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ABSTRACT We have previously reported the existence of a crystalline compound made of poly(ethy1ene 
oxide) (PEO) and p-nitrophenol (pnp). From X-ray fiber patterns on stretched and spherulitic samples of 
this complex, a triclinic unit cell (a = 1.172 nm, b = 0.555 nm, c = 1.557 nm, a = 90.7", B = 87.1°, and y = 
104.0O) was deduced; the unit cell contains 6 PEO monomeric units and 4 pnp molecules, in agreement with 
the stoichiometry deduced from the phase diagram. The aim of this paper is to elucidate the conformation 
of the PEO chains and the mutual arrangement of the PEO and pnp molecules in the unit cell. To carry 
out this, we studied the dichroism of the IR bands of pnp in two differently oriented samples, namely, in 
stretched samples and in spherulites. The benzene rings are found to be perpendicular to the c crystallographic 
parameter (chain axis), and the 1-4 axis of pnp is found to be parallel to the a* reciprocal parameter. These 
observations completely determine the orientation of the pnp molecules in the unit cell. The conformation 
of the polymeric chains in the complex is not helical cis in pure PEO. From the CY, factor group of the PEO 
molecules, deduced from the FTIRobservations, and the normal mode analysis of hydrogenated and deuterated 
PEO, we propose the (tzgtzgt&g'tzg'ts) glide type conformation. In conclusion, it appears that in the PEO- 
pnp complex a stack of pnp molecules stabilizes the surrounding PEO molecules in this new conformation. 

Introduction 
Crystalline complexes of poly(ethy1ene oxide) (PEO) 

with organic or inorganic materials were first discovered 
by Tadokoro.' More specifically, we have studied inter- 
calate complexes of PEO and p-dihalogenobenzenes.2 In 
these intercalates no specific interactions between host 
and guest componenta were involved, and the conformation 
adopted by the macromolecules is similar to the 7/2 helix 
of pure PEO. The present paper deals with the poly- 
(ethylene oxide)-p-nitrophenol (PE&pnp) system, where, 
in contradistinction to these intercalates, strong inter- 
molecular forces are expected. In the first paper of this 
series, we have given the phase diagram of the PEO-pnp 
system and shown the existence of a crystalline compound.3 
The triclinic unit cell (a = 1.172 nm, b = 0.555 nm, c = 
1.557 nm, a = 90.7O, 6 = 87.1°, and y = 104.0°) was deduced 
from the X-ray diffraction patterns of stretched samples 
and of spherulites. This unit cell contains 6 PEO 
monomeric units and 4 pnp molecules. The aim of the 
present paper is to determine the arrangement of the guest 
and host molecules in the unit cell and the modified 
conformation of the PEO chains. We will determine the 
orientation of these molecules from the dichroic behavior 
of the IR vibrations of pnp observed in spherulites and 
stretched samples. Finally, we will investigate the PEO 
chain conformation from symmetry considerations and 
by calculation of the energy of intramolecular interaction 
and determination of the wavenumbers and symmetry 
species of the normal modes of vibration. 

Experimental Section 
Preparation of t he  Complex. The samples were prepared 

by melting and recrystallizing stoichiometric mixtures of pnp 
and PEO of various molecular weights (M, = 5 000 000 and M, 
= 200000 (Aldrich); M, = 6000 (Hoechst)). Special samples 
made of a-dodecyl-w-hydroxytetracosa(ethy1ene oxide) (Brij 35 
from Janssen) and of deuterated PEO (from MSD Isotopes) were 
also used for X-ray and FTIR measurements, respectively. The 
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homogeneity of each sample was checked by calorimetry. 
Uniaxially oriented specimens were prepared by cold-drawing 
samples quenched from the melt into liquid nitrogen. Spherulitic 
samples, 10-50 pm thick, were obtained by quenching the melt 
from 110 to 50 "C. In the case of PEO (Mw = 6000)-pnp complex, 
spherulites were crystallized between polypropylene (PP) foils 
used as amechanical support. Lastly, doubly oriented specimens 
were prepared by stretching very thin and poorly crystalline films 
of the PEO-pnp complex. 

