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methods.

Introduction

Formation of a polymer matrix in the pre-
sence of coordination metal compounds
favors creation of a new hierarchy in
structural organization of the polymer as
compared with metal free system. This
effect is caused by complex formation bet-
ween metal compound and functional
groups of the forming polymer."?! It is
known that segmented polyurethanes are
spontaneous nanostructured systems. Ana-
lysis of complexation processes occurring in
the modified polymer matrix at a molecular
level is important to evaluate their influ-
ence on macro-characteristics of the poly-
mer system.p’s]

Influence of method of metal compound
introduction in polymer (chemical grafting,
polymerization of metal containing mono-
mer, filling etc.) as well as influence of metal
ion nature and electron configuration on
host polymer structure and properties was
analyzed elsewhere.>®! To our knowledge,
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the data related to polymer systems where
metal containing modifier includes more
then one metal ion in organic environment
are absent in literature. Structure-properties
relationships of such polymers were not
investigated before. In addition, heteropo-
lyionic coordination metal complexes can
realize unexpected coordination states of
transition metal ions. That, in turn, can give
new properties to a polymer formed in their
presence.

The objective of this study was to
analyze self organization processes and
formation of nanostructures in a polymer
matrix modified with mono-, bi- and poly-
heteronuclear complexes of various sym-
metries as well as to investigate properties
of the polymer matrix.

Experimental Part

Materials

Polypropylene glycol M 1000 (PPG) was
dried under vacuum at 120 °C for 2 h. Toly-
lene diisocyanate (mixture 80/20 of 2.4
and 2,6 isomers) (TDI) was distilled under
vacuum. Trimethylolpropane (98%) (TMP)
was dried under vacuum at 40-45°C for
2-4 h.
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Transition metal B-diketonates - nickel
acetylacetonate  (Ni(acac),), chromium
acetylacetonate (Cr(acac);) and cobalt
acetylacetonate (Co(acac)s)- were dried
under vacuum. Copper ethylacetoacetate
(Cu(eacac),) has been recrystallized.

Polyheteronuclear metal complexes
of Cu(2+), Cd(2+), Zn(2+), Ni(2+) and
Co(3+), described elsewhere,”! were pro-
vided by Prof. V. Kokozay (Kiev Taras
Shevchenko University). The complexes
[CdzCu2J4(Me2Ea)4(dmsoz)], [CdzCU3Br6
(Me,Ea)4(dmsoy)], [CuZn(NCS);(Me,Ea);] -
CH;CN, [Cu,Zn(NH;)Brg(Me,Ea);] and
[CuyZny(NH;3),Bry(HDea)y]Br,, where Ea
—amino ethanol, Me,Ea — 2- dimethyl
amino ethanol and Dea — diethanolamine,
were dried under vacuum.

N,N’-Dimethylformamid (DMFA), di-
chloromethane (CH,Cl,) and 1,4-dioxane
have been distilled.

Polymerization Procedure
Synthesis of the cross-linked metal contain-
ing PU was carried out in two stages.

At the first stage the prepolymer was
synthesized by the reaction of PPG and
TDI taken in the ratio of 2:1 (Scheme 1, a).

At the second stage the prepolymer was
mixed with TMP (cross-linking agent) and
metal complex (1-5 wt %) (Scheme 1, b).
The transition metal complexes were intro-
duced into reaction mixture as solution
(0,5-107* to 5,0-10~* mol/l) in DMFA,
1,4-dioxane or dichloromethane. Reaction
was carried out at 37-60 °C for 2,5-3 h.

The PU networks were postcured for
12-24 h depending on used solvent and
metal complex. Solvent traces were with-
drawn from PU films under vacuum at
room temperature up to achievement of
constant weight.

The resulted modified PU films are
transparent and homogeneously colored
in accordance with the color of modifier
used.

