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ABSTRACT: The crystallization behavior of polyethylene oxide (PEO) containing mi-
crodispersed nonlinear optical chromophores such as para-nitroaniline (PNA) has been
investigated with respect to comopsition and different methods of film preparation
techniques viz. solvent casting, melt casting, and powder molding. Large variations in
the intensities of major reflections, 012 and 101, from PNA crystallites were observed
depending on the composition as well as the method of preparation. The morphology
of the samples examined under cross-polarizing conditions revealed highly birefringent
crystallites dispersed in the spherulitic morphology of the PEO matrix in contrast to
weakly birefrindgent crystals of the additive by itself. At high concentrations exceeding
45 wt % the PNA crystals act as substrates for the growth of polymer crystals. These
results have been explained on the basis of intermolecular interaction as well as good
lattice match between the crystalizing components, leading to preferential growth of
the crystals along a certain direction. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 65:
1127–1137, 1997
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INTRODUCTION crylates, and polyethers.9–12 The long-term stabil-
ity of NLO properties in such polymer-dispersed
systems has been found to be unsatisfastory andMaterials exhibiting nonlinear optical (NLO)
attributed to large-scale disordering of originallyproperties have been drawing considerable atten-
oriented molecules. Further, most of the polymerstion in recent years because of their potential ap-
used in the past were amorphous, having largeplication in optoelectronic devices.1–3 Many poly-
free volume and a high degree of freedom for mo-mers as well as organic compounds have been in-
lecular motion. It was felt that by using semicrys-vestigated in the past in this respect.3–5 Among
talline polymers, it may be possible to restrict thisthe various materials, those based on nitroaniline
motion and improve the stability of the properi-derivatives have been studied extensively both as
ties. It may also be possible to induce orientedsingle crystals and as polymer-dispersed guest/
growth of crystals by either appropriate pro-host systems.6–8 Interestingly para-nitroaniline
cessing or by the process of polymer-induced crys-(PNA), although it does not exhibit second-order
tallization.13,14 However, for the latter process toeffect by itself, has been reported to be nonlinearly
take place, the polymer can interact with theoptically active when dispersed in polymers such
guest molecules through charge transfer (donor-as aliphatic polyesters, ultraviolet-cured polya-
acceptor type or hydrogen bonding would be nec-
essary). Hence, polyethylene oxide (PEO), which
is known to form complexes with a large numberCorrespondence to: S. Radhakrishnan.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/061127-11 of materials including urea (via NH2 group), was
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chosen for these studies. We found very interest-
ing crystallization behavior and morphological
features in such systems, and these are described
in this article.

EXPERIMENTAL

PEO (polyox WSR; BDH, England; Mw Å 3 1 105)
was dissolved in methanol along with the required
quantity of PNA (BDH) so as to form clear solu-
tions indicating no turbidity or immiscibility at
any range of compositions. These were cast on
microscopic glass slides or flat Petri dishes so as
to facilitate microscopic observations. The films
were kept in a dry box at 357C for a period of
24 h so as to remove the solvent completely. The
optical quality of the films ranges from transpar-
ent clear to dense opaque, depending on the com-
position. These are designated as solution-crystal-
lized films (SC). Some of these films were placed
between glass slides and subjected to melt crystal-
lization by first melting at 1507C followed by iso-
thermal crystallization in the hot stage of the mi-
croscope at 407C. These are designated as melt-
crystallized samples (MC). A few compositions
were also made by dry powder mixing the compo-
nents in an agate pestle mortar followed by high-
pressure, 3,000 kg/cm2 compression molding and
melt crystallization between Teflon sheets. These
are termed as powder-crystallized samples (PC)
in the text. The crystalline structure, phase, and
morphology were investigated by X-ray diffraction
and optical polarizing microscopy in the same
manner as reported elsewhere.15,16

Figure 1 WAXD scans for PEO-PNA (SC) samples
with different concentrations of PNA. Curves A–E cor-
respond to PNA concentrations of 10, 15, 35, 45, and
50% by weight, respectively.RESULTS AND DISCUSSION

