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ABSTRACT: Soluble, easily processable polymer—metal complexes with improved optical and dielectric properties for optoelectronic
functional materials were obtained. For this, a new polyazomethine (PAZ2) was prepared by the reaction of a siloxane dialdehyde
and bis(formyl-p-phenoxymethyl) tetramethyldisiloxane with 2,5-bis(p-aminophenyl)-1,3,4-oxadiazole, and it was used as a ligand for
Cu(II), Co(Il), and Zn(II) ions on the basis of the presence of the electron-donor nitrogen atoms from the azomethine group and
oxadiazole ring. The structure of the PAZ2 was determined by spectral [Fourier transform infrared (FTIR) and 'H-NMR spectros-
copy] techniques. The metal complexation was proven by FTIR spectroscopy, and the silicon-to-metal ratios in the complexes were
established by energy-dispersive X-ray fluorescence. The new materials were characterized by gel permeation chromatography, ther-
mogravimetric analysis, and differential scanning calorimetry. The optical properties of PAZ2 and the derived metal complexes were
studied by ultraviolet—visible and fluorescence spectroscopies. PAZ2 shows fluorescence emission, and it was significantly enhanced by
metal complexation. The emission was enhanced by protonation; this behavior is useful, especially for sensors. The electrical proper-
ties were investigated by dielectric spectroscopy at various frequencies and temperatures, and this emphasized the existence of dipolar

relaxations. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41631.
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INTRODUCTION

Polymeric metal complexes consist of metal centers in well-
defined macromolecular environments. This is a growing field
in the quest for synthetic materials with new properties derived
from those of the individual organic and metal components.
Thus, such polymers may be easily processable and have useful
redox, catalytic, electrical, magnetic, and optical properties or
may serve as precursors to novel ceramics.' > There are several
synthetic routes to these materials. In general, the methods
include the complexation between a ligand group anchored on
a polymer matrix and a metal ion,* the reaction of a multifunc-
tional ligand with a metal ion, and the polymerization of metal-
containing monomers.”"?

Among the different kinds of polymers, polyazomethines, also
known as polyimines or Schiff-base polymers, have become an
interesting class of polymers; they are useful as macromolecular
ligands that coordinate to metal ions via an azomethine nitro-
gen.'” The interest in this type of materials is due to their good
properties: thermal, conducting, biological activity, fiber-forming,

liquid-crystalline, and nonlinear optical properties,'*'> which are
useful for various application fields."”> Polyazomethines (PAZs)
also have the advantage of easy preparation in mild reaction con-
ditions. The only byproduct is water, and the purification of the
reaction product is relatively simple.'®

PAZs are prepared by the polycondensation of diamino and
dicarbonyl compounds to give high-molecular-weight polymers.'®
In general, these derivatives are aromatic components; the PAZs
thus become an attractive class of high-performance poly-
mers.'”'® However, the rigidity of the PAZs and derived metal
complexes causes high melting points and poor solubility in
organic solvents; this limits their practical applications in various
fields. To lower the transition temperatures and to improve their
solubility, several methods have been used; these include the
introduction of alkyl or alkoxy groups in the ortho position of
the aromatic ring or the inclusion of flexible aliphatic spacers
between the main-chain aromatic rings.'*'>'*?° Various modified
PAZs, such as poly(azomethine ester)s, poly(azomethine—ether)s,
poly(azomethine—carbonate)s, poly(amide—azomethine-ester)s,

Additional Supporting Information may be found in the online version of this article.
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poly(acrylate—azomethine)s, thermosetting PAZs, poly(azome-
thine-sulfone)s, and poly(azomethine—ether—sulfone)s, were also
synthesized to reduce the melting temperature, improve the solu-
bility, and promote specific properties, such as mesomor-
phism.'”*® The inclusion of PAZ2s in rotaxane architecture is
another strategy used to improve their processability.”! Siloxane
moieties have also been used as flexible spacers; often, poly(silox-
ane—azomethine)s exhibit liquid-crystalline behavior.”*°

Some time ago, we began to prepare different PAZs and derived
metal complexes with at least a siloxane-based component (either
carbonyl or amine).»'®>!""?>263173% We recently reported™ the
synthesis of new dialdehyde-containing dimethyl silane units,
bis(formyl-p-phenoxymethyl) dimethyl silane, and its use in the
preparation of PAZs. Here, we report the condensation of another
new dialdehyde-containing, highly flexible tetramethyldisiloxane
fragment, bis(formyl-p-phenoxymethyl) tetramethyldisiloxane,**
with 2,5-bis(p-aminophenyl)-1,3,4-oxadiazole, as a photoactive
component.**® The resulting polyazomethine (PAZ2) was used
as a ligand to coordinate Co, Cu, and Zn ions. The thermal, opti-
cal, and dielectric properties were investigated both for the ligand
and the derived metal complexes.

EXPERIMENTAL

Materials

Bis(formyl-p-phenoxymethyl) tetramethyldisiloxane® and 2,5-
bis(p-aminophenyl)-1,3,4-oxadiazole’>***”™** were prepared and
characterized according to published procedures.