X-ray Diffraction. For X-ray diffraction, a complex made 
from a-dodecyl-w-hydroxytetracosa(ethy1ene oxide) copolymer 
was used to improve the contrast of the small-angle X-ray 
patterns. Booth et al. have studied the crystallization of similar 
copolymers.' They concluded that the paraffinic part of the 
sample only crystallizes if its length is greater than that of a 
hexacosane. Therefore, we have assumed and subsequently 
verified that the ethylene oxide part of the chain crystallizes in 
the extended-chain conformation and that the paraffinic ends 
stay in the amorphous state. Such samples exhibit large 
differences in electronic densities between the amorphous and 
crystalline regions and thus give a very good contrast for SAXS 
measurements. Spherulites of a-dodecyl-w-hydroxytetracosa- 
(ethylene oxide)-pnp were prepared by quenching to room 
temperature a sample of the complex previously melted at 110 
"C in a Lindemann capillary of 1-mm diameter. X-ray fiber 
photographs were taken using nickel-filtered Cu Ka radiation (A 
= 0.15418 nm) on flat films in a modified Kissieg camera. 
FTIR Measurements. The IR spectra were obtained on a 

Bruker IFS113V Fourier transform infrared spectrometer. 
Thirtytwo coadded interferrograms were scanned with a resolu- 
tion of 2 cm-1. An aluminum wire grid polarizer was used for 
recording polarized spectra. The dichroic ratio is defined by the 
relationR =A1l/AL, whereAll,andAl arethepeakopticaldensities 
with the electric vector parallel or perpendicular to the fiber 
axis. In the case of perfectly oriented fibers, the angle a between 
the transition moment of the vibration and the fiber axis obeys 
the relations 

R = 2 cotan2(a) 

Actually, there is a dispersion of the chains around the draw axis. 
A simplified model proposed by Frasefl and Beer' may be used 
to describe a sample as made of a fraction f of perfectly oriented 
chains and a fraction (1 - f ,  of randomly oriented chains. The 
f parameter may be estimated as 
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Table 1. Attributions of the NO2 and Aromatic Ring 
Vibrations for the pnp Molecules 

Attributions and Wavenumbers (cm-l) of NO2 Vibrations 3.0  
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Figure 1. Polarized IR spectra of stretched fibers (M, = 
5 000 00): broken line, i; solid line, /I. 

where R and Ro are the observed and ideal dichroic ratios, 
respectively. From the dichroic ratios observed in stretched 
samples for suitable vibrations of the PEO chains which we may 
assume to be either parallel or perpendicular to the stretched 
axis, the f parameter was found to be 0.81. This value was very 
close to the one obtained in the case of stretched intercalates 
previously studied.8 We note here that this simplified model 
cannot be used to account for the dispersion in orientation of 
crystals in a peripheral part of a spherulite. Pleochroism 
measurements on doubly oriented specimens were carried out 
by recording FTIR spectra at various incidence angles with 
nonpolarized light. 

Attributions of IR Bands of pnp. The attributions of IR 
absorption bands were based on different studies relative to 
substituted aromatic molecules. From the studies of Randle and 
Whiffen: Stephenson et al.,1° Green et al.," and Pinchas et a1.12 
on nitrobenzene derivatives, the attributions of the NO2 vibrations 
were made (see Table 1). We can note here that the dichroism 
observed in uniaxially oriented samples may provide insight into 
the IR modes of vibration. For instance, rocking and asymmetric 
stretching vibrations of NO2 have their transition moment parallel 
to each other. Therefore these two vibrations must have the 
same dichroism. We can see in the IR spectra of the stretched 
complex (Figure 1) that the 531- and 1512-cm-1 bands have the 
same dichroism behavior. These observations lead to the 
conclusion that the 531-cm-l band corresponds to the rocking 
NO2 vibration. The pnp molecules belong to the CzU symmetry 
group. A trirectangular X, Y, and 2 system is attached to the 
pnp molecule. The 2 axis was taken as the 1-4 axis, the Y axis 
is in the plane of the benzene ring normal to the 1-4 axis, and 
finally the X axis corresponds to the out-of-plane vibrations of 
the benzene ring. The vibrations polarized along 2, Y, and X 
belong to the al, bl, and bz irreducible representations, respec- 

