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ABSTRACT A structural and magnetic study of a copper-containing nematic polyester has been carried 
out. X-ray diffraction, magnetization, and EPR experiments on samples with different thermal histories 
have been performed. In powdered samples, changes in magnetic properties are related to thermally induced 
structural modifications. A detailed study of a nematic melt-drawn fiber wm made. The fiber displayed a 
large nematic order parameter and a parallel alignment of the copper coordination planes with the stretching 
direction. 

1. Introduction 

In recent years, the synthesis of polymers which 
incorporate metals in their structure has been of increasing 
interest, especially side and main chain metal-containing 
liquid crystal polymers (LCP).I The possibility of intro- 
ducing metal atoms at specific points of a molecule which 
can easily be oriented in the mesophase endows these 
materials with potentially interesting properties. Recent 
advances have been reported with low molecular weight 
metallomesogens.2 Polymeric materials with similar prop- 
erties have a higher processability. In this way macro- 
scopically oriented fibers or films can be ~ b t a i n e d . ~  

In the field of metallomesogens we have paid special 
attention to the synthesis of paramagnetic materials of 
both high and low molecular m eight.^ The interaction of 
a magnetic field with these materials leads to macroscopic 
orientation of the molecules. Depending on the structure 
of the molecules this orientation is either parallel or 
perpendicular to the magnetic field.5 With regard to 
metals, derivatives of Cu(I1) have been shown to be of 
great interest because of their thermal stability and the 
high paramagnetic contribution of the metal to the 
anisotropy of the magnetic susceptibility.6 This contri- 
bution has a great influence on the molecular orientation 
in the presence of a magnetic field. 

In a previous paper7 we described a family of metal- 
lomesogen main chain polyesters derived from Cu(I1) 
complexes. These materials combine the formerly-men- 
tioned properties and are representative examples of 
paramagnetic LCP. Here we report the structural and 
magnetic properties of a representative member, coded as 
[N7Cul [PlOI. The polymer was obtained by interfacial 
polycondensation and was chosen because of its relatively 
low transition temperatures and the range of enantiotropic 
nematic mesophase. 

* To whom correspondence should be addressed. 
+ Instituto de Ciencia de Materiales de Aragon. 
f Universit4 Paris-Sud. 
j Institut de Ciencia de Materials. 

To study magnetic properties in relation to thermally- 
induced structural changes, different samples were pre- 
pared: 

Sample I is the polymer as obtained. It is a semicrys- 
talline material showing a nematic phase. 

Sample I1 is an annealed sample. Sample I was annealed 
close to T, to increase its crystallinity. 

Sample I11 was obtained by quenching from the nematic 
melt to obtain a frozen nematic phase. 

Fibers: A structural study based on X-ray diffraction 
and EPR measurements was carried out with fibrous 
samples obtained from the nematic state. 

2. Experimental Section 
Materials. The polymer was synthesized using the interfacial 

polycondensation method: 2 mmol of sodium hydroxide and 1 
mmol of bis(N-heptyl-4-hydroxysalicylaldiminate)copper(II) 
were dissolved in 25 mL of a wateldioxane mixture (41). Aliquat 
336 (355 mg) as a phase transfer catalyst in 1 mL of dioxane was 
added, and the mixture was stirred slowly. A solution of 1 mmol 
of 1,l0-bis[(chloroformyl)phenoxyIdecane in 10 mL of chloroform 
was added quickly, and the mixture was stirred at 3600 rpm for 
30 min. The polymer was obtained by pouring the resulting 
mixture into 150 mL of methanol, filtering, and washing with 
water, methanol, and acetone. The polymer was dried under 
vacuum over Pz06 at 80 "C for 24 h. Elemental analysis 
(calculatedin parentheses): % C, 70.15 (68.59); % H, 7.95 (7.31); 
% N, 2.65 (3.08). The polymer showed an inherent viscosity 7~ 
of 0.16 dL/g, which was determined using a Cannon-Fenske 
viscosimeter at a concentration of 0.5 g/dL in l,l,2,2-tetrachlo- 
roethane at 50 OC. Samples of polymer as obtained (untreated) 
were coded as sample I. From this starting material, three 
different samples were prepared: sample I1 was obtained by 
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Figure 1. Experimental arrangement for EPR measurements 
of fiber samples. rY gives the magnetic field orientation relative 
to the fiber axis. 

annealingat 150"Cforlh;sampleIIIwaspreparedbyquenching 
the sample from the nematic state (195 'C, 10 min) into liquid 
nitrogen to obtain nematic glasses; fibers were drawn from the 
nematic phase at approximately 195 'C into air at room 
temperaturewithpreheated tweezers (verylarge fiberscaneasily 
be obtained using this procedure). 