The wide-angle X-ray diffraction (WAXD) of these
samples reveals some interesting features. Figure
1 shows the WAXD of (SC) samples with different shown in Tables I and II. These various values

indicate that the crystalline phases of PNA andconcentrations of PNA; curves A to E correspond
to PNA concentrations of 10, 15, 35, 45, and 50 PEO in the (SC) samples are same as that of the

original components, but the relative intensitiesby weight, respectively. Comparing these with the
WAXD of pure PNA and PEO [Fig. 2(a) and (b), of the peaks, especially those corresponding to 101

and 012 reflections of PNA, are distinctly differentrespectively], it is seen that a very large increase
or decrease of intensities for some of the peaks in the (SC) samples. It may be noted that PNA

itself exhibits a very intense peak in its WAXD,is observed in PEO-PNA. The d values and the
relative intensities derived from these data are designated here as peak 1 [see Fig. 2(a)] corre-
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Figure 2 (a) WAXD scan for pure PNA; (b) WAXD scan for pure PEO.

sponding to the 012 reflection. Additionally, we tion is increased beyond 20%, there is a large
change in the relative intensities of these peakshave considered two peaks, peak 2 and peak 3,

which correspond to 020 and 101 reflections from and peak II has a much higher intensity than
peak I. The intensities of major reflections fromPNA and which do not overlap on the PEO peaks.

Similarly, PEO by itself exhibits two intense PNA crystallites in the PEO-PNA composite
films are also distinctly different from those inpeaks in its X-ray diffraction which have been

designated as peak I and peak II [see Fig. 2(b)] . pure PNA. In the latter case, peak 1 has the
strongest intensity and peak 3 has a minor one.In pure PEO, peak I has a much higher intensity

than peak II. The WAXD of PEO-PNA samples On the other hand, in PEO-PNA (SC) samples,
peak 1 of PNA has quite a low intensity whilewith a low concentration of PNA conformed to

this. On the other hand, when PNA concentra- peak 3 has the highest. This suggests that a
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Table I X-Ray Diffraction in PEO-PNA Grown by Solution Cast Technique

PEO-PNA Compositions
Remarks

10% 15% 35% 45% 50%
PNA Peo

d d d d d
(obs) I/Io (obs) I/Io (obs) I/Io (obs) I/Io (obs) I/Io hkl hkl

7.20 3 7.20 43 7.20 100 7.20 100 7.20 100 101
6.61 2 6.61 4

6.19 3 021
6.11 4 6.11 6 6.07 2 010
5.91 5 5.91 5 5.91 3 5.95 4 5.91 2 110
5.47 4 5.47 7 5.47 1 5.51 4 110
4.98 5 4.98 5 5.04 3 011
4.67 88 4.67 80 4.67 58 4.65 54 4.67 31 111 120/111
4.23 9 4.23 9 4.23 4 002
4.04 14 4.06 7 4.02 11 4.06 7 102

3.85 45 3.85 64 3.85 25 211
3.81 100 3.81 100 3.80 35 3.81 73 3.82 24 112
3.58 7 3.59 16 3.59 26 3.59 37 3.60 29 202
3.51 17 3.51 36 3.51 10 3.50 11 3.52 9 012
3.41 13 3.41 14 3.41 7 3.41 13 3.43 7 310 033
3.32 21 3.32 14 3.31 7 3.31 14 3.33 5 112 131
3.22 6 3.22 7 3.21 4 3.22 7 3.22 4 311 200

3.08 10 3.13 28 3.07 4 400/212
3.03 6 3.04 4 3.03 7 020

2.90 4 2.90 2 2.90 5 401/120
2.84 5 021

2.75 4 2.76 5 2.74 5 121 211
2.71 3 2.70 6 220

As per the monoclinic structure of PNA: a Å 12.33 Å, b Å 6.07 Å, c Å 8.59 Å, and b Å 91.457. As per the monoclinic structure
of PEO: a Å 8.02 Å, b Å 13.4 Å, c Å 19.2 Å, and b Å 1267. obs, observed.

distinctly different type of growth pattern and/ one would have then expected the PEO peaks I
and II to decrease in intensity monotonically withor orientation of crystallites with respect to film

surface takes place in these samples. the increase of PNA concentration. Similarly the
peaks 1, 2, and 3 of PNA would have increased inThe variation of intensities of the different

WAXD peaks in PEO-PNA (SC) films with respect intensity without any change in the ratio of their
relative intensities. However, the observationsto composition is shown in Figure 3. It is seen

that some of the peaks show a maximum at a presented here show a distinctly different behav-
ior. The intensity of peak I of PEO shows a contin-particular concentration of about 35% PNA. If

PEO-PNA had contained two phases with no in- uous decrease in intensity, but the peak II does
not. Even the major intense peak of PNA de-teraction between them, that is, just a mixture of

the two components existing independently, then creases drastically while a minor reflection peak
3 exhibits a maximum intensity in PEO-PNAthere would not have been any change in the rela-

tive intensities of WAXD peaks with composition. samples. These peculiar findings can be under-
stood in terms of the preferential growth and nu-Further, a decrease or increase of the concentra-

tion of one component would have caused a corre- cleation of crystallites along certain directions or
their orientation, which are discussed later in thesponding decrease or increase of intensity of

WAXD peaks from that component. For example, article.

