W. Luzny'
E.J. Samuelsen?
D.W. Breiby?

"Faculty of Physics and Nuclear Techniques,
University of Mining and Metallurgy,

al. Mickiewicza 30, 30-059 Cracow, Poland
luzny@novell.ftj.agh.edu.pl

2|nstitute of Physics,

Norwegian University of Science

and Technology,

N-7491 Trondheim, Norway
Emil.Samuelsen@phys.ntnu.no

1. Introduction

Polyaniline (PANI) protonated with or-
ganic acids like camphorsulphonic acid
(CSA) is a particularly interesting con-
ducting polymer because of its solubil-
ity in the conducting state (a metallic-
like type of conductivity within a cer-
tain temperature range), and its high
degree of crystallinity. Only a few more
detailed studies of the structure of the
films cast from m-cresol have been pub-
lished so far (see [1] for a recent review),
but the crystalline structure of this poly-
mer system is still somewhat unclear.
Some new speculations were published
very recently by M. J. Winokur et al. [2].
Moreover, some unexpected anisotropy
effects have been reported [3]. The main
result of these studies is the conclusion
that there are significant differences be-
tween the diffraction patterns of the
PANI/CSA films recorded in reflection
and transmission geometry. Strictly
speaking, the second crystalline reflec-
tion (related to the interplanar distance
of 0.94 nm) is visible only for transmis-
sion geometry, and never occurs for
common Bragg-Brentano reflection ge-
ometry, even for thicker samples. Such
behaviour suggests that the polymer sys-
tems investigated exhibit significant
structural anisotropy. Therefore we have
undertaken a more careful study of both
the orientation of the crystalline reflec-
tions, as well as the influence of the
choice of solvent used in film prepara-
tion for its structural properties. Because
for the measurements in the two
geometries discussed above, there are
only two possible orientations of the
scattering wave vector (where it is per-
pendicular or parallel to the sample sur-
face) it is necessary to have a more pow-
erful experimental method. We decided
to make use of the grazing incident beam
technique. In this case, it is possible to
measure the scattered intensity for any
orientation of the scattering wave vec-
tor in respect to a sample plane, and
moreover, it is possible to investigate the
structure of a genuinely thin film, due
to the total reflection from the substrate.
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The geometry of such measurement is
schematically sketched in Figurel.

2. Experimental

The samples cast from m-cresol and
trifluoroacetic acid (TFAA) were sub-
jected to diffraction measurements by
use of the grazing incident beam tech-
nique, applying the z-axis diffractometer
installed at the BW2 beamline of
HASYLAB.

The wavelength of the synchrotron ra-
diation was 0.137 nm, and the incident
angle a was selected for each sample
in the range 2 to 8 mrad. We recorded
the intensity of the diffracted beam for
the outgoing angles y and & varying in
the range 0.02 to 0.45 rad, obtaining up
to nine radial scans (shown in Figure2)
of a two dimensional (y, 0) diffracted
intensity map. If a sample is isotropic,
the intensity along each ring (equiva-
lent to the so-called Debye ring for
powder diffraction) with its radius
determined by Bragg’s law should be
constant. The scattering angle has to be
calculated using the formula:

20 = arccos [cos (6+a) A cos (Y)]. (1)

It should be mentioned that the scan
obtained for o close to zero is equiva-
lent to the diffraction in reflection geo-
metry, and the scan obtained for (y clo-
se to zero is equivalent to the diffrac-
tion in transmission geometry (both for
free-standing film samples). These two
scans are sometimes called the ‘equato-
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rial scan’ and ‘meridional scan’ respec-
tively. The experimental intensity has
been corrected by the factor sin y due
to the so-called ‘area correction’ [4].

The first example of the results obtained
in this way is presented in Figure 3.
These three main scans were recorded

Figure 1. The geometry of the surface diffraction
measurement: a - incoming angle, yand & -out-
going angles.

y

Figure 2. Radial scans, along which the scattered
intensity was measured. Dashed line: transmission,
dotted line: reflection.