Randle Stephenson Green Pinchas 
and Whiffens et  al.10 et al.11 et al.12 

wag 442 rock 420 rock 417 
rock 533 wag 532 wag 532 

u(CN) 854 sciss 853 u(CN) 852 sciss 850 
ug 1353 us 1351 u, 1351 ul 1349 
u, 1534 u, 1527 u, 1527 Y, 1531 

Symmetries, Attributions, and Wavenumbers 
(cm-1) of Aromatic Vibrations 

Garrigou- 
Lagrange Stephenson Green Green 

et all3 et al.10 et al." Evans's et al." 
al-6a-397 a1-1-397 a1-379 

al-l-680 al-6a-677 
bz-17b-508 bz-16b-420 b2-508 bz-16b-507 

b2-4-680 b2-4-703 b2-4-704 b2-690 b2-4-699 
b2-11-795 bz-753 

al-812 
b2-17b-850 al-6a-852 bz-11-817 

b2-5-922 
al-9a-1170 al-9a-1176 al-9a-1174 al-9a-1170 

al-19a-1490 al-19a-1482 al-19a-1475 al-1500 81-19a-1515 

al-8a-1590 bl-(12+6b)- al-8a-1603 al-1604 al-8a-1615 

tively. Our attributions were based on the study of Garrigou- 
Lagrange et al.13 on 34 disubstituted aromatic molecules, on the 
work of Stephenson, et al.l0 and Green et al.I1 on nitrobenzene, 
and fiially on the work of Green et al.14and Evans16 on substituted 
phenols. The attributions are summarized in Table 1. As we 
will show later, these attributions are consistent with the 
dichroism observed in our various samples. 

Normal Mode Analyses. To confirm which vibrations are 
characteristic of the polymer in the spectra of the PEO-pnp 
complex, we have observed the isotopic shifts when deuterated 
polymer, instead of hydrogenated PEO, is used as the host 
component. The calculations of the normal modes of the PEO 
chains in the various possible conformations were made by using 
Wilson's GF matrix method.'e The G matrix was calculated 
according to Schimanouchi's scheme." The force constants used 
by TadokorolB for the study of the vibrations of PEO in the 7/2 
helical conformation were adopted without considering the 
hydrogen bonding between host and guest molecules on any 
intermolecular interactions. 

Results and Discussion 
O r i e n t a t i o n  of the pnp Molecules. We first discuss 

the  modifications in the IR spectra of the pnp molecules 
induced by the complexation. In the case of intercalates 
made of PEO and p-dihalogenobenzenes, some IR ab- 
sorption bands of the  aromatic molecules were found to 
be shifted in the IR spectra.8 For the pnp, we do  not 
observe any shift of the IR bands except for the vibrations 
characteristic of hydrogen bonds. For instance, t he  OH 
stretching vibration appears at 3320 cm-l for the pure pnp  
and  at 3271 cm-1 for t he  complex. This observed red shift 
clearly shows t h a t  the interactions are stronger between 
PEO and pnp  than  between pnp  molecule^.^^ The  
orientation of t h e  pnp molecules in the  unit cell will be 
found by the measurement of dichroic ratios in stretched 
fibers and in spherulitic samples. First, X-ray diffraction 
studies previously reported3 have shown that the stretched 
fibers have the c crystallographic parameter along the fiber 
axis and  that t h e  crystal growth front in  the  spherulites 
used corresponds to the (100) crystallographic plane. 

Stretched Samples .  Figure 1 shows the polarized IR 
spectra of a stretched sample of complex. T h e  observed 

b1-19b-1450 bl-19b-1412 b1-1474 b1-1428 

bl-8b-1570 bl-8b-1590 b1-8b-1585 b1-1597 b1-1598 

1608 
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Table 2. Attributions, Dichroic Ratios, and a Angles 
Observed for pnp IR Bands for Stretched Fibers of PEO 

(M, = 5000000)-pnp Complex 
mode wavenumber (cm-1) dichroic ratio a,R (deg) 
a1 

20a 364 0.11 88 
6a 630 0.13 88 
9a 1166 0.33 72 
19a 1500 0.21 78 
8a 1612 0.13 88 

16b 501 11.3 10 
10b 635 14.0 1 
4 694 12.7 7 
11 755 9.1 15 
17b 851 I1 
5 959 I/ 

