10. Plot of the relative intensity of the 1015-1020-cm™!
Raman band of 2% solutions of PVI in 0.88 M aqueous NaCl vs.
extent of protonation.

and 915 cm™ shift to 1511, 1096, and 945 cm™, respectively,
upon metal incorporation.

B. The proton-bridged complex causing viscosity min-
ima and double breaks in the potentiometric titration
curves for PVI was characterized by FTIR and Raman
spectra.

1. FTIR of dried films shows marker bands in the
regions 2400-2600 and 900-950 cm™ which appear to be
associated with H bonding upon partial protonation. The

band shifts in the 900-950-cm™ region for protonated and
Ni-complexed PVI suggest similar intrachain bridging or
cross-linking in the two systems.

2. A conformational change of the backbone upon
protonation is supported by the Raman spectra and is
attributed to the formation of the H-bridged complexes.
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ABSTRACT: The molecular conformation of a block polymer chain in a microphase-separated domain space
(a confined space) was studied by small-angle neutron scattering (SANS) with a deuterium labeling technique.
The samples studied were polystyrene—polyisoprene diblock polymers, and they have a morphology of highly
oriented alternating lamellar microdomains composed of polystyrene (PS) and polyisoprene (PI) in bulk when
cast from dilute solutions in toluene. Small-angle X-ray scattering (SAXS) measurements were conducted
on the same specimens used for SANS in order to separate the scattering arising from a single chain P(g)
and that arising from the microdomain structure S(g). Components of the radius of gyration of the single
deuterated PS chain in PS lamellae, parallel (R, or R;,) or perpendicular (R,,) to the interfaces between the
two microdomains, were determined with the high-concentration labeling technique of SANS coupled with
the SAXS technique. The results indicated that (i) the chain is expanded normal to the interfaces, giving
rise to R, & 1.6Ry,, (ii) the chain is contracted parallel to the interfaces, giving rise to R,, =~ 0.TR,, o (R,
being a component of the radius of gyration of the corresponding unperturbed chain), and (iii) the longitudinal
expansion is compensated by the lateral contraction, giving rise to an overall radius of gyration R, nearly equal
to or slightly less than R, for the unperturbed chain. Conclusion (iii) does not mean at all that the chains
in domain space are unperturbed but rather that they are strongly perturbed. The lateral contraction was
proposed to be the consequence of the repulsive potential between the centers of block chains which are located
in narrow interfacial regions (i.e., essentially in the two-dimensional space). A residual “memory” of the repulsion
in the bulk block polymer could be a consequence of the two-dimensionality of the space available to chemical
junctions of the block polymers and/or an effect of repulsive potential (which existed in the polymer solution
with a good solvent) being “locked-in” at high polymer concentrations.

I. Introduction

It is well-known that block polymers (e.g., AB) adopt
a microdomain structure in the strong segregation regime
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1Current address: Department of Chemistry, University of Min-
nesota, Minneapolis, MN 55455.
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for which xZ > (xZ)., where x is the Flory-Huggins in-
teraction parameter between the constituent polymers A
and B, Z is the total degree of polymerization of the AB
diblock polymer, and (xZ). is the critical value of x.1** In
this regime, A (B) polymers segregate themselves into A
(B) microdomains with their chemical junction points
being localized in narrow interfacial regions (Figure
1).391013,14,16-%6 The “characteristic interfacial thickness™
is reported to be about equal to or less than 2 nm for
polystyrene-polyisoprene (SI) or polystyrene—poly-

0024-9297/85/2218-0067$01.50/0 © 1985 American Chemical Society