Techniques. DSC measurements were conducted with a 
Perkin-Elmer DSC-7 apparatus calibrated withindium (mp 156.6 
OC, beat of fusion 28.4 Jig) and tin (mp 321.9 O C ,  heat of fusion 
60.4 Jig) using powdered samples (about 7 mg) in aluminum 
pans. The scan rate was 10 "Cimin. Transition temperatures 
were read at the maximum of the peak. 

Mesogenic behavior was checked in a Nikon polarizing 
microscope fitted with a Mettler FP-82 heating stage and an 
FP-80 control unit. 

X-ray diffraction pattems were obtained with a simple X-ray 
setup. A point-focused monochromatic (VCu Krr) = 1.541 A) 
X-raybeam wasobtained byreflection onadoubly-bentpyrolitic 
graphite slab. The samples were mounted in an air-evacuated 
commercial camera (Unicam). The diffracted X-rays were 
collected on a flat film at a distance of 80 mm from the sample. 

EPR measurements were taken with a Varian E-112 spec- 
trometer working in the X-band. The powdered samples were 
measured by introducing them into a standard EPR quartz tube 
(707-SQfrom Wilmad). Fibers obtained from the nematic phase 
were aligned by gluing them on Scotch tape and then mounting 
on a rotating setup attached to a goniometer. Magnetic field 
orientation dependence of the spectra will be referred to the 
angle as shown in Figure 1. 

Magnetic measurements of the polysemicrystalline samples 
were performed on a SHEmagnetometer,equippedwitba SQUID 
sensor. Magnetization measurements, M(H),  at 2.5 and 5.0 K 
were carried out varying the magnetic field H from a few oersted 
to 50 kOe. Static magnetic susceptibility, ~(r), was obtained at 
25 kOe and at different temperatures from room temperature to 
5 K. The samples were packed in a gelatin capsule holder, and 
their weights were close to 0.035 g. 

3. Results and Discussion 
3.1. Thermal Characterization. The polymer is a 

member of afamily of metallomesogenic polyesters whose 
thermal and mesogenic behavior has been extensively 
discussed elsewhere.' With respect to this polymer, it 
displays an enantiotropic nematic mesophase which was 
characterized by observation of the samples in the 
polarizing optical microscope a t  different temperatures. 
A threaded texture was easily observed and under me- 
chanical stress a marbled texture appeared. Transition 
temperatures were determined by DSC. In the first 
beating run two endothermic contributions corresponding 
to melting (T,  = 188 "C) and isotropization (Ti = 213 "C) 
appeared. The second heating showed a cold crystalli- 
zation and three endothermic peaks. The presence of an 
exothermic peak (cold crystallization at 113 "C) points to 
the possibility of obtaining nematic glasses a t  room 
temperature by cooling the nematic melt. Optical obser- 
vations corroborate this hypothesis, and frozen nematic 
textures can be observed a t  room temperature. The three 
endothermic peaks of the second heating correspond to a 
crystal-crystal transition (TK-K, = 166 "C), melting (T, 
= 186 "C), and isotropization (Ti = 205 "C). 

Figure 2. (a, Top) X-ray diffraction pattem of a frozen nematic 
fiber. S represents the stretching direction. (b, Bottom) 
Schematic representation of the pattern in (a). 0 is the origin 
of the reciprocal space which has a uniaxial symmetry around 
the meridian Oz (stretching direction). a, b, e, d, and e represent 
the different scattering elements as described in the text. 