4333/ 8e99$$4333 05-23-97 20:23:38 polaas W: Poly Applied



CRYSTALLIZATION BEHAVIOR OF PEO/PNA 1131

Table II X-Ray Diffraction of Pure PNA and PEO

PNA 100% PEO 100%

d (cal) I/Io hkl d (cal) I/Io hkl

7.12 15 101
6.18 5 021
5.83 5 110

5.44 28 110
4.96 25 011
4.61 54 111 4.60 70 120/111
4.32 3 210
3.88 54 211

3.82 100 112
3.74 8 301
3.51 100 012
3.40 6 310 3.40 14 033
3.38 6 112 3.34 14 131
3.18 52 311 3.24 5 200
3.07 21 212
3.04 29 020
2.95 4 120
2.79 8 121 2.79 3 211
2.72 6 220
2.63 9 411
2.61 10 203
2.44 6 320

As per the monoclinic structure of PNA: a Å 12.33 Å, b Å 6.07 Å, c Å 8.59 Å, and b Å 91.457.
As per the monoclinic structure of PEO: a Å 8.02 Å, b Å 13.4 Å, c Å 8.59 Å, and b Å 1267. The
peaks designated are as follows. PNA: peak 1, 012; peak 2, 212; and peak 3, 101 reflections. PEO:
peak I, 112; and peak II, 111/120 reflections.

The PEO-PNA (MC) samples showed a differ- quite prominent at all compositions studied (10–
50% of PNA).ent trend in the variation of the WAXD reflections

than that noted in (SC) samples. Figure 4 depicts The morphology of these films varied consider-
ably from those of individual components. PEOthe WAXD scans for these samples, and Figure 5

shows the variation of intensities of corresponding has a large spherulitic morphology [Fig. 7(a)] ,
while PNA consists of small globular-type crystalspeaks with respect to PNA concentration. In this

case, it is seen that the intensities of PEO peak I [Fig. 7(b)] . Further, PNA shows only weak bire-
fringence, that is, these crystals are not com-decrease monotonically while PEO peak II shows

a maximum in intensity (at 25%) with the in- pletely visible under cross-polarized conditions.
On the other hand, the PEO-PNA composite filmscrease of concentration of PNA. The PNA peaks,

on the other hand, show little variation up to a exhibit bright, shiny crystals which are placed in
a spherulitic-like morphology. Figure 7(c) and (d)concentration of 40% of PNA, above which there

is a sudden increase in their intensities. Peak 3 show the morphology of PEO-PNA (SC) films con-
taining 10–30% PNA. It can be seen that the mor-of PNA in these (MC) samples does not show any

prominence (compare Figs. 1 and 4). The PC ex- phologies are PEO-like but that the internal
structure of the spherulite is quite different. Thishibit a mixed trend. In this case (Fig. 6), the vari-

ation of intensities of peaks I and II of PEO are is similar to the transcrystallinity observed in
polymers nucleating and crystallizing on fi-similar to those observed above but the PNA peak

3, which was weak in (MC) samples, appears bers.17,18 The crystalline branches in these spher-
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here in order to avoid repetition of data). Figure
9 summarizes the results of melting point deter-
mination for different cmopositions of PEO-PNA.
It is seen that a single melting point is observed at
the extreme compositions (õ35% orú 70% PNA),
while for the midrange of compositions (40–70%

Figure 3 The variation of intensities of the different
WAXD peaks in PEO-PNA (SC) films with respect to
composition.

ulites are more widely spaced than those in PEO.
When the PNA concentration is increased beyond
40%, the morphology changes to a distinctly two-
phased type, as shown in Figure 8. It is evident
from these micrographs that the samples contain
both spherulitic-type as well as tiny, needle-
shaped crystals. At even higher concentrations of
PNA, that is, beyond 70%, the morphology con-
sists of large, sheaf-like crystals emerging from a
nucleating center [Fig. 8(c)] . It is interesting to
note that these are highly birefringent (very
bright under cross-polarized conditions) and con-
tain thick crystalline arms with a large number
of polymer-like crystallites nucleating along their
edges, which are distinctly seen at higher magni-
fication [Fig. 8(d)] . These features render them
to be quite bright but with nonsharp boundaries
at lower magnification; hence, it is difficult to re-
cord their micrographs.