Copper chloride dihydrate (CuCl,-2H,O, purity > 98%), cobalt
chloride hexahydrate (CoCl,-6H,0, purity >98%), and zinc
chloride (ZnCl,, anhydrous, purity =99.99%) were purchased
from Sigma-Aldrich.

The solvents methanol, ethanol, dimethyl sulfoxide (DMSO),
dimethylformamide (DMF), petroleum ether, and chloroform
(Chemical Co.) were used as received.

Methods

Fourier transform infrared (FTIR) spectra were recorded with a
Bruker Vertex 70 FTIR spectrometer in transmission mode in
the range 400-4000 cm ™' at room temperature with a resolu-
tion of 2 cm ™" and an accumulation of 32 scans.

Far-IR (FIR) spectra were recorded with a Bruker Vertex 70 FTIR
spectrometer equipped with a FIR source, a CsI beam splitter, and
a standard DLaTGS (standard deuterated r-alanine doped trigly-
cine sulfate) detector. The spectra were obtained in transmission
mode in the range 180-700 cm ™' at room temperature with a
resolution of 2 cm™ ' and an accumulation of 64 scans.

The 'H-NMR spectra were acquired in hexadeuterated dimethyl
sulfoxide (DMSO-dg) at 25°C with a Bruker Avance DRX 400
MHz spectrometer operating at 400.13 MHz for "H. The spec-
trometer was equipped with a 5-mm four nuclei and a direct-
detection z-gradient probe head. The chemical shifts are
reported in parts per million (ppm) and are referenced to
DMSO 6 'H =2.51 ppm.

Gel permeation chromatography (GPC) measurements were
done with a PL-EMD 950 evaporative mass detector instrument.
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Calibration was done with polystyrene with molecular weights
of 3,150,000 to 580 Da as standards, and DMF (1% solution)
was used as the solvent (elution rate = 1 mL/min.)

The presence and ratio of metal and Si were evidenced with an
energy-dispersive X-ray fluorescence (XRF) system (EX-2600
X-Calibur SDD).

Thermogravimetric (TG) measurements were conducted on an
STA 449 F1 Jupiter device (Netzsch, Germany). About 10 mg of
each sample was weighed and heated in alumina crucibles.
Nitrogen was purged as an inert atmosphere at a flow rate of
50 mL/min. The samples were heated in the temperature range
30-900°C at a rate of 10°C/min. Differential scanning calorime-
try (DSC) measurements were performed on a DSC 200 F3
Maia device (Netzsch, Germany). An amount of 10 mg of each
sample was heated in pressed and pierced aluminum crucibles
at a heating rate of 10°C/min. The cooling rate was also 10°C/
min. Nitrogen was used as an inert atmosphere at a flow rate of
50 mL/min. The temperature against heat flow was recorded.
We obtained the baseline by scanning the temperature domain
of the experiments with an empty pan. The temperature and
sensitivity calibrations were performed with five different metals
at various heating rates according to standard procedures.

The electronic absorption spectra were measured with an Analy-
tik Jena SPECORD 200 spectrophotometer in a 10-mm optical
path quartz cells fitted with polytetrafluoroethylene stoppers.
Fluorescence spectra were obtained with a PerkinElmer LS55
luminescence spectrometer in solution or in the solid state.

The dielectric measurements were performed with a Novocon-
trol broadband dielectric spectrometer Concept 40. The samples
compressed at 10 t/cm’® at room temperature to form pellets
with a diameter of 13 mm and a thickness of 0.5 mm were
placed between gold-plated round electrodes. We recorded the
data isothermally by sweeping the frequency from 10 to 10° Hz
at every 5°C interval in the range from —120 to 50°C. The tem-
perature was controlled with a 0.1°C stability by a Novocontrol
Quatro Cryosystem in a dry nitrogen atmosphere.

Procedure

Synthesis of PAZ2. In a 50-mL round-bottom flask fitted with a
magnetic stirrer, reflux condenser, and CaCl, tube, a 2,5-bis(p-
aminophenyl)-1,3,4-oxadiazole (0.252 g, 1 mmol) solution in
DMF (5 mL) was introduced. To this solution, bis(formyl-p-
phenoxymethyl) tetramethyldisiloxane (0.404 g, 1 mmol)
dissolved in CHCIl; (5 mL) was added, and the mixture was
heated to reflux for 8 h; then, it was poured in 30 mL of distilled
water. An orange precipitate immediately formed. This was
separated by filtration, successively extracted with petroleum
ether and ethanol, and dried in vacuo at 80°C for 24 h.