19b 1448 0.21 78 
8b 1589 I 
20b 3084 

v(0I-I) 3271 0.07 90 
wag 437 5.3 25 
rock 531 6.0 23 
sciss 863 0.06 90 
Vm 1512 2.8 37 

bi 

ba 

a (Y correctad for sample dispersion. 

dichroic ratios for the pnp molecules are given in Table 
2. The f parameter determined from PEO IR bands is 
equal to 0.81. With this value, the a angles between the 
transition moment of vibrations and the fiber axis, the c 
crystallographic parameter, can be calculated. From Table 
2, we can see that the b2 vibrations, which have their 
transition moment normal to the benzene ring, are all 
polarized parallel to the fiber axis and the a1 and bl 
vibrations, which have their transition moment in the plane 
of the benzene ring, are all polarized perpendicular to the 
fiber axis. The average values obtained for the angles a,, 
ay, and az are equal to 8, 78, and 83O, respectively. We 
may conclude that the benzene ring is very nearly 
perpendicular to the c crystallographic parameter. The 
dichroism of the IR bands characteristic of the nitro group 
gives us confidence in these observations. In fact, the 
out-of-plane NO2 wagging is polarized parallel to the fiber 
axis, and the in-plane NO2 scissoring and OH stretching 
are polarized perpendicular to the fiber axis. On the other 
hand, the observed dichroism for the NO2 rocking and 
asymmetric stretching shows that the plane of the NO2 
group is not parallel to the benzene ring. The observed 
dichroic ratios give an angle of 40' between the two planes. 
Similar results were obtained for pure pnp in the 0 
modification crystalline form.20 

Spherulitic Fibers. Complete determination of the 
orientation of the pnp molecules requires the study of a 
sample with a fiber axis different from the c axis of a 
stretched fiber. A PEO-pnp spherulite is a complex 
aggregate of lamellae in which a well-defined crystal- 
lographic axis is oriented along the radial direction. The 
X-ray diffraction pattern of a peripheral part of a 
spherulite (Figure 7) shows that the fiber axis (growth 
direction) corresponds to the a* reciprocal parameter. This 
means that the (100) planes are perpendicular to the radius 
of the spherulite and that the crystals are randomly 
oriented around this direction. We may therefore consider 
that a peripheral part of a spherulite is approximately 
uniaxially oriented like a fiber with the a* reciprocal 
parameter along the fiber axis. Figures 2 and 3 show the 
polarized IR spectra obtained for a spherulite of PEO(Mw 
= 200000)-pnp and for a spherulite PEO(Mw = 6000)- 
pnp, respectively. The samples made from low molecular 
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Figure 2. Polarized IR spectra of a peripheral part of a (100) 
spherulite (M, = 200 000): broken line, I; solid line, 11 .  
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Figure 3. Polarized IR spectra of a peripheral part of a (100) 
spherulite (M, = 6000) between PP foils: broken line, 1; solid 
line, 11. 
weight PEO required a mechanical support; we chose to 
use thin polypropylene (PPI foils for this purpose. From 
the observed dichroic ratios given in Table 3, we can 
consider that the a1 vibrations, which have their transition 
moment along the Z direction (1-4 axis of the pnp 
molecule), are polarized parallel to the radius of the 
spherulite (a*), with dichroic ratios within the range 2.2- 
5.7. On the other hand, the bl and b2 vibrations, which 
have their transition moments along the X and Y axes, are 
polarized perpendicular to the radius of the spherulite, 
with dichroic ratios within the range 0.36-0.27. This 
implies that the 1-4 axis of the pnp molecules is very likely 
parallel to the a* reciprocal parameter. The observed 
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Table 3. Attributions, Dichroic Ratios, and a Angles 
Observed for pnp IR Bandr for Peripheral Part of a 