In sample I1 an increase of ea. 20% in enthalpy of the 
melting transition was observed in the meltingwith respect 
to the untreated polymer. The nematic glass (sample 111) 
exhibits a Tg = 55 "C in DSC measurements. 
3.2. X-ray Diffraction Experiments. A t  room tem- 

perature sample I exhibits a mixture of roughly 10% of 
crystalline phase and 90% of amorphous phase. The 
crystallinity ratio is therefore about 10%. Samples 
annealed at 150 "C for 1 h (sample 11) reach a crystallinity 
ratio of about 50%. This behavior is typical of a 
semicrystalline polymer. The crystalline phase increases 
significantly during the annealing. DSC measurements 
are qualitatively in agreement with the X-ray data, and 
the DSC curve of sample I1 shows an increase in AHm 
corresponding to the melting transition with respect to 
sample I. In the nematic quenched sample (sample 111) 
the existence of ea. 5 %  of crystalline phase is detected. 
This can be attributed to uartial crystallization during - 
the quenching. 

A sinele domain nematic orderine usine maenetic fields 
wm norobtained due to the high vl'scosity of ;he nematic 
phase and the high transition temperatures. Fibers were 
drawn from the nematic melt to obtain macroscopically 
oriented samples. The results of the X-ray diffraction of 
these fibers are interesting, and the following discussion 
is focused on these experiments. 

Figure 2showstheX-ray diffractionpatternofanematic 
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melt-drawn fiber. This pattern is clearly anisotropic and 
does not present Bragg reflections, which is characteristic 
of an oriented nematic phase.8 At wide angles (s i= U4.5 
A-l, where s is the modulus of the diffusion vector, s = 
(2 sin @/A,  and 28 is the scattering angle), a diffuse ring 
(a) located in the equatorial plane shows that the mesogenic 
cores, which contain copper ions, are oriented along the 
stretching direction. The polar angular extension of this 
ring is rather small, indicating that the nematic order 
parameter 5' is large (S = 0.8) and that the polymer chains 
are on the whole well aligned. 

A t  small angles, strong diffuse spots (b) outside the 
meridian indicate the presence of important smectic C 
fluctuations of correlation lengths [bll = 50 A along the 
director and [ b l =  30 i% perpendicular to it. The tilt angle 
Cyb = 55O can be directly calculated on the pattern. The 
component Szb along the meridian of the wavevector Sb 
relative to these diffuse spots b takes the value Szb = 1/30 
A-I ,  whereas the molecular length of the repeating unit is 
L = 36 f 18, as measured on Dreiding stereomodels (for 
its most extended conformation). Therefore, the confor- 
mation of the repeating unit when submitted to these Sc 
fluctuations is very different from the fully extended one. 

When closely inspected, this X-ray diffraction pattern 
also displays a set of equidistant straight lines (c) which 
represent the intersection with the Ewald sphere of a set 
of planes perpendicular to the meridian and equidistant 
with a period szc = 1/35 A-I .  This set of diffuse planes is 
due to the existence in the nematic phase of short-range 
linear correlations between the mesogenic cores,SJo namely, 
the presence of completely uncorrelated rows of equally 
spaced moieties. Here, the origin of these rows is obviously 
due to the nature of the main chain polymer. In fact, the 
row periodicity is about equal to that of the repeating 
unit, and the correlation length = 200 A of this linear 
short-range order represents a calculation of some kind of 
polymer persistence length. This length roughly corre- 
sponds to ten polymer repeating units. 

The intensity of the second diffuse line is clearly 
modulated, resulting in the appearance of the weak and 
small diffuse spots d. The third diffuse line is also slightly 
modulated, whereas this modulation cannot be properly 
observed in the first diffuse line because of the presence 
of the diffuse spots b. These diffuse line intensity 
modulations can be explained by the existence of another 
kind of Sc fluctuation. The diffuse spots (d) are weaker 
and smaller than the b ones, which means that the second 
kind of SC fluctuations are of smaller size but somewhat 
larger correlation lengths ([d(l= 200 A, [ d l  = 50 A) than 
those of the first kind, The tilt angle is Cyd = 25' and the 
component szCof the wavevectorsd relative to these diffuse 
spots d is Szd = 2/35 A-I. The two kinds of Sc fluctuations 
coexist independently in the nematic phase. 