IR (KBr), vpa cm ' 3451vw, 3368vw, 3219vw, 3067vw,
3040vw, 3001vw, 2959w, 2883w, 2837vw, 1682w, 1626m, 1595vs,
1572vs, 1508s, 1483s, 1443m, 1416s, 1385m, 1369w, 1304m,
1290m, 1254s, 1198m, 1161vs, 1063s, 1034s, 1011s, 962m, 887w,
843s, 804s, 748m, 721m, 708m, 683m, 648w. Far-IR [v (KBr,
cm D] 631vw, 606vw, 571m, 544s, 444vw, 399vw, 388w,
365vw, 341w, 330w, 253w, 230m, 216vs, 198s, 189m. "H-NMR
(DMSO-dg, 400.13 MHz, 6, ppm): 8.62 (—CH=N—), 8.56
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Scheme 1. Synthetic routes for the preparation of (a) PAZ2 and (b) its
metal complexes. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

(—CH=N—), 8.15-6.71 (aromatic protons from diamine and
dialdehyde), 3.87-3.68 (—CH,—), 0.24-0.07 (—Si—CHj). GPC
results: number-average molecular weight (M,) =4350 g/mol,
Polydispersity index (PDI)= Weight-average molecular weight
(M,)IM, = 1.6

Synthesis of PAZ2-M, where M = Cu (PAZ2-Cu), Co (PAZ2-Co),
or Zn (PAZ2-Zn). PAZ2-Cu 2,5-Bis(p-aminophenyl) —1,3,4-oxa-
diazole (0.252 g, 1 mmol) in DMF (5 mL) was added to a solu-
tion of bis(formyl-p-phenoxymethyl) tetramethyldisiloxane
(0.404 g, 1 mmol) dissolved in CHCl; (5 mL), and the mixture
was stirred to reflux for 8 h. The resulting polymer solution was
then added stepwise to a solution of CuCl,-2H,O (0.682 g, 4
mmol) in a methanol/CHCI; solvent mixture (5 mL). The color
changed to dark green. A few drops of triethylamine were added
to the solution, and the mixture was heated at 60°C for 2 h.
After the evaporation of the solvents at room temperature, the
resulting dark green crystalline powder was thoroughly washed
with water and dried under high vacuum.

IR (KBr), vmao cm % 3308w, 3225w, 3119w, 3069w, 2959w,
2899vw, 1686s, 1649s, 1599vs, 1578s, 1506s, 1495s, 1435m,
1416m, 1385m, 1371m, 1302m, 1292m, 1258s, 1173s, 1159s,
1067s, 1040s, 964m, 841vs, 804s, 744m, 721w, 704m, 683m,

Table I. FTIR Analysis Results for the PAZ2 and the Derived Metal Complexes
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650w, 635w. Far-IR (v, KBr, cm™'): 608s, 559s, 538s, 515s,
424w, 399w, 370w, 330w, 299m, 280m, 243vs, 235vs, 231vs,
226s, 216vs. XRF: Cu/Si molar ratio=1:2. GPC results:
M, = 5350 g/mol, PDI = M, /M, = 1.1.

The same methods were applied to obtain PAZ2—-Co and PAZ2-
Zn.

PAZ2-Co was obtained similarly, as a green powder.

IR (KBr), Vpaw cm i 3549s, 3412s, 2959w, 1651s, 1599vs,
1508s, 1495s, 1437m, 1414m, 1383m, 1375m, 1342w, 1306m,
1258s, 1171s, 1036s, 1013s, 841s, 804s, 744m, 723m, 702m,
650w. Far-IR (v, KBr, cm'): 638m, 625w, 608m, 567,
534vs, 517vs, 413m, 363m, 326m, 303m. XRF: Co/Si molar
ratio = 1:1. GPC results: M,, = 3050 g/mol, PDI= M, /M, = 1.1.

PAZ2-Zn was obtained similarly, as an orange—yellow powder.

IR (KBr), Vimao cm 5 3443w, 3354w, 3223vw, 2959m, 2934w,
2839vw, 1655vs, 1597vs, 1574vs, 1508s, 1493s, 1437m, 1418m,
1383s, 1304m, 1292m, 1254s, 1167s, 1034s, 964m, 883w, 837vs,
802s, 748m, 72lm, 706m, 689m, 650w. Far-IR (V.. KBr,
cmfl): 608w, 571w, 546m, 513w, 426vw, 384w, 332w, 299vw,
226m, 214vs. XRF: Zn/Si molar ratio=1:2. GPC results:
M,, = 2800 g/mol, PDI = M, /M, = 1.1.

RESULTS AND DISCUSSION

Synthesis and Characterization of the New Compounds
Bis(formyl-p-phenoxymethyl) tetramethyldisiloxane prepared
according to our previously established procedure®® was reacted
with 2,5-bis(p-aminophenyl)-1,3,4-oxadiazole in a 1:1 molar
ratio in a CHCI3/DMF solvent mixture to obtain the corre-
sponding PAZ2 [Scheme 1(a)]. The dialdehyde contained a
highly flexible tetramethyldisiloxane segment, which was
expected to induce increased solubility, whereas the diamine
was chosen as a photoactive component.y‘_36

The formation of PAZ2 was initially verified by FTIR spectros-
copy (Figure 1S, Supporting Information), and the main data of
the spectra are summarized in Table I. The structure was con-
firmed by the disappearance of the specific absorption bands of