Spherulite of PEO (Mw = 20000)-pnp and PEO (Mw = 
6000)-pnp Complexes 

PEO(Mw=6000)- PEO(Mw=200000)- 
PnP PnP 

wavenumber dichroic a dichroic a 
mode (cm-I) ratio (deg) ratio (deg) 

a1 
20a 364 5.7 31 

Sa 1166 2.0 
19a 1500 2.2 44 
8a 1612 2.1 44 

45 
6a 630 2.85 40 I/ 

b2 
16b 501 
10b 635 
4 694 
11 755 
17b 85 1 
5 959 

8b 1589 
20b 3084 

w(OH) 3271 
wag 437 
rock 531 
sciss 863 
Yllll 1512 

bi 

0.36 67 0.27 70 
0.33 68 I 
0.27 70 0.37 67 
0.33 68 I 
I 

0.25 71 

1.2 52 
0.31 69 0.29 69 
6.21 30 
0.66 60 
0.22 72 0.23 71 

0.31 69 
17.5 19 II 

dichroic ratios depart significantly from the expected 
values for a perfect fiber. This is because the dispersion 
in the orientation of the crystals with respect to the 
spherulite radius may be noticeable, and, moreover, due 
to the extent of the incident IR beam, we do not observe 
a single spherulitic fiber. Thus we cannot account for the 
dispersion of orientation with the simplified model of 
Fraser. The dichroic behavior of the NO2 IR bands gives 
us confidence in our conclusions. The NO2 scissoring, 
which has its transition moment along the 1-4 axis, is 
polarized parallel to the radius of the spherulite, and the 
NO2 rocking, asymmetric stretching, and wagging, which 
have their transition moments normal to the 1-4 axis, are 
all polarized perpendicular to the radius (a*). Thus the 
study of the dichroism of the IR bands of pnp in the 
spherulites shows that the 1-4 axis of the molecules is 
preferentially aligned with the a* reciprocal parameter. 
Additional arguments are obtained from X-ray evidence. 
First, despite the fact that the unit cell is triclinic, the a 
and 0 angles do not depart significantly from 90'; the 
(004) reflection appears to be much more intense than 
any other (001) reflections in the X-ray diffraction pattern 
of the stretched specimen. Second, the length of the c 
parameter (1.557 nm), which is related to the height of a 
stack of 4 pnp  molecule^,^ is in accordance with the 
thickness of a benzene ring (more or less 0.38 nm). We 
have then completely determined the orientation of the 
pnp molecules in the unit cell. The benzene rings are very 
likely normal to the c crystallographic parameter, and the 
1-4 axis of the pnp molecules is roughly parallel to the a* 
reciprocal parameter. The pnp orientation is given in 
Figure 9. To complete the description of the crystalline 
structure of the PEO-pnp complex, the conformation 
adopted by the PEO molecules must now be determined. 

Conformation of the PEO Chains. In the FTIR 
spectra of a molecular complex such as the PEO-pnp 
system, we observe both the IR vibrations of the pnp 
molecules, analyzed here above, and those of the PEO 
chains. To distinguish without any doubt what IR bands 
are characteristic of the PEO chains, we used the isotopic 
shifts observed when complex specimens are prepared with 
the deuterated instead of the hydrogenated polymer. The 
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Figure 4. Polarized IR spectra of a PEO(D4)-pnp (100) 
spherulite: broken line, 1 ; solid line, 11. 

Table 4. Attributions, Dichroic Ratios, and a Angles 
Observed for pnp IR Ban& for Peripheral Part of a 

Spherulite of PEO(D4)-pnp Complex 
mode wavenumber (cm-1) dichroic ratio a (deg) 

a1 
20a 364 
6a 630 3.44 37 
9a 1166 
19a 1500 3.13 39 
8a 1612 4.13 35 

16b 501 0.13 76 
10b 635 I 
4 694 0.17 74 
11 755 0.19 73 
17b 851 0.11 77 
5 959 

19b 1448 
8b 1589 2.56 41 
20b 3084 0.17 74 

w(OW 3271 5.25 32 
wag 437 
rock 531 0.27 70 
sciss 863 6.0 30 
JJm 1512 0.32 68 

bi 

b2 

polarized FTIR spectra of a PEO(DU-pnp spherulite are 
given in Figure 4. Table 4 gives the observed dichroic 
ratios of the pnp vibrations, which are in agreement with 
the dichroic ratios observed for the hydrogenated complex 
(Table 3). The crystal structure of these two complexes 
is evidently assumed to be the same. 