Hereinafter we will use the following
designation of the PU networks analyzed:

PU-0 — metal free polyurethane;

PU-Co, PU-Cr, PU-Ni and PU-Cu - poly-
urethanes modified by 1% wt of Co(acac)s,
Cr(acac)s, Ni(acac), and Cu(eacac),, corre-
spondingly;

PU-Cu,Cd,J, PU-Cu;Cd,Br, PU-Cu,Zn-
NCS, PU'CUzanH3 and PU -CllzZIlzNHg,-
polyurethanes modified by complexes [Cd,-
CU2J4(M62E3)4(dm502)], [CdzCU3Br6(MC2-
Ea)y(dmso,)], [CuZn(NCS);(MeyEa);] -
CH;CN, [Cu,Zn(NH;)Brg(MeyEa);] and
[CuZan(NH3)2BI‘2(HD€&)4]BI2,
pondingly;

PU-Co05% and PU-Cr5% - polyurethanes
modified by 5% wt. of Co(acac)s, Cr(acac)s,
correspondingly.

corres-

Techniques

EPR-method

EPR-spectra were recorded at tempera-
ture 20°C using 3-cm radiospectrometer
PE-1306 equipped with frequency meter

(@) OH-R-H +20CN-R;-NCO ——— OCN- R;- NHC(0)-0-R-OC(O) -HN-R;-NCO

where R =( CHCH(CH;)0),, ((CH2)40), and R, = C4H3(CH;)

b) OCN-R;-NHC(O) - O -R- OC(O)-HN-R;-NCO
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Scheme 1.
Two stage synthesis of PU network.
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ChZ-54. The magnetic field was calibrated
using 2,2-diphenil-1-pycrilhydrazyl (DPPH)
(g=2,0036) and ions of Mn(2+) in MgO
matrix (g=2,0015).

Stable nitroxide radical 2,2,6,6-tetra-
methylpiperidinyl-1-oxy (TEMPO) was used
as paramagnetic spin probe (SP). Nitroxide
SP was introduced into PU films via dif-
fusion of its saturated vapor at 30°C for
2 hours with subsequent keeping at 20°C
for 24 hours.

Correlation time (r) of SP rotational
diffusion in the range of its fast motion
(107" <7 <107 s) was calculated accord-

ing[w] follows:
T=6,65AH 1)(\/ 111/l 1) — 1)
x 10710, (1)

Where AH(, ) — is width of the central
component of TEMPO EPR-spectrum, 74
and /_; - are intensities of low-field and
high-field components of the spectrum,
correspondingly.

X-ray Scattering Data

Wide-angle X-ray scattering (WAXS) pro-
files of studied samples were recorded on a
Dron-4-07 difractometer with Ni-filtered
Cu-K,, radiation and Debay-Sherer optical
scheme."!) Small-scale order parameter (d)
was estimated using Bragg’s equation:
d =nM\/2sinb,,, where 26,, is the position of
the diffuse maxima /(6,,).

Small-angle X-ray scattering (SAXS)
profiles were recorded using KPM-1 X-
ray camera.'?l X-ray measurements were
carried out using CuKa radiation and
monochromatic Ni-filter of CuKa radiation
at temperature 22 +2°C with a Schmidt
pinhole collimation.'*!

Microscopy

Scanning Electron Microscopy (SEM) has
been applied to investigate the morphology
of metal containing PU with a JEOL
JSM-5400 instrument. SEM micrographs
were obtained using 25 kV secondary
electrons. The PU samples were frozen
under liquid nitrogen and then fractured,
mounted, coated with gold/palladium on a
Balzers SCD 050 Sputer Coater.

Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Optical light transmission micro images
were obtained by means of microscope
MBC-9 with digital video eyepiece ICM532
(magnification of 100) with image proces-
sing software AMCAP and VIDCAP.

Differential Scanning Calorimetry (DSC)
Thermal transitions were obtained using
differential calorimeter Du Pont 1090
operating in temperature range from
—100 to +197°C. Heating rate was 10°
per minute.

Dielectric Relaxation Spectroscopy (DRS)
Two-electrode statistical method of con-
ductivity measurement at a direct current
was applied at 10 V.4

Complex dielectric permittivity, " =¢’ —
ie”, of disc-like specimens (diameter:
20 mm) sandwiched between gold-coated
brass electrodes was measured over the
frequency window from 10* to 10° Hz in the
temperature interval from —40 tol140°C
using dielectric spectrometer on the base on
alternating current bridge R5083 They have
been analyzed from the traditional point of
view.l'>1%1 Additional formalisms such as:
complex admittance o*, electrical modules
M* and impedances Z', Z" were used
according to formulas.