Wave number (cm™4)
C=N C=C Oxadiazole
Sample CH=N (imidazole ring) (aromatic) — CH>—0—Ar— Si—0—Si Si—CHs3 ring M—N
PAZ2 1626 1595 1572, 1034 1063 1254, 962, 1011, =
843 804 1098 (sh)?
PAZ2-Cu 1649 1599 1578, 1040 1067 1258, 964, 424,
841 804 1013 (sh)? 370
PAZ2-Co 1651 1599 1572 (sh),2 1036 1068 1258, 963 (sh),? 413
841 (sh)? 804 1013
PAZ2-Zn 1655 1597 1574, 1034 1063 1254, 964, 417
837 (sh)? 802 1013 (sh)? (sh),®
384

@ Spectral details visible in the IR spectra are provided in the Supporting Information (Figures 3S-7S).
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Figure 1. TGA curves for PAZ2 and PAZ2-metal complexes. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

the carbonyl and amine groups around 1690 ¢cm™' (carbonyl)

and 3321 and 3202 cm~' (primary amine groups), respectively,
and the presence of the characteristic band at 1626 cm™' for
newly formed imine groups.

The '"H-NMR spectrum of PAZ2 (Figure 2S, Supporting Infor-
mation) revealed the presence of the following signals: 8.56—
8.62 ppm (—CH=N—), 6.71-8.15 ppm (protons from aro-
matic rings derived from the two comonomers), 3.70-3.87
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—CH,—:H aromatic/—CH=N— = 6:2:8:1, confirmed the pre-
sumed structure.

The reaction product was partly soluble in CHCl; and com-
pletely soluble in polar solvents, such as DMF and DMSO. The
solubility was especially due to the flexible tetramethyldisiloxane
units*® and the presence of kinking etheric functions'® and het-

erocyclic units that disrupted the packaging chain.*>*!

GPC measurements in DMF revealed a unimodal curve and
permitted us to estimate the molecular mass values, which were
M, = 4350 g/mol, M,, = 6960 g/mol, and PDI = 1.6.

The presence of nitrogen atoms in the azomethine and oxadia-
zole groups provided us with the possibility of preparing metal
complexes through the treatment of the obtained PAZ2 with
transition metals. Copper, cobalt, and zinc salts were used to
this aim. Two strategies could be used for the synthesis of metal
complexes of the PAZ2. One of them is the stepwise synthesis,
including the preparation of Schiff bases, separation, and full
characterization followed by their utilization as ligands for coor-
dination to metal ions. The other one was the assembly of the
Schiff-base ligands from the starting materials in the presence of
metal ions (in situ or with the template methodology). In this
study, we used a modified two-step procedure, where the PAZ2
was prepared and added directly (without being isolated) over
the metallic salt solution. The complexation reaction was led
with a high salt excess in the presence of triethylamine in a 1:1
v/v CH3;OH/CHCI; solvent mixture [Scheme 1(b)].

The accomplishment of the complexation reactions was initially
proven by modifications that appeared in the FTIR spectra (Fig-

ppm (—CH,—O—), and 0.07-0.24 ppm (Si—CHj;). The ures 35-5S, Supporting Information). The absorption band at
presence of these signals and their intensity ratios, —CHs/ 1626 c¢cm * assigned to the CH=N group in PAZ2 shifted to
Table II. Main Parameters of the Thermograms
T(C)

Decomposition Weight Residue,
Compound stage Ton Tinax Tofs loss (%)? at 900°C (%)
PAZ2 | 345 388 464 31.97 46.12

I 464 497 800 21.90
PAZ2-Cu | 30 133 187 13.00 4587

I 187 204 250 4.99

Il 250 256 365 11.50

\Y 365 390 413 7.37

Vv 413 499 800 17.20
PAZ2-Co | 30 79 154 13.95 47.32

I 154 332 353 16.94

1l 353 548 800 21.36
PAZ2-Zn | 30 142 152 10.33 39.43

I 152 225 363 20.16

1] 363 389 407 6.87

\Y, 407 565 800 22.76

Ton, temperature of thermal degradation onset; Ty temperature corresponding to the maximum rate of decomposition for each stage evaluated from

the peaks of DTG curves; Tof, final thermal degradation temperature.
2Weight loss corresponding to the Tax values.
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Figure 2. DSC curves for PAZ2 and its metal complexes.

higher wave numbers by 25-35 cm™ ' in the metal complexes

(Table I and Figure 3S, Supporting Information), and this indi-
cated the participation of the azomethine nitrogen atoms in the
complexation reaction.*>™*>

In the far-IR region, the characteristic vibrations for the newly
created M—N coordination bonds can be seen at 424 and
370 cm~ ! (Cu—N), 413 cm~ ! (Co—N), and 384 and 417 cm ™!
(Zn—N)*648 (Figure 6S, Supporting Information). In addition,
those assigned to M—Cl (330 and 243 cm™ ' for PAZ2—Cu, 326
and 303 cm ™! for PAZ2—Co, and 332 cm ! for PAZ2-Zn; Fig-
ure 8S, Supporting Information) were observed.

Analysis by XRF revealed different M/Si molar ratios in the
three complexes: Cu/Si = 1:2, Co/Si = 1:1, and Zn/Si = 1:2. This
difference was attributed to the different affinities of the three
metals for the ligating groups and their coordination pattern.