97



for the PANI/CSA film cast form m-
cresol (provided by J. Laska) with the
thickness of ca. 50 pm. One can see that
the anisotropy of this sample is not
particularly high. Apart from the last
crystalline reflection, the intensity is
more or less identical for all scans. The
second peak is visible only for the equ-
atorial scan, which is in good agreement
with the results discussed previously.
The fifth diffraction reflection (related
to the interplanar distance of 0.35 nm)
exhibits stronger anisotropy: it has ma-
ximum intensity for the meridional scan
and almost vanishes for the equatorial
scan. Such behaviour serves as eviden-
ce that the crystal planes related to this
reflection are mainly oriented in paral-
lel to the sample plane.

The second experimental result is
shown in Figure 4. These scans were

recorded for the PANI/ZCSA thin film
cast form m-cresol (provided by E.
Barika) with the thickness of ca. 10 pm.
One may observe the very distinct
anisotropy of all the crystalline reflec-
tions. The first peak (related to the
interplanar distance of 1.93 nm) is vis-
ible for all scans, but its intensity de-
creases along the ring as one proceeds
from the equatorial scan to the meridi-
onal one. The second peak exhibits ex-
tremely high anisotropy; it is visible
only for the equatorial scan. Such be-
haviour suggests that the crystal
planes separated by the distance of -
0.94 nm are highly oriented: they can
only be perpendicular to the sample
plane. The third maximum shows in-
termediate orientation: its intensity has
the maximum for the scan obtained for
0 = y which proves that the crystal
planes separated by the distance of -

0.60 nm are mainly acute in respect to
the sample plane. Finally, the fifth
maximum is again very anisotropic,
which proves that almost all the crys-
tal planes related to this reflection are
parallel to the sample plane.

Because this sample exhibits such strong
anisotropy, we decided to calculate the
full two-dimensional intensity distribu-
tion map. Such 2-D maps come from the
interpolation process, and they give the
intensity distribution only approxi-
mately, particularly for greater values of
the scattering angles, where the density
of the points for which we measured
values of the intensity is low. The map
obtained for the results as discussed in
Figure 4 is presented in Figureb.

One can observe that these results are
to some extent in qualitative agreement
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Figure 3. The surface diffraction patterns of PANI/CSA/m-cresol thin film
(sample no.1) obtained for: y=0.02 rad (dotted line); = 0.02 rad (dashed

line); = y(solid line).

line); 8= y(solid line).
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Figure 4. The surface diffraction patterns of PANI/CSA/m-cresol thin film
(sample no.2) obtained for: y=0.02 rad (dotted line); d = 0.02 rad (dashed

Figure 5. Two-dimensional intensity distribution map for the PANI/CSA/
m-cresol sample no.2. The maximum of each crystalline reflection is shado-

wed for better clarity of the picture.
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Figure 6. The surface diffraction patterns of PANI/CSA/TFAA thin film
(sample no.3) obtained for: y= 0.02 rad (dotted line); &= 0.02 rad (dashed
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with the conclusions of the paper by
Minto et al. [5]. However, some impor-
tant differences should be underlined;
for example, the anisotropy of the first
diffraction maximum (related to the
interplanar distance of close to 1.93
nm) is different. The second maximum
shows extremely high anisotropy for
all samples where it exists, and the
poor correlation of its characteristics
with the anisotropy of the first peak
shows that they cannot be indexed as
the reflections (0 0 1) and (0 0 2) respec-
tively, as was proposed in [6]. On the
other hand, these results well confirm
the fact that the second peak is not ob-
served in reflection geometry [3].

Finally, we present the third experi-
mental result obtained for the PANI/
CSA thin film cast from TFAA (pro-
vided by J. Niziol). The three main
scans recorded for this sample are
shown in Figure 6, whereas the related
full 2-D intensity contour map is pre-
sented in Figure 7. The striking differ-
ences between these results and those
discussed above are visible. Apart
from the second peak, which is very
low in this case, the remaining four
diffraction reflections show opposite
anisotropy than for the m-cresol type
samples. The first peak is dominant
for the meridional scan, the third
maximum shows the lowest intensity
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Figure 7. Two-dimensional intensity distribution
map for the PANI/CSA/TFAA sample no.3. The
maximum of each crystalline reflection is shado-
wed for better clarity of the picture.

for the intermediate scan obtained for
o =y, and the fifth peak exhibits its
maximum for the equatorial scan. In
other words, the intensity distribution
map obtained for the PANI/CSA/
TFAA sample is very similar to the
mirror image of the intensity distribu-
tion map obtained for the PANI/CSA/
m-cresol sample by interchanging both
axes. This suggests that the structure
of both polymer systems may be de-
scribed in frames of one model, but the
orientations of the crystalline phase
may be completely different for sam-
ples cast from various solvents.