¢ =C/C,,tgd = wRC; and
=€ -tgs 2)

0" =0 +0" 0 =cd" 0" = we, 3)

M* — M/ +M”7M/

— E// (512 +5//2)7
M’ = 6//(2’:‘/2 + 6”2) (4)
7' =M")(0C,),Z" =M'/(@C,) 5)

C, and C; - are instrument and standard
capacitor capacities, o — cyclic frequency.

Results and Discussion

Complexation in Cross-linked PU Modified

by Coordination Metal Compound
Introduction of the coordination metal
compound in reaction mixture is accom-
panied with formation of numerous donor-
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Scheme 2.
Coordination junction point in the modified PU.

acceptor bonds of modifier with the
functional groups of forming polymer
(Scheme 2). The PU networks modified
with transition metal complexes contain
both chemical and coordination junctions.
Scheme 1, b shows the structure of chemical
cross-linkage in a PU network. Scheme 2
shows the possible structure of physical
(coordination) junction points of a PU
matrix in the presence of metal containing
modifiers.

EPR method was used to characterize
the state of Cu(2+) ion in copper contain-
ing modifiers. This method can give direct
information about the state of the para-
magnetic ion in generated coordination
junction points. Figure 1 illustrates the
representative EPR spectra of some copper
containing modifiers both isolated and
immobilized in PU. Electron-spin para-
meters calculated from parallel compo-
nents of EPR spectra are listen in Table 1.

According to experimental and litera-
ture datal®!7] electron-spin parameters
(g-factor and hyperfine splitting constant
HFS) as well as EPR spectrum shape are
sensitive to symmetry and nature of Cu(2+)
neighborhood. In particular, complexing
process is accompanied with monotonous
increasing of gy in the narrow area 2.29-
2.40 and reduction of the HFS constant.!'”)

The spectrum of Cu(eacac), in frozen
glassy solution exhibits narrow compo-
nents, HFS and anisotropy of g-factor
(Fig. 1, a) that indicate the Dy, or Dy,
symmetry of the Cu(eacac), chelate node.
EPR spectrum of the PU-Cu (Fig. 1, b)
also is characteristics for tetragonal copper
complexes although with broadened com-
ponents of the SHF. The calculated para-
meters of Cu(2+) in PU-Cu differ from the
parameters of the unperturbed Cu(eacac),
(see Table 1). This confirms participation of
the modifier in complex formation with the

Table 1.
Electron-spin parameters of isolated and polymer immobilized copper complexes.
System gll All -10* System gll All -10*
cm™ cm™
Cu(eacac), 2,243 192 [Cu,Zn,(NH,),Br,(HDea) ,]Br, 2,370 122
PU-Cu 2,249 150 PU-Cu,ZnNH, 2,370 132
2.300 142

")Parameters of two complexes that can be approximately resolved in the EPR spectrum of PU-CuZnNHs,.

Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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EPR - spectra of matrix isolated Cu(eacac), in chloroform-toluene at —196 °C (a); PU-Cu (b); powdered

[Cu,Zn,(NH,),Br,(HDea),|Br, (c) and PU-Cu,ZnNH, (d).

polyurethane network. Comparison of Ay
and gy values in analyzed PU systems with
model systems allows supposing preferred
interaction of Cu(eacac), with ether oxygen
of PU.

The EPR spectra of polyheteronulcear
powdered crystalline samples have aniso-
tropic shape with weakly resolved HFS due
to broadening of the component (Fig. 1, c)
and possible tetrahedral distortion of the
copper ion surrounding in the polyionic
complex. Immobilization of such com-
plexesin a PU network results in decreasing
of the EPR signal intensity (Fig. 1, d). The
most reasonable explanation for this effect
is distortion of the modifier’s symmetry
or geometry in PU-CuCd, PU-CuNiCo, and
PU-CuZn. The shape of EPR signal in PU
network modified with [Cu,Zny(NHj),-
Br,(HDe)4]Br; indicates formation of com-
plexes of various content and structure.

Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

It should be noted that appearance of
HEFS in EPR spectra of the modified PUs
indicates amorphous character of the solid
matrix.