Taking into account these different short-range orders 
b, c, and d, the molecular organization of the polymer in 
its nematic phase can be summarized considering that the 
polymer displays, essentially, two kinds of conformation. 
The first one of length Lb = 30 A gives rise to the Sc 
fluctuations responsible for the diffuse spots b. The second 
conformation of length L, = 35 A = L is present in the 
completely extended polymer sections which give rise to 
the diffuse scattering c. These same sections also present 
the second type of Sc fluctuations and then give rise to the 
diffuse scattering d. Similar behavior was observed in 
phasmidic moleculeslo which in the nematic phase present 
two kinds of conformation. One of these conformations 
has a length equal to that of the completely extended 
molecule and gives rise to linear correlations whereas the 
other conformation has a markedly shorter length and 
gives rise to a strong Sc short-range order. 

.25 .29 3 3  31 .41 

MAGNETIC FIELD (T) 
Figure 3. Room temperature EPR spectra of sample I or I1 
(upper trace) and of sample I11 (lower trace). 

The determination of the first conformation of the 
repeating unit which gives rise to the diffuse scattering b 
as well as the determination of the relative proportions of 
both conformations cannot be derived from these X-ray 
scattering experiments and must be obtained by other 
techniques. Moreover, no diffuse scattering could be 
detected in Figure 2 which would have indicated some 
Cu-Cu correlations between neighboring mesogenic cores. 
Such Cu-Cu correlations (around s = 1/8.5 A-l) were 
previously reported in the SA phase of a mesogenic Cu 
complex involving two Schiff bases and interpreted by 
pairing of the complexes.ll This effect was not observed 
in the nematic phase of our polymer; this was also the case 
with several Cu complexes in the same homologous series 
as the polymer repeating unit.12 

The above-described molecular organization of the 
nematic phase studied on a highly stretched sample may 
be different from that of the thermodynamic equilibrium 
state. To check this point, several attempts were made 
to align the nematic phase in a magnetic field of 1.7 T. 
These attempts failed as the samples decomposed during 
the annealing for several hours a t  about 200 "C. However, 
powder X-ray diffraction patterns of bulk quenched 
samples from the nematic state (sample 111) confirm the 
nematic nature of the mesophase and displayed a small- 
angle diffuse ring due to the Sc fluctuations. However, 
such powder patterns did not allow us to check whether 
the second type of Sc fluctuations were also present in the 
bulk samples since the diffuse spots d become a diffuse 
ring hidden by the diffuse spots b. 

When carefully examined, the X-ray diffraction pattern 
presented in Figure 2 also reveals some extremely faint 
but very sharp diffraction lines (e) which are due to a 
small amount (<1%) of crystalline phase. This shows 
that the fiber-obtaining process was not fast enough to 
prevent crystallization completely. The first diffraction 
line goes through diffuse spot d though this spot is weaker 
than b. This can be understood by taking into account 
that the crystallization of well-extended polymer sections 
is easier. The crystalline phase itself is not readily obtained 
free of the nematic phase. It is noteworthy that the fibers 
remain unchanged at  room temperature for up to 3 months. 
No recrystallization was observed after this time, and the 
X-ray diffractograms were reproducible. 

3.3. EPR Measurements. The EPR spectra of sample 
I (as prepared) and sample I1 (annealed at  150 OC for 1 
h) were measured at  room temperature. No differences 
were found between the spectra of both types of sample. 
The top trace of Figure 3 displays the spectrum of these 
samples. The EPR spectrum at  room temperature of 
sample I11 can be seen in the lower trace of Figure 3. No 
modification of these spectra was found when they were 
measured at  liquid nitrogen temperature. Both are very 
similar and they show a perpendicular feature in their 
high-field region (g = 2.06) which shows no resolved 
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Figure 4. Room temperature EPR spectra of a fiber sample 
measured with different magnetic field orientation. 

hyperfine structure and parallel features that can be 
associated with the hyperfine components of the parallel 
Cu(1I) signal. The only difference between the spectra of 
semicrystalline samples (samples I and 11, Figure 3 (top)) 
and the nematic glass (sample 111, Figure 3 (bottom)) is 
the width of the lines, which proved to be broader in the 
former (half-width of the absorption shape greater than 
7 mT) than in the quenched nematic sample (half-width 
of the absorption shape less than 6 mT). 