Evaluation of the Properties

Thermal Behavior. The thermostabilities of the PAZ2 and its
metal complexes were evaluated by thermogravimetric
analysis (TGA) in a nitrogen atmosphere; the TGA and
derivative thermogravimetric (DTG) curves are comparatively
presented in Figures 1 and 8S (Supporting Information).
Some characteristics extracted from these curves are pre-

sented in Table II.
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As shown, PAZ2 had a good thermal stability, with its decom-
position starting around 345°C. This could have been due to
the presence of p-substituted phenylene rings, which are known
for their thermal stability,*” but also to the presence of nonco-
valent interactions: interchain hydrogen bonds between azome-
thine linkages (—HC=N—) and oxygen atoms from oxadiazole
rings and 7m—n stacking interactions between aromatic rings. Its
thermal decomposition occurred in two steps. According to the
literature,”>*° the azomethine groups were broken first;° this
was followed by the degradation of the ether linkage and p-sub-
stituted phenylene rings.** The decomposition of the metal
complexes began very early, at much lower temperatures than
that corresponding to PAZ2, and is more complicated (Table
II). The first stage of degradation was observed between 30 and
200°C. This may have been due to the loss of residual solvent
and coordinated water molecules. After 200°C, a gradual mass
loss was observed in the following stages of degradation when
the breaking of azomethine bonds and the decomposition of p-
substituted phenylene rings can occur. There are many factors
that may contribute to the reduction of thermal stability of the
resulted metal complexes: the bulkiness of the metals, the coor-
dination mode, the number of the coordinative bonds, the sol-
vent and contra-ion nature.’>”' These factors produce
disruptions in the packing structure of the PAZ2 by involving
of both nitrogen atoms (from imine groups and oxadiazole

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41631
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Table III. Summary of Ultraviolet—Visible and Emission Characteristics
1.4 -
Sample Jenax (NM)? Jerm (NM)P Av [cm™1)° Eg®
1.2 PAZ2 354;294 4065 3648 3.01
—=—PAZ2-Zn PAZ2-Cu 340,284 4056 4757 3.16

~ 1.0+ o iﬁgg'cu PAZ2-Co  342;284 4053 4566 3.20
= PAZ2-Zn 342; 284 404.9 4542 3.19
8 0.8 —v—PAZ2-Co
g 2wavelength in the absorption maximum.
g b wavelength in the emission maximum.
= 0.6 - ¢ Av, Stokes shift. Av = vaps — Vem, With vmax and vem: wavenumber in absorp-
g ' tion and emission maximum, respectively.
: 9 Calculated from relation Eg=1240//may.

0.4 -

0.2 -

0.0

T T T

300 350 400 450
A (nm)

Figure 3. Electronic absorption spectra of siloxane PAZ2 and its metal

complexes in DMSO. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

ring) in complexation of metal ions.>® The lower thermostabil-
ity of metal complexes as compared with the corresponding
ligands is also reported in literature.”>* It seems that the pres-
ence of the metal catalyzes the early initiation of the complex
decomposition. The char yield at 900°C was between 39 and
46% for the PAZ2 complexes.

The DSC traces (second heating run) revealed the presence of
glass transitions for PAZ2 and its metal complexes; this is a
characteristic of polymeric materials (Figure 2 and Table IS).
Thus, the PAZ2 showed a glass transition at 65.54°C and a
melting temperature peak centered at 139.82°C in the first run.
In the second run, the melting process was much diminished;
the enthalpy was 7.454 J/g as compared with 20.380 J/g in the
first heating cycle, whereas the peak shifted to 143.16°C. We
assumed that the initial degree of organization could not be
reached during cooling under the experimental conditions.

In the first heating run, the Co complex exhibited a sharp melt-
ing peak at 56.14°C (enthalpy = 19.25 J/g). Above this tempera-
ture, as TGA showed, the complex decomposed. Therefore, in
another experiment, a fresh sample was heated in the tempera-
ture range of —150 to 57°C, to prevent decomposition. With
subsequent cooling, the crystallization was observed at 30.10°C.
In the second heating process, both the glass-transition temper-
ature (T,) and melting temperatures were recorded at 32.96 and
55.06°C, respectively, but the melting enthalpy (6.47 J/g) was
much reduced compared to the one registered in the first run
(19.25 J/g); this was similar to the case of PAZ2. The Cu and
Zn metal complexes showed lower T, values compared with
those of the PAZ2 and the Co complex at —50.61 and
—37.68°C, respectively, whereas the melting process was not
well-evidenced. We inferred that the melting was affected by the
decomposition, as observed from TGA. The fact that PAZ2Co
showed a much IR (KBr), fia, cm higher glass transition
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than PAZ2-Cu and PAZ2-Zn might be explained by the XRF
data, which indicated a higher (double) metal content in PAZ2-
Co compared to the other complexes. The higher density of the
metal in the coordination points led to the chain stiffening and,
thus, to higher T,

Absorption and Photoluminescence Properties. The electronic
absorption spectra of PAZ2 in the DMSO solution exhibited
two absorption bands at about 296 and 354 nm, respectively
(Figure 3). The long-wave absorption band resulted from a n—
n* transition involving the azomethine—phenyl-oxadiazole sys-
tem.”> The starting oxadiazole compound, 2,5-bis(p-amino-
phenyl)-1,3,4-oxadiazole, presented two absorption maxima
located at 286 and 342 nm in DMSO solution. The spectral
shift to longer wavelengths of the PAZ2 absorption band in
comparison with the oxadiazole derivative was determined by
the enhanced conjugation in the polymer chain.