Analyzing polymer system using nitr-
oxide SP (TEMPO in our case) we used the
dependence of EPR spectrum of the probe
on its rotational and translational mobility
in polymer. The last characteristics in turn
are determined by structure and mobility of
polymer matrix surrounding the probe. In
PU matrices that contain Cu®>*, Ni>*, Zn>",
Cr*t, Co®t, Cd®* ions EPR spectra of SP
are of complex structure and have asym-
metric shape (Figure 2, b—c). In all of the
spectra occurs essential increasing of cen-
tral component and broadening of all
components in comparison with its spec-
trum in homogeneous glycerin matrix. The
peculiarities observed are most likely the
result of signal superposition of fast” and
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EPR - spectra of nitroxide SP in glycerin (a), PU-0 (b) and PU-Cu (c).

“slow” probes that are introduced into
polymer regions with different mobility.

As it can be seen from the Table 2, tri-
and bivalent metal B-diketonates influence
rotational mobility of spin probe in the
opposite direction:

TPU-Cr = TPU—-Co > TPU-0 > TPU—Cu
> TPU-Ni

It should be noted that there is no cor-
relation in obtained 7 values of polyhetero-
nuclear complexes with exception of most
noticeable changes as compared with PU-0.

Morphology of PU Networks Modified by

1% wt of Transition Metal $-Diketonate
Figure 3 shows the WAXS curves and
SAXS profiles of metal free PU and PU
modified by Co(acac);, Cr(acac)s, Ni(a-
cac), and Cu(eacac),.

Table 2.
Nitroxide SP correlation time.

WAXS diagrams of PU-Co and PU-Cr
demonstrate two diffuse maxima at 26 ~
19.7° (primary) and 26 ~ 11.9° or 26 ~12.7°
(secondary) (marked with arrows in Fig. 3,
a). The secondary diffraction maximum is
absent on WAXS diagrams of PU modified
with bivalent metal B-diketonates. The
existence of a main asymmetric diffuse
maximum on WAXS- profiles of the PUs
with angular position (26m) and small-scale
order parameter of 0.44 nm shows that PUs
matrices are amorphous. The secondary
diffuse maximum is characteristic for the
larger average distance between atomic
layers in PU matrices as compared with the
main maximum (see Table 3).

Modified PUs have microheterogeneous
structure typical for segmented polyur-
ethane!'! that are nanostructured systems
themselves The intensity maximum on
SAXS-profiles of these systems (Figure 3,

System PU-0 PU -Cu PU -Ni PU -Cr PU -Co
710"

sec 48 42 50 49 43
System PU -Cr5% PU -Co5% PU - CuCd PU -CuZn PU - CuNiCo
710"

sec 50 49 45 32 51

Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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X-ray scattering data: WAXS profiles of PUs (1) where PU-0 (a), PU-Cu (b), PU-Ni (c), PU-Cr (d), PU-Co (f) and SAXS
profiles of PUs (2) where PU-Cr (a), PU-Co (b), PU-0 (c), PU-Cu (d).

b) suggests the existence of changeover
period of uniform electronic density scat-
tering elements and areas of uniform distri-
bution of hard and flexible blocks of PU
chain. Table 4

The position of the scattering intensity
maxima as well as the obtained D values of
PUs are inverse for tri- and bivalent metal
B-diketonate modifiers and can be arranged
as follows:

Dpy_cu = Dpu-ni > Dpu-0 > Dpu-_co

~ Dpy_c.

These results correlate with EPR data
where a similar arrangement was con-
structed for mono ionic modifiers.

Table 3.