EPR spectra of fiber samples were also measured. In 
these cases the EPR signal is anisotropic and it depends 
on the magnetic field orientation (given by \k; see Figure 
1). In Figure 4 we show this spectrum for different values 
of Q. When the magnetic field is oriented along the fiber 
axis, only the perpendicular signal (high-field side) is 
observed. As the magnetic field is rotated, the spectrum 
extends toward the low-field region in such a way that 
when the magnetic field is perpendicular to the fiber (\k 
= 90) the spectrum shows the parallel and the perpen- 
dicular features, the former contribution being higher in 
this case than the perpendicular one as compared with 
the spectra of semicrystalline samples (see Figure 3 (top)). 
Also noteworthy is the difference in the width of the 
perpendicular contribution, which increases as the angle 
q does. 

The same spin Hamiltonian can be used to explain all 
the experimental results: 

7f = r s b , ( S A  + S$,) + IpBz) + 
A,(Sgz + SJJ  + AlIS2z (1) 

with gll = 2.23, g, = 2.05, All = 520 MHz, and A ,  < 30 
MHz. These values are typical for divalent copper in a 
square-planar environment with its unpaired electron in 
a In2 - y 2 )  orbital. 

The spectra of the polydomain or polysemicrystalline 
samples are immediately understood in the light of this. 
Computer simulations of the spectra were performed using 

I zgwyg N 0 

Figure 5. Sketch of the environment of Cu(I1) and its orientation 
in a fiber sample. gives the magnetic field orientation, and 6 
values are randomly distributed in the [0,2r3 range. 
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Figure 6. Calculated spectra of a fiber with the magnetic field 
parallel (-) and perpendicular (- - -) to the fiber axis. For details 
of the calculation, see text. 

either Lorenztian or Gaussian line shapes. Good fits are 
obtained in both cases, indicating that the actual line 
shapes are neither Gaussian nor Lorentzian but somewhere 
between the two. Since the hyperfine structure remains 
resolved, a t  least in the parallel trace, and has values which 
are typical of isolated Cu2+, the influence of the exchange 
in the EPR spectrum of the different polymer samples 
can be ruled out. Therefore the differences in the 
broadening of the lines between sample I11 and semicrys- 
talline samples (samples I and 11) are related to the dipolar 
broadening of the lines. Since the second moment of the 
transition is proportional to lr6, r being a typical inter- 
molecular distance,l3 the former differences in the half- 
width of the transitions are understood when it is taken 
into account that the Cu2+-Cu2+ distances are greater in 
the nematic phase than in the semicrystalline phase as a 
result. of the translational freedom degree. On the other 
hand, the probable greater ordering of the annealed sample 
(sample 11) as compared with the untreated sample (sample 
I) has no influence on this dipolar broadening. 

The fiber spectra can be also understood if the fiber 
axis lies in the plane of the four nearest neighbors of copper 
while the normal to this square is randomly oriented in 
the plane normal to the fiber, so, with regard to Figure 5 
the orientation of the magnetic field gives \k whereas 6 
takes any value between 0 and 180° at  random. This 
arrangement agrees with the X-ray diffraction studies. 
Computer simulation of the fiber spectra as a function of 
the angle \E have been performed, assuming either a 
Lorentzian or a Gaussian line shape. In Figure 6 we show 
the calculated spectra using a Lorentzian line shape in the 
case of il! = Oo and 0 = 90° (magnetic field parallel and 
perpendicular to the fiber axis) where the relative inten- 
sities of both traces have been fitted to those of the 
corresponding experimental spectra shown in Figure 4. 
There is a good agreement between the experimental 
results and the calculated spectra but some discrepancies 
arise mainly in the calculated spectrum for il! = 90°. This 
is due to the fact that the relative orientations of the 
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Figure 7. Reciprocal of the magnetic susceptibility as a function 
of the temperature x-l(!T') for the three types of samples: (+) 
untreated; (A) annealed; and (m) nematic glass. 

Table I. Magnetic Parameters Obtained by Fitting 
Equation 2 to Data of Figure 8 (See Text) 

sample 
untreated annealed frozen nematic 

C (emu Kimol) 0.430 0.426 0.442 
8 (K) -0.28 -0.25 -0.34 
xo (emuimol) -9.4 X 10-4 +2.6 X 10-4 -8.3 X 10-4 

moieties in the nematic fibers are not completely parallel 
as follows from the diffraction data (S = 0.8), and also, as 
previously mentioned, the actual line shape is neither a 
true Lorentzian nor a true Gaussian curve. These two 
assumptions were taken into account in our calculation. 