The complexes of PAZ2 with Cu®*, Co**, and Zn** as metal
ions showed absorption bands around 340 and 286 nm, respec-
tively, in DMSO (Table III). As shown in Figure 3, the elec-
tronic absorption spectra of PAZ2 complexes were blueshifted
compared to that of PAZ2 because of the formation of azome-
thine complexes.”” The energy band-gap values (E,) calculated
from the absorption spectra for the PAZ2 derivatives were situ-
ated in the range 3.0-3.2 eV and close to the values of silane-

containing polyazomethine.”

1000

—=—PAZ2
—e—PAZ2-Co
——PAZ2-Cu
800 —v— PAZ2-Zn
=)
£ 600
2
w
c
2
£ 400
200 -
0

460 4;0 560 550 600 650

A (nm)
Figure 4. Fluorescence spectra of PAZ2 and its complexes. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Emission spectra of PAZ2-Zn at different excitation wave-
lengths. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

The light-emitting characteristics of the siloxane-containing
PAZ2 derivatives were analyzed with fluorescence spectra. Figure
4 depicts the emission spectra of PAZ2 and its complexes in
DMSO solution. Upon excitation (wavelength = 340 nm), PAZ2
and its metal complexes displayed an emission band around
405 nm. An enhancement of fluorescence was observed by the
coordination of PAZ2 with metal ions. The Zn and Co com-
plexes of PAZ2 showed similar intense emission maxima when
excited at 340 nm. The enhancement of fluorescence was attrib-
uted to the involvement of donor groups of the PAZ2 in the
metal complex formation; this caused increases in the planarity
and rigidity of the polymer chain and, hence, the decrease of
the nonradiative decay of the excited state.”

The same emission pattern was also observed for PAZ2 with
DMF as a solvent. Generally, the shape of the emission bands
was not symmetrical, and a tail toward longer wavelengths was
evidenced. In all cases, the polymer solutions emitted violet—
blue light under excitation at 340 nm.

The emission spectra of the PAZ2-Zn in DMF solution at sev-
eral excitation wavelengths are shown in Figure 5. The inde-
pendence of the emission spectra of the excitation wavelength
and the fact that the fluorescence spectra were not affected in
shape by the excitation wavelength indicated the presence of a
single excited emission species in the polymer main chain. The
highest emissions were obtained when the PAZ2 complex was
excited at 340 and 330 nm, respectively.

The calculated Stokes shift values were higher for the PAZ2
complexes compared with that of PAZ2 (Table III). These values
of the Stokes shifts evidenced some differences in the energy
loss; this took place during the transition from S, (ground
state) to S; (singlet excited state). The emission intensities of
the PAZ2 complexes were lower than those of the complexes of
silane-containing polyazomethine because of the effect of the o-
electron delocalization of the silane unit along the polymer
chain.”>%¢
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Because the PAZ2s possessed basic nitrogen atoms, which repre-
sent receptors for protons, the optical properties of these poly-
mers should have been modified by protonation. Indeed, upon
the gradual addition of trifluoroacetic acid (TFA), a decrease in
the absorption at 354 nm accompanied by an increase in the
intensity of the absorption band around 294 nm occurred com-
pared to the pristine polymer. Concomitantly, a blueshift of the
two absorption bands was observed. Specifically, the absorption
band at 354 nm for PAZ2 shifted to 340 nm, and the other
band around 294 was shifted to 284 nm by protonation. The
hypsochromic shift of the absorption bands were due to the for-
mation of some shorter conjugation units in the polymer chain
by protonation.”” Similar results were obtained for PAZ2-Cu
complex, but a lower blueshift was found because of protona-
tion. Upon TFA addition, the emission of PAZ2 showed a sig-
nificant enhancement in the intensity (up to threefold) when
0.5 mEq of TFA was added (Figure 6). The addition of increas-
ing amounts of TFA led to the progressive decrease in the emis-
sion intensity at 406.5 nm. Finally, by the addition of 8.6 mEq
of TFA, the emission intensity of PAZ2 was twice as big as the
pristine polymer (Figure 6). During the addition of TFA, the
emission maximum remained unshifted. After 10 days, the
emission spectrum of PAZ2 for 8.6 mEq of TFA addition was
not changed. The same emission pattern was found for PAZ2-
Cu, but in this case, a 1.5-fold increase of the emission intensity
was observed.