Morphology of PU Networks Modified by
5% Trivalent Transition Metal
B-diketonates
Increasing of metal chelate concentration in
PU matrix reveals the phenomenon of
saturation of coordination-able sites in the
PU matrix. The saturation results in forma-
tion of Co(acac); and Cr(acac); enriched
micro-regions in the amorphous PU matrix
and segregation of the micro crystals. We can
see several groups of discrete diffraction
maxima that appear on WAXS diagram of
PU-Co05% and PU-Cr5% (Figure 4).
Positions of the discrete diffraction max-
ima on PU-Co5% and PU-Cr5% WAXS
diagrams coincide with the positions of the
secondary diffuse maxima on the PU-Co
and PU-Cr diagrams, respectively. Taking

Table 4.
WAXS-data for PUs. SAXS data for PUs.
System Characteristics of diffuse maxima system PU-Cu PU-Ni PU-0 PU-Cr PU-Co
The main The a)
secondary Gm _ 1.48 1.54 1.65 1.90 2.01
nm
260 d 260 d L p® 4.2 41 3.8 33 3.1
degree nm degree nm nm nm
PU-Cu 19.7 0.44 - - —  ? The q value at maximum intensity of (gy).
PU-Ni 19.7 0.44 — — — % Bragg’s period of uniform electronic density scat-
PU-Cr 19.7 0.44 1.9 074 37 tering elements D=2n/q, where q,=(47/
PU-Co 19.7 0.44 12.7 0.69 3.0 A)sin6,,.

Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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X-ray data for PUs modified by 5% trivalent metal 3-diketonates: WAXS difractograms (1): PU-C05%(CH,CL,) (a),
PU-C05%(DMFA) (b), PU-Co(DMFA) (c), PU-Cr-5%(CH,Cl,) (d), PU-Cr5%(DMFA) (f), PU-CF(DMFA) (g). SAXS
profiles (2): PU-Co (a), PU-C05% (b), PU-Cr (c), PU-Cr5% (d), PU-o (f).

into account that result, we can suppose
that even in the presence of small amounts
of the trivalent metal B-diketonate in PU
there can form micro areas enriched with
the modifier (possible nucleation sites).
Using WAXS secondary maxima charac-
teristics and Scherrer’s formula L=kx/
(Bcosh,,)'¥ dimension of the aggregates
could be estimated. Here X-ray wavelength
A=1.54 A, kis the shape factor assigned to
0.9, Lis the average diameter of the crystals
in angstroms, 6,, is the Bragg’s angle in
degrees, and g is the half-width of angle
diffraction in radians. The value of L is
equal to3.0 nm for PU-Co and it is equal
3.7 nm for PU-Cr. It still allow polyur-
ethane matrix to remain amorphous.

The SAXS data that characterize
PU-5%Co are similar to characteristics of
metal free PU, whereas PU-5%Cr gives
SAXS profile without maximum. Presence
of 5% wt of trivalent metal complex in the
reaction mixture leads to decreasing of the
SAXS intensity I(g,) and shift of ¢, to
smaller values (Figure 4 part 2) as com-
pared with PU-Co and PU Cr. Segregation
of the micro crystals has been also fixed by
SEM and transmission optical micro images
illustrated on Figure 5.

Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In addition the SEM images of metal-
containing PUs demonstrate the presence
in the films of various heterogeneities with
10 to 100 nm linear dimensions as well as
heterogeneities with 10 to100 pm linear
dimensions. The images reveal both sphe-
rical species homogeneously dispersed in
amorphous phase and segregation of the
crystals (Fig. 5, a-b) in PU-Cr5%. As it can
be seen from Figure 5, b such crystals are
built of small spherical and ellipsoidal
species.

Morphology of PU Networks, Modified by
Polyheteronuclear Complexes

PU matrices modified by. polyheteronuc-
lear metal complexes are amorphous. Only
one asymmetrical diffusion maximum with
20, ~ 19,5 is present on WAXS difracto-
grams of the systems (Figure 6). However
according to SAXS data microhetero-
geneity of the PUs changes essentially.
Introduction of polyheteronuclear com-
plexes is accompanied by increasing of
both the period D and heterogeneity range.
In addition we can see significant increase
of intensity of scattering in a region from 0.1
up to 0.6 nm (Figure 6 and Table 5).

www.ms-journal.de
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Figure 5.

(d)

SEM-images of cryogenic cross-fractured surface of PU-Cr5%: magnification of 100 (a) and magnification of 500
(b); Optical micro images of PU-Cr5% (c) and PU-Co5% (d).

Microphase separation appears sensi-
tive to polyheteronuclear modifier structure.
Maxima on SAXS-profiles were detected for
PU-Cu,ZnBr and PU-CuNiCoH,O samples
whereas SAXS-profiles were detected for
PU-Cu,ZnBr and PU-CuNiCoH,O samples
whereas for PU-Cd,Cu;Br and PU
-CuNiCoNCS such maxima are absent
(Figure 7).