A large amount of data on the dichroism behavior of the 
PEO IR-active vibrations may be obtained because three 
distinct types of fibers and a doubly oriented sample were 
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Figure 5. Polarized IR spectra of a PEO-pnp (010) spherulite: 
broken line, 1; solid line, (1. 
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Figure 6. FTIR spectra of a doubly oriented sample of PEO- 
pnp complex measured at 0,45, and 60" incidence angle. 

prepared. First, by mechanical stretching of the samples, 
we obtained uniaxially oriented films with a c axis. Second, 
the spherulites grown at  crystallization temperatures below 
58 O C  or above 65 O C  show a (100) crystallographic growth 
face normal to the spherulite radius. The diffraction 
pattern of a peripheral part of such a spherulite cor- 
responds to a fiber diagram with an a* axis.21 Third, the 
spherulites grown at crystallization temperatures between 
58, and 65 "C show a (010) crystallographic growth face. 
The diffraction pattern of a peripheral part of these 
spherulites is a fiber diagram with a b* axis.21 Finally, 
doubly oriented specimens were prepared by stretching 
very thin and poorly crystalline films of the complex. The 
X-ray diffraction patterns obtained for three orientations 
of the incident beam have shown that the c and a* 
crystallographic parameters of the crystals are in the plane 
of the  sample^.^ 

The polarized FTIR spectra obtained for stretched 
samples, (100) spherulite, and (010) spherulite are given 
in Figures 1, 3, and 5,  respectively. Tables 5 and 6 give 
the IR wavenumbers and the dichroic behavior of the PEO 
and PEO(D4) IR bands, respectively. From an experi- 
mental point of view, the IR vibrations of the PEO chains 
may be classified in three groups according to the dichroism 
observed for the different samples. Considering hydro- 
genated samples, first, the 457-, 841-, 1032-, 1135-, 1310-, 
1385, and 1472-cm-l bands are polarized parallel in the 
(100) spherulites. Second, the 871- and 1036-cm-l vibra- 
tions are polarized parallel in the (010) spherulites. Third, 
the 950- and 1248-cm-l vibrations are polarized parallel 
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Table 5. Observed Wavenumbers and Dichroism of PEO 
Vibrations in the Complex 

~~ 

dichroism 

wavenumbee stretched (100) (010) 
(cm-1) specimens spherulites spherulites 

vw 207 I 
vw 237 
br 300 

w 158 II 

m 457 I It I 
m 871 I I It 
sh 841 I It 
m 950 I1 
s 1032 I It 
m 1036 I I I1 
s 1135 I I1 
m 1248 I1 
w 1310 I It 
m 1385 I It I 
s 1472 I It I 

I 
I 

I 
I 
I 

I 

a vw = very weak, w = weak, m = medium, s = strong, sh = shoulder, 
br = broad band. 

Table 6. Observed Wavenumbers and Dichroism of 
PEO(D4) Vibrations in the Complex 

wavenumber dichroism wavenumber dichroism 
(cm-1) (100) spherulites (cm-l) (100) spherulites 
w 145 
w 186 
w 245 
m 404 
w 476 
vw 600 
vw 710 
sh 742 
s 733 
w 781 

w 914 I 
s 931 it 
s 947 I 

II m 951 tl 
It m 1015 /I 

m 1024 I 
vw 1048 I1 

I1 
I w 1082 I 

s 1134 I1 
w 1253 

i t  
I 

in stretched films, and, then, the transition moment is 
along the chain axis. Pleochroism measurement on doubly 
oriented films has confirmed the polarization of the 871- 
cm-l vibration. Figure 6 gives the IR spectra of such a 
film, the incidence angles between the normal to the film 
and the IR beam being 0, 45, and 60'. I t  appears very 
clearly from the increase of the 871-~m-~ band intensity 
with the tilt angle that its direction of polarization is nearly 
perpendicular to the plane of the film (a*,c plane). 