In order to confirm the type of interaction be-
tween PEO and PNA and to check the possibility
of the formation of a complex, the melting points Figure 4 WAXD scans for PEO-PNA (MC) samples
were determined by an optical microscope with with different concentrations of PNA. Curves A–F cor-
hot stage as well as by a differential scanning respond to PNA concentrations of 10, 15, 25, 35, 45,

and 50% by weight, respectively.calorimeter (DSC; the DSC curves are not shown
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corded for the PEO-PNA composite films as well
as for the individual components. The comparison
of the IR data (obtained from the Fourier trans-
form IR printout) for the PEO-PNA with pure
PEO and PNA is made in Table III (the spec-
tra are not shown here so as to avoid repetition).
The underlined absorption bands clearly show
changes in frequency and intensity; there are
shifts of the order of 20–30 cm01 in the N{H
stretching (3,360 cm01) , C{N deformation
(1,320 cm01) , C{O{C deformation (1,080–
1,110 cm01) , and CH2{O symm (2,830 cm01)
modes. There is also strong absorption at 3,380
cm01 . From these, it can be concluded that the
PEO and PNA interact through hydrogen bond-
ing, which takes place at the NH2 of PNA and the
C{O{C moieties of PEO. It may be noted that
no entirely new peaks are observed in the IR
spectra.

Now PEO and PNA both crystallize in a mono-
clinic type of structure,19–21 PEO having lattice

Figure 5 The variation of intensities of the different
parameters of ap Å 8.02 Å, bp Å 13.4 Å, cp Å 19.2WAXD peaks in PEO-PNA (MC) films with respect to
Å, and bp Å 1267 and PNA having ana Å 12.33composition.
Å, bna Å 6.07 Å, cna Å 8.59 Å, and bna Å 91.457,
respectively. The PNA by itself is a centrosymmet-
ric molecule and crystallizes in antiparallel con-

PNA), there are two melting points noted: the
lower melting point is close to that of PEO while
the upper one is likely to be due to the PNA crys-
tals. However, there is significant lowering of
the melting points for both components. This
can be attributed to dilution effect, which of
course presumes large interaction and good mis-
cibility of components. A single melting point at
the extreme compositions strongly suggests this
possibility. The two melting points at the inter-
mediate compositions can be due to the forma-
tion of two types of crystals / two-phase morphol-
ogy, which in fact has been observed by us [cf.
Fig. 8 (d) ] . It may be mentioned here that the
melting behavior has been reported for a num-
ber of PEO complexes with inorganic salts as
well as urea. In those cases, the new melting
peaks in the DSC were observed at certain com-
positions and these showed entirely new WAXD
patterns, suggesting new crystal structure and
complex formation. However, in the results pre-
sented here, there is no evidence for the new
crystal structure but only modification of crystal Figure 6 The variation of intensities of the different
growth habit. WAXD peaks in PEO-PNA (PC) samples with respect

to composition.The infrared (IR) absorption spectra were re-
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Figure 7 Optical polarizing micrograph for (a) pure PEO, (b) pure PNA, and PEO-
PNA (SC) films of (c) 10% and (d) 30% PNA, respectively.

figuration3,20,21 and hence does not exhibit many are well within the limits required from eq. (1).
It may be mentioned here that PEO also has aNLO second-order effects and has weak bire-

frengence. According to the lattice mismatch the- strong tendency for complex formation with com-
pounds containing (NH2) groups, for example,ory, the substrate influences the growth of the

overlayer deposited on it if there is a good match urea, through hydrogen bonding between the oxy-
gen atom of PEO and the NH2 group of urea.24,25between their lattice parameters. In other words,

the lattice mismatch (dl ) is within certain small Similar interactions can be expected for PEO with
PNA as well. However, as mentioned above, al-limits) .22,23

though a hydrogen bonding–type interaction ex-
dl Å [Énls 0 mlgÉ/ÉlsÉ 1 100] õ 15% (1) ists in these, there is no new crystalline structure

observed in the WAXD. Thus, the complex formed
where dl is lattice mismatch, ls and lg are lattice through hydrogen bonding does not appear to be
parameters for the substrate and growing me- crystalline in nature in this case. Hence, it would
dium, respectively, and n and m are integers. In not directly contibute to the melting peaks or the
this case, if one considers the mismatch between WAXD data. Nonetheless, the crystallization be-
ap of PEO and cna of PNA (Éap 0 cnaÉ/ÉapÉ) , it is havior and resulting morphology are greatly af-
7.1%. Further, the mismatch between bp of PEO fected by the presence of PEO in the solution or in

the melt. One may consider that one componentand ana of PNA (Ébp 0 anaÉ/ÉbpÉ) is 7.9%. These
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Figure 8 Optical polarizing micrographs for PEO-PNA (SC) films containing (a) 40%,
(b) 60%, and (c) 70%, respectively. Panel d is the same as panel c, but at higher
magnification.