Dielectric Properties

Measurement of direct current conductivity
of modified PUs using two-electrode me-
thod shows the drastic change of the

Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

characteristic (from insulation to semi-
conductance) depending on metal ion
content in modifiers (Table 6). It should
be noted that introduction of 1% wt of
metal complex into PU is equivalent to
introduction of ~0.05% wt of metal ion.
That fact and coordination immobilization
of the modifiers in polymer makes unlikely
increasing of the conductivity level due to
the metal compound conductive properties.

Analysis of complex dielectric permit-
tivity as well as complex admittance o”,
electrical modules M* and impedances 7/,
Z" allows to test character and nature of the
conductivity.

www.ms-journal.de
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WAXS difractograms (1) PU- o (a), PU-Cu (b), PU-Cu3Cd2Br (c), PU- Cu,ZnBr (d), PU-CuNiCoH,O (f),
PU-CuNiCoNCS (g). SAXS profiles (2) of PU- o (a), PU-CuNiCoNCS (b), PU-CuNiCoH,O (c), PU-Cd,Cu,Br (d),

PU-Cu,ZnBr (f).

Figure 7 illustrates obtained DRS depen-
dences. Calculated conductivity values are
listed in the Table 6.

Only conductivity relaxation is obvious
in the frequency window of 10°~10° Hz on
the frequency and temperature depen-
dences of ¢”and M” for polyheteronulcear
modifiers (e.g. PU-Cu,ZnNCS).

On the contrary, two dispersion regions
are present on the ¢”(f) and M"(f) depen-
dencies for PU-0 - both the conductivity
relaxation and the dipole relaxation. We
can made such a conclusion based on the
absence of maxima on the ¢’(f) dependen-
cies (Fig. 7, b) and appearance of the
maxima on M’(f) dependencies for
PU-Cu,ZnNCS (Fig. 7, ¢). For PU-0 &"(f)
dependence has at 60°C non-monotone
character (Fig. 7, a). According to!">1®! such
behavior is stipulated by two processes:
conductivity relaxation in low-frequency

Table 5.
SAXS data of PUs.

System PU-0 PU-Cu PU-Cu,ZnBr PU- CuNiCoH,0

qm

nm™' 165 148 1.04 0.68
b

nm 38 4.2 6.0 9.2

Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

range and dipole relaxation
frequency range.

M"(f) dependencies have well defined
maxima in temperature region of 20 to
80°C. According to!'® these maxima cor-
respond to conductivity relaxation. Increas-
ing of temperature is accompanied with
shift of conductivity relaxation maxima to
higher frequencies (Figure 7-c). Electrical
module spectra and ¢'(f) and &¢”"(f) depen-
dencies indicate increased mobility of the
modified PUs.

Constant ¢’ values in a high-frequency
region corresponds to direct current con-
ductivity o4.?°! (Figure 7-d). As it can be
seen, o4, grows with increasing of tempera-
ture. The effect is characteristic to mechan-
ism of ionic conductivity. The metal ion
participation as current carrier is unlikely
because to small amounts of metal ion in
the modified PUs and immobilization of
the modifiers in polymer matrix. A lot
of protons presented in PU matrix and
observed increasing of polymer chain
mobility in modified PUs allows us to
suppose proton participation in the process
of charge transport.

Calculated at various temperatures
values of o4, are given in the Table 6.
The DRS data correlate with two-electrode
measurements.

in high-

www.ms-journal.de
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Table 6.
PUs conductivity at a direct current.

System Solvent O4c
Sm/cm
Temperatures
°c
20 40 80
PU-0 DMFA 1.5-10" "
PU-0 CH,Cl, — — 4.7 x107"°
PU-CuCoNiH,0 DMFA 3261072 — —
®h6.107°
PU-CuCoNiNCS DMFA A33.1077 —
®h3.1079 g4 x 1078
PU-Cu,ZnNCS DMFA 2.5-10° 3% 107° b5 5 % 1077
PU-Cu,ZnNCS CH,Cl, — b7 3% 1077 5 x 1077
PU-Cu,ZnNCS 1,4-dioxane — ®)3.0x107° g6 x 107°
PU-Cu,ZnNH, DMFA Y0.6-10°° - —
PU-Cu,ZnBr DMFA 81077 — -
PU-Cd,Cu,Br DMFA A38.1071° — —
PU-Cucdl DMFA 340107 — —

2 o 4c measured using two-electrode method.