Remark about the Orientation of the Chain Axis 
of thePEO Molecules. All previously obtained evidence 
on our PEO-pnp complex leads to the assumption that 
the chain axis is actually along the c crystallographic 
parameter parallel to the stretching direction and per- 
pendicular to the spherulite radius. In pure PEO and in 
many polymer crystals the vibrations polarized perpen- 
dicular to the chain axis are degenerated. Thus, in such 
crystals parallel dichroism in spherulites is unexpected, 
except if these vibrations appear as a doublet, resulting 
from intermolecular interactions (Davidoff splitting). For 
instance, in the PEO-p-dihalogenobenzene intercalates, 
the factor group of the PEO chains is isomorphous with 
the dihedral group D(6II/lO) for which the E1 vibrations 
are doubly degenerated. However, due to the interactions 
in the crystal, these E1 vibrations appear experimentally 
as a doublet of two nondegenerated vibrations with distinct 
polarization directions.22 In the (100) spherulites of the 
PEO-pnp complex, numerous vibrations which are not 
components of doublets are polarized parallel to the 
spherulite radius (with large dichroic ratios). Such an 
unusual feature would be easily explained if, in contra- 
distinction to our previous conclusions, the chain axis of 
the PEO molecules was assumed to be aligned with the 
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Figure 7. X-ray diffraction pattern (WAXS and SAXS) of a 
apheruliteof u-dodecyl-w-hydroxyLetracosa(ethyleneoxide)-pnp 
complex. Scale bar corresponds to 1 nm-' with X = 0.15418 nm. 

spherulite radius. The observation of negativespherulites 
doesnotruleoutthisassumption because PEOis theminor 
component of the complex (32% by weight). Therefore, 
we decided to confirm the orientation of the chains in the 
unit cell. The X-ray diffraction pattern of a spherulite of 
Brij 35 (a-dodecyl-whydroxytetracosa(ethy1ene oxide))- 
pnp (Figure7) hasgiven thisconfirmation. Theindexation 
of the WAXS pattern shows that in the Brij 35-pnp 
spherulites, the crystals exhibit the same structure and 
the same orientation as in ordinary PEO-pnp spherulites. 
The SAXS pattern of Figure 6, the intensity of which is 
enhanced by the presence of the paraffinic part of Brij 35 
molecules, shows that, as usual, the normal to the limiting 
plane of the lamellae is normal to the spherulite radius. 

Factor Group of the  PEO Macromolecules. Vibra- 
tions of the PEO chains in the PEO-pnp complex are 
polarized along either the c, a*, or b crystallographic 
parameters. To explain that numerous vibrations are 
polarized along the a* reciprocal parameter, we have 
assumed that either the (100) would he a symmetry glide 
planeor thea' parameter would correspond toasymmetry 
axis. If D2 or C. factor groups are assumed, too many 
vibrations would he expected (32B1+ 32B2 + 32B3 for D2 
and 63A' + 63A" for Cd. But the fact that seven bands 
are polarized parallel to a* and that only two hands are 
polarized along e and b leads us to assume the C s  factor 
group, where a* and the plane (b,e) are the symmetry axis 
and the glide plane, respectively (Figure 8). Thus, the 
directions of polarization of 871 and 947 cm-I may be 
everywhere in the (b.c) plane. Nevertheless, the number 
of active vibrations (31A, + 32BJ remains fairly large, 
but a part of the spectra characteristic of the PEO chains 
is overlapped by strong pnp IR bands. 

Theassumption of Cssymmetry may also beconfirmed 
by adiscussion of the stoichiometryof thecomplex. With 
such a symmetry group, the six monomeric units contained 
in a repeat period are included in two components of three 
monomers having the same conformation related to one 

9 
U 

Figure 8. Symmetry of the (trgt?gtahg'hg'ta) wnformation. 

Table I .  P r o p o d  Conformationn. Period. and 
lntramolnular Enem 

conformation intramolecular energy 
repeat (kcallmol of 

<&&%%- perid (nm) monomeric unit) 
1.53 2.5 
1.75 2.8 

ts& 
tgtt 
ttgg 1.75 2.5 

1.61 -2.3 
2.1 

tw 
ttf% 1.53 

another by the glide plane and the C, axis. To each of 
these components would he associated a pair of pnp 
molecules. In fact, we have assumed that the pnp 
molecules, which are not symmetrically disubstituted in 
para positions, form pairs of molecules. 