In spite of these discrepancies a strong magnetic field 
orientation dependence of the line width can be observed 
from our results. This anisotropy in the peak-to-peak 
width is due to an anisotropic dipole-dipole interaction. 
Taking into account that the shortest Cu-Cu distance along 
the polymer is about 35 Awhile between adjacent chains 
it is in the 6-8-A range, the main effect of the dipole- 
dipole contribution to width is due to the lateral inter- 
action, which is responsible for this anisotropy in the line 
width. A rough calculation taking into account the above 
distance gives a ratio for the width of the lines for i4 = 90° 
and 9 = 0' ranging between 1.8 and 1.9. The curves in 
Figure 6 have been calculated with AB,,(O) = 70 G and 
hB,,(90) = 130 G and, consequently, with AB,,(90)/~pp- 
(0) = 1.85. 

3.4. Magnetic Characterization. The temperature 
dependence of the reciprocal of the susceptibility, l/x(r) 
is shown in Figure 7 for the three types of powdered samples 
(samples I, 11, and 111). At a high temperature the 
measurements show a strong deviation from the C u r i e  
Weiss behavior, which could be due to the presence of an 
independent temperature susceptibility. So, we have fitted 
the data considering the superposition of a background 
susceptibility xo and a Curie-Weiss contribution. 

(2) 

The values for the Curie constant (C), the Curie-Weiss 
temperature (e), and the xo obtained from the fit a t  a 
suitably high temperature are presented in Table I. The 
results of these fits are shown in Figure 8. 

The effective magnetic moments for Cu(I1) in these 
samples determined from the Curie constant Care between 
1.85 and 1.88 PB. The corresponding g values calculated 
with an S = l/z spin are in the range g = 2.13-2.17, about 
2-3 % larger than those obtained from EPR measurements 
on the same powdered samples, which is in agreement 

c 
Xerp = xo + ~ - 8  

a 
:5 I20 Ik5 2iO 255 300 

T (K) 
Figure 8. Thermal evolution of the susceptibility ~ ( 7 ' )  of the 
three types of sample: (+) untreated; (A) annealed, (m) nematic 
glass. Solid lines give the evolution of the susceptibility predicted 
using eq 2 with the data in Table I. A detail of the low- 
temperature evolution is shown in the inset. 
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Figure 9. Magnetic field dependence of the magnetization 
measured at two different temperatures for the three types of 
samples: (+) untreated; (A) annealed; (e) nematic glass. Lines 
gives the evolution predicted using eq 3 with the data in Table 
I: (-) untreated and annealed samples; (- - -) line for nematic 
glasses. 

with the accuracy of the Cu mass analysis data of these 
samples. 

A weak antiferromagnetic behavior with a Curie-Weiss 
temperature 8 = -0.3 K appears in all the samples, 
indicating that the exchange interaction between Cu(I1) 
is very small, according to the analysis of the EPR spectra. 
The resonance results indicate that the exchange inter- 
action, if any, is weak enough to produce J/kB values which 
are lower than 0.1 K. 

The inset of Figure 8 plots the extrapolation at  low 
temperatures of the former fit. A small deviation from 
the experimental data below 5 K is observed, in agreement 
with the 8 values obtained. 

Finally and with regard to the background susceptibility 
XO,  the results show diamagnetic behavior for nematic and 
virgin samples ( X O  = -0.009 emu/mol of Cu) and small 
paramagnetic behavior (XO = +0.0003 emu/mol of Cu) for 
the annealed samples. 

Magnetization values as a function of the dc magnetic 
field, M(H),  measured at  2.5 and 5.0 K and corrected for 
the independent temperature term, x a ,  are presented in 
Figure 9. We also show the results of the molecular field 
theory (MF) for S = 1/2 

calculated with the 8 andgvalues obtained from the high- 
temperature susceptibility analysis and M, being the 
saturation magnetization (Ma = NgSFB). For samples I 
and 11, a good agreement is obtained at  5 K, and a small 
deviation is observed at 2.5 K, according to the Curie- 
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Weiss behavior. However, we cannot account for the 
departure of the nematic glass sample data, mainly at  5 
K. 