3. Discussion and conclusions

The main conclusion that may be drawn
from the experimental results discussed
above is obvious: the structural
anisotropy of PANI/CSA thin films is
very important, and strongly depends
both on the film thickness as well as on
the solvent used for the film preparation.
These results give strong support for
an elucidation of a new model of the
PANI/CSA system crystalline structure.

Concerning the orientation of the crys-
tal planes related to the main diffrac-
tion reflections, first of all it is reason-
able to notice that because the planes
separated by the distance of 0.94 nm
are always perpendicular to the sam-
ple plane, they should be also perpen-
dicular to the polymer chains. This is
implied from the fact that in thin films
macromolecules must be oriented par-
allel to the film surface. The next con-
clusion is that the planes separated by
the distance of 0.35 nm are always
practically perpendicular to the planes
separated by the distance of 1.93 nm;
moreover, there are two possible
orientations of these planes in respect
to the sample plane (see Figure 8).
Working with these assumptions, we
obtained the well justified starting
point for creating of the new model:
The first reflection (with d=1.93 nm)
comes from ordering chains in a
direction almost perpendicular to
them (x-axis; the crystalline indices
(1 0 0) or equivalent);

Figure 8. Schematic diagram of the possible orientations of the two series of crystalline planes separa-
ted by the distance 1.93 and 0.35 nm, in respect to the sample plane. Left: sample no.2, right: sample
10.3. The polymer chains (z-axis) are almost perpendicular to the plane of the picture.
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The second reflection (d = 0.94 nm)
comes from ordering along chains
(z-axis; the crystalline indices (00 1)
or equivalent);

The fifth reflection is related to the
distance d = 0.35 nm typical of the
chain stacking. Therefore it is rea-
sonable to state that it comes from
ordering chains in the direction al-
most perpendicular to them and
the x-axis (y-axis; the crystalline
indices (0 1 0) or equivalent).

Because the period along the chains, as
determined by the configuration of at-
oms in an aniline unit, is ¢ = 1.01 nm, it
is necessary to assume that the angle
between the z-axis and chains is not a
right angle, and its value may be cal-
culated from the equation:
sinp=d,,, /¢ )]
in the case of a monoclinic unit cell.
This leads to the angle @ = 110°, which
is a value sufficiently close to the right
angle, considering the experimental re-
sults discussed above. Moreover, this
assumption is in good agreement with
the fact that the position of the maxi-
mum of reflection (0 1 0) shown in the
2-D diffraction pattern (see Figure 5)
recorded for all m-cresol cast samples
is located not precisely on the meridi-
onal scan, but is slightly shifted along
its ring. Strictly speaking, this maxi-
mum shows the highest intensity for
the scan inclined by the angle of 70° to
the direction of the equatorial scan.

The next important conclusion from
our attempts at structure modelling
(applying the assumptions discussed
above) shows that the calculated inten-
sity of the first (1 0 0) reflection is high
enough only in one case. Namely, if the
arrangement of two species forming
the structure chains (“C”) and dopant
molecules (“D”) along the x-axis is not
simply alternating —-C-D-C-D-C-D-C-
as is usually assumed, but is ‘doubled’:
-C-C-D-D-C-C-D-D-C-C-. This state-
ment has been recently confirmed by
the comparison of two diffraction pat-
terns. Use of the neutron diffraction for
the powder sample with fully
deuterated PANI chains (and no
deuterated CSA molecules) obtained
the first one, by David Djurado et al.
[7]. The main feature of this data is an
enlargement of the relative intensity of
the first peak by a factor of close to ten.
The second diffraction curve was cal-
culated for our tentative model con-
structed in accordance with the as-
sumptions proposed above, but substi-
tuting two times greater scattering
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power of all atoms within the polymer
chains. As a result, we have obtained
the calculated relative intensity of the
first peak at least ten times higher,
which gives strong support for ‘dou-
bling’ the structure along the x-axis.