Conformation of the  PEO Macromolecules. On the 
basis of the C a  factor group, only four torsion angles are 
needed to completely determine the chain conformation 
(Figure 8). Table 7 summarizes the conformations which 
give a low value of the intramolecular energy and which 
may be inaccordancewith thecrystallographicdata (1.557 
nm/6 monomericunits) by small adjustmentsof the torsion 
angles. We have assumed torsion angles strictly equal to 
60,180, and 300" (g, t, and g', respectively). From Table 
7, the (t2gt&wwt3) glideconformationgiveninFigure 
8 has the smallest intramolecular energy. Note also that 
the (ttg) and (ttt) conformers are well known to be 
especially stable in the case of PE0.*3.24 We have then 
calculated thenormalmodesofvibration forthesedifferent 
molecular models, and here again the best agreement 
between observed and calculated frequency (Table 8) is 
obtained for the energetically stable (t2Pt2pt3t2gft&t3) 
conformation. As previously indicated, the directions of 
the dipole moment observed for the 947-cm-' vibration, 
polarized along the e parameter, and the 871-cm-* vibra- 
tion, polarized along h, do not result from the symmetry 
ofthemolecule. Toconfirmourproposal, J. Libert(Service 
des Matkriaux Nouveaux, Professor Bredas of our Uni- 
versity) has calculated the orientation of the transition 
dipole moment for both these vibrations by an ab initio 



Macromolecules, Vol. 27, No. 14, 1994 

Table 8. Observed and Calculated Wavenumbers for 
Hydrogenated and Deuterated PEO Chains in the 

(t&gtstzg'tzg'ts) Conformation 
PEO PEO(D4) 

obsd calcd obsd calcd 
wavenumbers wavenumbers wavenumbers wavenumbers 

(cm-l) (cm-l) (cm-1) (cm-1) 

237 
300 
457 

841 

1032 

1135 

1310 

1385 

1472 

158 

300 

871 
950 

1036 
1088 

1248 

1310 

1472 

A, Modes of Vibrations 
185 117 
245 
328 
436 300 
576 404 
824 476 
843 600 
896 710 

1042 733 
1083 
1115 
1137 
1219 931 
1239 951 
1267 1015 
1291 1048 
1338 
1389 
1445 
1454 1134 
1473 1253 

B, Modes of Vibrations 
154 145 
196 186 
315 245 
486 
542 
834 
874 742 
948 781 

1044 
1099 914 
1107 
1150 947 
1223 947 
1253 
1273 1024 
1291 
1339 1082 
1399 
1444 
1451 
1464 1253 

118 
166 
204 
302 
387 
514 
613 
690 
752 
867 
875 
898 
940 
949 
993 

1038 
1067 
1087 
1121 
1133 
1260 

138 
177 
277 
429 
478 
614 
734 
771 
877 
905 
937 
946 
949 
992 

1005 
1061 
1066 
1103 
1105 
1129 
1243 

method. The calculated direction cosines of the vibrations 
are M, = 0.0, My = 0.9996, and M, = -0.0284 for 871 cm-l 
and, M, = 0.0, My = 0.3187, and M, = -0.9478 for 950 cm-l. 
The x and z axes correspond to the CZ symmetry axis and 
the chain axis, respectively. These calculations are in 
agreement with the observed dichroism of the PEO 
molecules. In fact, the 871-cm-1 band is very strongly 
polarized (Figure 51, and then its transition moment is 
actually along b. On the contrary, the 950-cm-1 band is 
polarized with a low dichroic ratio (equal to 3, Figure l) ,  
and then its transition moment makes an angle lower than 
39' with the c parameter. Thus, several experimental facts 
and theoretical considerations give us confidence that ( tz -  
gtgt3tzg'tzg't3) is the glide conformation for the PEO chains 
in the complex. The final crystal structure proposed on 
the basis of spectroscopic arguments is given in Figure 9. 

Conclusions 
By using polarized IR spectroscopy, we can propose a 

model for the crystalline structure of the PEO-pnp 
complex. From the FTIR spectra of stretched and 
spherulitic samples, we have determined the orientation 
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Figure 9. Crystal structure proposed for the PEO-pnp molecular 
complex. 

of the pnp molecules in the unit cell and the conformation 
of the PEO chains. The benzene rings are found to be 
perpendicular to the c crystallographic parameter (chain 
axis) and the 1-4 axis of the pnp molecules is parallel to 
the a* reciprocal parameter. The (tzgtgt3tzg'tzg't3) con- 
formation is derived from the crystallographic data, from 
energy and symmetry considerations, and from normal 
mode analyses. However, we do not know, at the present 
time, if the crystalline structure is centrosymetric or not 
(as concerns the pnp molecules). 
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