The former magnetic properties seem to indicate that 
the most noticeable difference between the different 
powdered samples corresponds to the background con- 
tribution xo of the annealed sample as compared with that 
of the other two samples. 

Since the untreated (I) and quenched nematic (111) 
samples have an amorphous character with a positional 
disorder in the magnetic sites and since the distance 
between them is sufficiently great, we could consider the 
exchange interaction negligible and therefore obtain 
paramagnetic behavior. The order introduced in the Sc 
fluctuating regions does not affect this behavior. For 
the annealed sample, the higher enthalpy content in the 
melting transition and the microstructure obtained by 
X-rays show a higher degree of crystallinity. The crystal 
region does not seem to cause great variations in the Cu- 
(11) distances according to EPR data, and consequently 
the annealed sample is also in the paramagnetic state. 
However, the high polymerization seems to induce changes 
in the background susceptibility, XO. 

To carry out a qualitative analysis of XO, we considered 
the presence of two terms, one of them a diamagnetic 
contribution related to the organic molecule and the other, 
a temperature-independent paramagnetism (TIP) asso- 
ciated with Cu(I1). The latter arises from a mixing in the 
ground state of the excited states which are not thermally 
populated. Evidence of this behavior for Cu(I1) is ob- 
served, for instance, in heteropoly complexes14 in which 
Cu(I1) has an octahedral coordination with oxygen atoms 
in the vertex. In these compounds the paramagnetic sites 
are embedded in a giant diamagnetic molecule. The TIP 
contribution obtained for two different compounds of that 
series were xo = 2.0 X 104 emu/mol of Cu and xo = 37.5 
X 104 emu/mol of Cu. 

In our case, the EPR measurements point to the same 
square-planar environment for the three samples. There- 
fore, the way to obtain an effective positive contribution 
in xo is by means of a decrease in the diamagnetic term. 
This behavior was also found in magnetic studies of Cu- 
based organometallic polymers16 in which the lower 
molecular weight polymer is diamagnetic and the high 
molecular weight is paramagnetic. The authors do not 
explain this phenomenon. We thought that only a 
reduction in the number of conformations which contribute 
to the diamagnetic term due to the limitation of mobility 
which produces the higher polymerization could decrease 
the diamagnetic contribution to xo and evidence the TIP 
effect. 

To evaluate quantitatively this phenomenon, a study of 
polymers of the same family with nonparamagnetic 
metallic atoms is not sufficient. Consequently, we mea- 
sured the background XO, but when the TIP of the new 
atoms was known, we were able to separate the diamagnetic 
term and determine the influence of molecular weight on 
magnetic behavior. 

4. Conclusions 
Electron paramagnetic resonance (EPR), magnetization, 

and susceptibility measurements indicate that all the 
samples show paramagnetic behavior with a weak exchange 
interaction of antiferromagnetic character between copper 
ions. The different degrees of crystallinity detected by 
X-ray diffraction have no influence on the magnetic 
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interactions. However, these degrees of crystallinity do 
influence the background susceptibility via diamagnetic 
contribution. 

EPR measurements indicate that the environment of 
copper is square planar in all the samples. Analysis of the 
angular evolution of the EPR spectra in fibers of metal- 
loorganic polymers provides structural information about 
the orientation of the metal in the polymer chain, indicating 
that the vector perpendicular to the copper coordination 
plane is randomly perpendicular to the fiber axis. This 
is in agreement with the X-ray diffraction observations 
which show that the mesogenic cores containing copper 
atoms are oriented along the stretching direction. Polymer 
chains are on the whole well aligned with a high order 
parameter (S = 0.8). This orientation remains unchanged 
after keeping the fiber a t  room temperature for over 3 
months. 

X-ray diffraction also shows that the polymer repeating 
unit can adopt essentially two kinds of conformations in 
the nematic phase. The first one of length Lb = 30 A 
induces strong SC fluctuations, whereas the second one of 
length L, = 35 A is the fully extended conformation which 
promotes linear correlations and eventually crystallization. 
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