Dielectric Measurements. By the dielectric relaxation spectroscopy
method, complex dielectric permittivity [e¥(f) = ¢'(f) + " (f)], with
f - measurement frequency and i - the imaginary unit, was meas-
ured isothermally. In Figure 7, the temperature and frequency
dependencies of the dielectric constant (¢) and dielectric loss (¢”)
are represented, that is, the real and the imaginary part of &*,
respectively. Examination of these results revealed the existence of

1000 -
] —=—1.3 mEq
900 B :: ™~ ——8.6 mEq
1 2 ——6.0 mEq
L
800 - E 600 \\-‘ ——3.4 mEq
1 2 ——2.1mEq
8
- 700'_ E —»—0.1 mEq
g 600 - —+— 0.8 mEq
= 4 4 6 ] ——0.5 mEq
% 500 - Amount of TFA, mEq —e—03 mEq
c 1 —— initial
E 400

350 460 4%0 560 550 600
A (nm)

Figure 6. Emission spectra of PAZ2 upon the addition of different equiva-

lents of TFA in a DMSO solution (excitation wavelength, /., = 340 nm).

The inset shows a plot of the emission intensity at 406.5 nm versus the

amount of TFA. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Figure 7. Frequency and temperature dependence of ¢ and ¢’ for (a,b)
PAZ2, (c,d) PAZ2—Co, (e,f) PAZ2—Cu, and (gh) PAZ2-Zn.

dipolar relaxations and conductivity (¢) contributions at higher
temperatures. Depending on the temperature region where the
relaxations appeared and in concordance with the DSC data, they
were assigned to different molecular movements. So, at tempera-
tures below the calorimetric glass transition, there were f§ relaxa-
tions corresponding to local movements of the chain segments
and, in the case of PAZ2-Cu, at temperatures slightly higher than
T,, to o relaxation assigned to segmental movement responsible
for the glass transition. Because of the increased ¢ at higher tem-
peratures, an o relaxation correlating well with the DSC glass
transition was observed only for the polymer with the lowest T,
The dipolar relaxations noted in Figure 7 were observed as peaks
on ¢” and a step increase on the ¢ representations, which shifted
to higher temperatures with increasing frequency. Dipolar relaxa-
tions were observed well on ¢ curve only for PAZ2. For the
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PAZ2-metal complexes, especially at lower frequencies, there was
a steep increase of ¢ at positive temperatures, which was caused
by the space charge polarization phenomena.®® In this case, the
rise in the permittivity at low frequencies was a result of electrode
polarization effects,” space charge effects observed in ionic
glasses,®® and also trace quantities of water that may have been
retained in the samples.” The exponential increase in ¢ in the
same temperature range was also caused by the increased o.

In both representations, there was a deviation from the monot-
onous increases in ¢ and ¢’ in logarithmic scale. This
frequency-dependent shoulder, especially at low frequencies,
may come from the separation of charges at interfaces.®’ The
effect, called the Maxwell-Wagner—Sillars polarization, occurred
either at the inner dielectric boundary layers on a mesoscopic
scale, for example, between amorphous and crystalline regions,
or at the external electrode—sample interface on a macroscopic
scale. At high frequencies, the ions could not diffuse in the
direction of electric field, and the values of ¢ and ¢&”
decreased.®” In the case of the PAZ2 complexes, some dipolar
relaxation processes that could occur at higher temperatures
were obscured by the observed large ¢ contributions.

Compared to the PAZ2, its derived metal complexes presented
p relaxation at slightly higher temperatures for the same fre-
quency, as illustrated in Figure 8 by the replot of the ¢’ data
recorded isothermally against the temperature for 10 Hz. For
the PAZ2-Zn complex, this relaxation was followed by a f3, pro-
cess with a small amplitude and more slowly compared to f;.
The displacement of S to higher temperatures indicated a
slower process, probably because crosslinking caused by metal
complex formation reduced the local mobility.

For dipolar relaxations, each isothermal relaxation peak from
the frequency sweep [¢”(f)] was analyzed through fitting to the
Havriliak-Negami (HN) expression:®’

10" —a—PAZ2
—8— PAZ2-Cu
—aA— PAZ2-Co
—vy— PAZ2-Zn

-
o
-

100
Temperature °Cy

-80

Dielectric Ioss, "
= 2
A 3

-
o
[

T - " -
-120 -80 -40 0 40

Temperature ( C)

Figure 8. Variation of ¢’ with the temperature at 10 Hz for PAZ2 and the
resulting metal complexes PAZ2—-Cu, PAZ2—Co, and PAZ2-Zn. The inset
shows a magnification of the f-relaxation region. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 9. Activation Arrhenius maps of log 7 versus 1/T.

¢ =Im su+78r._8“ab
[1+ (iw7)]

where Ae=¢,— ¢, represents the dielectric strength (where ¢,
and ¢, represent the relaxed and unrelaxed values of ¢ for each
relaxation), w = 2xf is the angular frequency, a and b represent
shape parameters that characterize the width and the asymmetry
of the loss curves, and 7 is the relaxation time for each pro-
cess.”’ For the overlapped relaxations f; and f3,, the &”(f) spec-
tra were fitted to a sum of two HN functions, and for a
considerable ¢ contribution at higher temperatures and lower
frequencies, an additional exponential term (ko™ °, where k is a
constant) was added.

In the case of local relaxation, the obtained t values obeyed
Arrhenius law (Figure 9):

1=19exp (E,/kT)

where E, is the apparent activation energy of the process, k is
Boltzmann’s constant, T is temperature (K) and 7, is a the pre-
exponential factor and represents the relaxation time at very
high temperature. In Table IV, the values of activation energies
obtained for f3 relaxations are shown.