would be crystallizing out first and acting as a films are constrained to grow along a certain
direction due to mutual interaction betweensubstrate for the other. However, the crystalli-

zation and growth of the first component itself them.
are affected due to the interactive molecules
present in the solution. Since there is a good
lattice match between the {ab } planes of PEO
and the {ac } planes of PNA, one expects large CONCLUSIONS
changes in the growth pattern along the same
directions, leading to changes in intensities of The crystallization behavior of PEO dispersed
the peaks corresponding to reflections such as with PNA crystals was investigated. The X-ray
120 of PEO and 101 of PNA. This indeed has diffraction patterns show large variations in the
been observed by us in these studies for the (SC) intensities of certain peaks with respect to compo-
and (PC) samples, wherein 120 reflection (peak sition and the method of crystallization used. In
II ) of PEO and 101 reflection of PNA (peak 3) solution cast films, the 101 reflection from PNA
exhibited large changes in their intensities. crystallites becomes very intense while the 012

reflection is suppressed, especially at high concen-Thus, the crystallites in PEO-PNA composite
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Table III IR Absorption of 3 : 1 PEO-PNA Complex as Compared with Pure Components

PEO PNA PEO-PNA Remarks

3,500 (ms)
3,360 (s) 3,380 (vs, br) N{H stretch and hydrogen bonding
3,200 (vvw) 3,200 (sh)
2,900 (s)

2,830 (s, br) 2,860 (sh) 2,860 (s) CH2{O deformation
1,950 (m, br)
1,645 (sh)
1,615 (m) 1,625 (s) 1,620 (sh)
1,585 (m) 1,590 (s) 1,590 (vvs) {R cissor NO2

1,500 (sh) 1,490 (sh)
1,475 (s) 1,475 (s) NO2 asym. stretch

1,435 (s) 1,440 (sh) 1,440 (sh)
1,390 (sh) C{NH2 stretch
1,360 (sh)

1,340 (s) 1,340 (sh) CH2 wagging
1,320 (sh) 1,300 (vvs)

1,280 (s) 1,280 (vvs)
1,235 (sh) 1,240 (sh)

1,180 (ms) 1,175 (sh) C{O{C deformation
1,125 (s) 1,130 (sh) 1,130 (sh) C{O{C deformation
1,110 (vs) 1,110 (s) 1,100 (s)
1,080 (vs) 1,050 (sh) C{O{C deformation
1,030 (ms) 1,025 (sh)

995 (vvw) 990 (ms) dCH out-of-plane deformation aromatic ring
965 (vvw)

950 (s) 955 (vvw) 935 (ms)
835 (s) 840 (ms) 840 (ms)

820 (sh) 810 (sh) dCH out-of-plane deformation aromatic ring
780 (sh)

752 (ms) 750 (ms)

s, strong; m, medium; v, very; br, broad; sh, shoulder.

tration of PEO. The intensities of the two major thick crystals with polymer-like dendrites
emerging from its sides.peaks from the polymer crystallites also gets af-

fected. The MC show different behavior wherein These various results can be explained on the
basis of molecular interaction between PEO andthe 012 reflection of PNA is most intense while

the 101 is of medium level. The PC exhibit a mixed NH2 groups of PNA, as well as the close lattice
match between the crystallite of the two compo-trend as compared with SC or MC. The morphol-

ogy of PEO-PNA films changes considerably with nents. The former tends to align the molecules
during the early stages of crystallization, whilecomposition. At a low concentration of PNA, the

morphology consists of large spherulites similar the latter leads to preferential growth of the crys-
tals along certain planes.to those of PEO but differing in their internal

structure. At intermediate concentrations, the It is interesting to mention here that PNA by
itself is centrosymmetric and crystallizes in thefilms have two-phase morphology with one

spherulitic and the other prismatic. On the configuration with the molecules arranged alter-
natively in antiparallel manner.3,20,21 This leads toother hand, at a high concentration of PNA

(ú60%) , the morphology again consists of a weak birefringence and low NLO properties. On the
other hand, when it is crystallized in the presencespherulite-like arrangement of large, sheaf-type

crystals. However, each strand contains long, of PEO, highly birefringent crystals are obtained.
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