Unfortunately, we are not yet able to
present the final version of the struc-
ture model of PANI/CSA system. The
crucial problem that we encountered
is related to the apparent disagree-
ment between two important state-
ments. The first one is the requirement
that the unit cell angles should not be
significantly acute, which is implied
from our surface diffraction data. The
second is the value of the unit cell
volume as calculated for assumed lat-
tice constants determined from the
interplanar distances observed.
Strictly speaking, the calculated unit
cell volume is too small, which leads
to the overestimation of the density of
the system . It is possible that one of
the main diffraction reflections dis-
cussed above is not related to the main
axis of the crystal lattice, but this
should be described by mixed crystal-
line indices, (1 1 0) for example. This
means that the interplanar distance
related to this reflection should not be
considered as the lattice constant. In-
tensive studies into these problems
are being continued.

a

Acknowledgements

The financial supports from the Polish State Com-
mittee for Scientific Research (KBN) for W. tuzny.
and from the EU for D.W.Breiby is acknowledged.
We are grateful to Drs. E. Barka, J. Laska, Y.
Nicolau and J. Niziot for the sample preparation,
and to Dr. 0. Bunk for invaluable experimental
support. Our fruitful discussions with David
Djurado and Michael Winokur are warmly ac-
knowledged.

References

1. D. Djurado, Y.F. Nicolau, P Rannou, W. tuzny, E.J.
Samuelsen, P Terech, M. Bee, J.L. Sauvajol, Synth.
Met., 101, 764, (1999)

2. M.J. Winokur, H. Guo, R.B. Kaner, Synth.Met., 119,

403, (2001)

E. Barika, W. tuzny, Synth. Met., 101, 715, (1999)

E. Viieg, J.Appl.Cryst., 30, 532, (1997)

C.D.G. Minto, A.S. Vaughan, Polymer, 38, 2683.

1997)

5. W tuzny, E.J. Samuelsen, D. Djurado, Y.F. Nicolau,
Synth. Met., 90, 19, (1997)

6. D. Djurado, private communication (2001)

Ao

[ Received 14.01.2003, Revieved 05.05.2003

100

The University of Bielsko-Biata

the Youngest Polish University with a Textile Faculty

Rector: Professor Marek Trombski, Ph.D., D.S.C..

Dean of the Faculty of Textile Engineering and Environment
Protection and Director of the Institute of Textiles and Polymer
Materials: Professor Stefan Boryniec, Ph.D., D.Sc.

The University of Bielsko-Biata (Akademia Techniczno-
Humanistyczna w Bielsku-Biatej) is a state university which was
gstablished by an act of the Polish Parliament of 19 July 2001. The
basis for the new university was the Bielsko-Biata Branch of the
Technical University of todz, which has been active since 1969. The
University of Bielsko-Biata is the most important technical and
humanistic university active in the Beskidian region. Young people
who have completed their education at this University go on to join the
technical and scientific staff of the textile industry, the machine
construction industry, and the automobile industry; they are active in
environmental protection, and offer their skills in questions of
organisation and management. Information Technology specialists
first graduated in 2002.

At present, there are four faculties which conduct research work and
education. These are the Faculty of Machine Construction and
Information Technology, the Faculty of Textile Engineering and
Environmental Protection (which includes also the Institute of
Textiles and Polymer Materials), the Faculty of Management and
Information Technology, and the Humanistic-Social Faculty. All the
faculties systematically update the educational study programmes to
the economical conditions, and to the current needs of the regional
and national industries. Their teaching considers modern trends in
science, technology and economy. The University of Bielsko-Biata
educates students to different levels: Master of Science degree
studies (related to the German 'Dipl. Eng.'), higher branch studies
(related to the 'bachelor' or 'engineer' degrees), post-graduate
studies, and also different specialised studies and courses. The
students can also obtain informational technology and pedagogic
education independently of their professional major subject.

University of Bielsko-Biata
Akademia Techniczno-Humanistyczna w Bielsku-Biatej
ul. Willowa 2, 43-309 Bielsko-Biata, Poland
Tel. +48 33 82-274-00; 82-292-24
Fax +48 33 815-16-10; 812-35-02
e-mail: shoryniec@ath.bielsko.pl

FIBRES & TEXTILES in Eastern Europe  January/December 2003, Vo.11. No. 5 (44)