Y &y measured using complex electric resistance data a4 = d/(AR4.) and 2”(Z') isotherms (Cole-Cole diagram).

Experimental dependences of logogc vs
1/T are non-Arrenius both for PU-0 and
metal containing PUs. It fit the theoretical
curves of Fogel-Tamman-Fulcher (FTF)
equation o4, = ooexp(-B/(T-T,) (Figure 7,
g) indicating influence of the PUs free
volume on charge transport. The results
obtained give evidence of significant influ-
ence of structural organization in the
modified PU on conductivity level.

Noticeable change of o4, for the same
metal-modified PU obtained using solvents
with different complexing ability gives
additional argument for influence of local
complexation on processes of charge trans-
fer in modified PUs. In some cases o4
changes due to solvent replacement are
greater than o4, changes due to metal
compound replacement (Table 6, Fig. 7, g).

Presence of additional complexing agent
in reaction mixture interferes in the struc-
turing process via parallel competitive
complexation with modifier and/or polyur-
ethane. Some of the possible complexes of
solvent and modifier are illustrated below:

DSC measurements data are illustrated
in Figure 8. They give a number of
correlations with experimental results dis-
cussed in previous sections.

Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Decreasing of glass-transition tempera-
ture of PUs modified by polyheteronuclear
complexes indicates the increasing of poly-
mer chain mobility in the modified PUs and
correlate with DRS data. Moreover, the
correlation could be found between the
value of particular PU d.c. conductivity and
corresponding decreasing of T, (see
Table 6 and Fig. 8, b).

Furthermore, tri- and bivalent metal
B-diketonates cause opposite changes of
T,. Glass-transition temperatures of the
modified PUs can be arranged as follows
(Fig. 8, a):

Typu-cu) < Tgpu—ni) < Tygpu-o)

~ Typu—co) < Tgrpu-—cr)

These results correlate with EPR and
DRS data where a similar arrangement
was constructed for the same mono ionic
modifiers.

Conclusion
Mono- and polyheteronuclear metal com-
plexes were in situ immobilized in polymer

system based on cross-linked polyurethane.

www.ms-journal.de
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Possible coordination of various solvents in the modified PU For PU-Cu,ZnNCS in the whole temperature region
conductivity values can be arranged as follows: o4 (DMFA) > 0 4c(CH,CL,) > 074 (1,4-dioxane).

Obtained systems contain nanoscale struc- Dielectric relaxation spectroscopy and
tures both organic self-similar microheter- static two-electrode method demonstrate
ogeneities typical for segmented PU increasing of some of the PUs ionic
and metal-containing coordination junction conductivity to semi-conducting level.
points. The later contain one or several metal ~ According to DRS, EPR and DSC data
ions in organic environment. Nanoscale the phenomenon observed is caused by
dimensions of these aggregates were demon-  the polymer structuring and increasing of
strated by X-ray data and SEM microscopy. macrochain mobility in the presence of
The relationship was found between mod- modifiers. The supposition can be made
ified PUs structure and spatial symmetry of about participation of the modified poly-
coordination sites. The saturation of PU with  urethane protons in charge transfer pro-

trivalent metal B-diketonate was detected. cess.
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Figure 8.
Glass-transition temperatures of an oligoether component of PUs: modified by metal 3-diketonate (a), modified
by polyheteronuclear complex (b).
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These semi-conductive relatively ther-
mostable (up to 150°C) and flexible poly-
urethanes could be of interest as inexpen-
sive high-temperature proton-conducting
membranes and as charge dissipative mate-
rial in electronic devices.

Both synthesis and analysis of structuring
in the polymer systems with in siru formed
nano-scale organic and inorganic microhe-
terogeneities are of interest for design of new
bottom up nanostructured polymer systems.
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