Regarding the « relaxation observed for PAZ2-Cu, once the
temperature decreased close to Tg, T increased rapidly (Figure
9), as is typical incooperative relaxations. This behavior
represented another confirmation that the process was assigned
to the dynamic glass transition. In this case, the 7 values were
described  well by the Vogel-Fulcher-Tamman—Hesse
equation:**

Table IV. Arrhenius Parameters for Local Relaxations

Sample Relaxation E, (kJ/mol) 70 (s)

PAZ2 B 32.86 5.84 x 10~14

PAZ2-Cu B 27.25 2.5x 10710

PAZ2-Co B 29.67 9.4 x 1071

PAZ2-Zn gl 38.02 2.6 x 10715
B2 55.30 54 x 107
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Figure 10. Frequency dependence of ¢, for PAZ2 and its metal complexes
at 25°C. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

t=T9exp [B/k(T—To)]

with the fitting parameters 7, = 1.5 X 10~ > s, B=0.11 eV, and
To=167 K (B and T, being constants). Furthermore, the
change in ¢ due to metal complexation was followed. The
alternating-current conductivity (o,.) values were evaluated
from the ¢’ data with the following relation:®

Uﬂc(w)=sow8”

where ¢, is the permittivity of free space. The temperature
dependence of ¢ at several frequencies is shown in Figure 9S
(Supporting Information). At a constant temperature, o,
showed dispersion with almost 10 orders of magnitude with
increasing frequency, as is common in heterogeneous and disor-
dered solids.*® In the case of PAZ2, ¢ increased slightly at posi-
tive temperature only for the lowest frequencies; for 10 Hz, it
remained on the order of magnitude of 10> S/cm, whereas at
a higher frequency, it did not vary much up to 50°C, as com-
monly observed for insulators. In contrast, for the lowest fre-
quency, the PAZ2 derivatives presented an increase of o, up to
10 orders of magnitude for PAZ2-Cu and PAZ2-Zn and 4
orders of magnitude for PAZ2—Co with increasing temperature.
Also, for complexes, the significant increase in o, started at
lower temperatures, around —80°C for PAZ2-Cu and —50°C
for PAZ2-Co and PAZ2-Zn.

Figure 10 shows the variation of g,. with the frequency at 25°C.
For PAZ2, 0,. increased approximately linearly in double loga-
rithmic scale, whereas the metal complexes presented a plateau
region at low frequencies; this corresponded to direct-current
conductivity (64.).% In this case, o, is given by the following
expression:®’

0=04;+ 00
where o4. is the frequency-independent term and ®® is the
Jonscher term.®® In the frequency domain corresponding to the
plateau region and lower, the charge carriers jumped over long

distances; this allowed electric conduction throughout the entire
volume of the sample, and the conductivity corresponded to
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G4c- At the lowest frequency, PAZ2 presented a very low con-
ductivity, approximatively 10~'* (S/cm), but it grew to 107"
(S/cm) for polychelates with Co, 107° (S/cm) for PAZ2-Zn,
and 10™° (S/cm) for PAZ2—Cu. These values were still low com-
pared, for example, to network polymer electrolytes based on
polysiloxane with ¢4 on the order of 107 to 10~* (S/cm). In
our case, the conductivity was too low for the systems to be
used as polymer electrolytes, but they are interesting for other
applications, for example, in sensors.

CONCLUSIONS

A dialdehyde-containing highly flexible tetramethyldisiloxane frag-
ment, bis(formyl-p-phenoxymethyl) tetramethyldisiloxane, and an
N-rich diamine containing the oxadiazole ring were used to build
a new PAZ2 of relative low molecular mass (M,, = 4350 g~m0171).
Its structure was confirmed through FTIR and "H-NMR spectros-
copies. By subsequent reactions with various metal salts under the
same conditions, metal complexes were obtained with different
metal contents, as determined by energy-dispersive X-ray fluores-
cence. This was likely due to the different coordination pattern,
which depended on the nature of the metal. The TGA revealed
the diminished thermal stability of the PAZ2—metal complexes as
compared to that of the ligand. The identification of the glass
transitions on the DSC curves supported the polymeric nature of
the compounds. The electronic absorption spectra of the PAZ2
complexes were blueshifted compared to the ligand. The light-
emitting characteristics of the PAZ2 derivatives were analyzed
with the fluorescence spectra. The calculated Stokes shift values
were higher for the PAZ2 complexes compared with that of PAZ2.
The presence of basic nitrogen atoms along the chain led to the
sensitive change in the optical properties under the acid condi-
tions because of protonation. Thus, an increase in the light emis-
sion intensities occurred concomitantly with a blueshift of the
absorptions in the presence of TFA. Dielectric spectra at various
frequencies and temperatures revealed the existence of f§ relaxa-
tions assigned to local movements of the polymer chain. Com-
pared to PAZ2, its derived metal complexes presented slower f§
relaxation processes; this was probably due to the crosslinking
caused by metal complex formation, and this reduced the local
mobility.
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