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In this study, Co, Cr or Au?* functional polystyrene-block-poly(2-vinylpyridine), PS-b-P2VP complexes
were prepared and characterized. Coordination of metal atom or ion to nitrogen atom of pyridine rings
was confirmed by FTIR analyses. The strength and efficiency of coordination of P2VP blocks to Co, Cr or
Au?* mainly depends on charge and stability of the complex formed that is mainly related to the energy
of d orbitals. The results reveal that the thermal stability of the polymer composite formed increases with
the increase in strength of the coordination. Changes in thermal decomposition mechanism and product
distribution were recorded. Degradation of P2VP units coordinated to Cr, Co or Au* was started by loss of
pyridine units leaving an unsaturated and/or crosslinked polymer backbone that degraded at relatively

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Nanostructures have received great attention recently due to
their special optical, electronic, magnetic and chemical proper-
ties [1-5]. The most popular approach involves the synthesis of
nanoparticles in situ within the block copolymer template by using
preformed micelles of block copolymers containing metal precur-
sors [6-11]. As a consequence of the strong affinity of the amines
to various ions and polar groups, the polymers containing a pyri-
dine moiety can make strong bonds with various metal ions or
nanoparticles and have attracted increasing attention.

In recent studies, poly(vinylpyridine) (PVP) was widely used to
synthesize nanoparticles by itself as well as in combination with
other polymers. Block copolymers with the ability to form stable
micelles in solution and at interfaces are excellent candidates for
the preparation of various metal nanoparticles with a narrow size
distribution and long-term stability [12-17].

For example, Moeller et al. [15,16] has prepared gold nanopar-
ticles with the use of polystyrene-block-poly-2-vinylpyridine
(PS-b-P2VP) copolymer for the first time. The metal salts formed
complexes with the pendant pyridine rings, concentrating the
metal ions in the poly-2-vinylpyridine domains. Lohmueller et al.
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[17] fabricated various metal nanoparticles (Au, Pt, and Pd) packed
in quasi-hexagonal ordering using PS-b-P2VP micelles. The size of
nanoparticles was controlled by the immersion time into a solution
containing metal precursors.

Coordination of metal/metal ion improves the thermal stability
of the host polymer [18-22]. Zander et al. [22], studied the thermal
characterization of poly(4-vinylpyridine) crosslinked with metal
salts and suggested that Tg enhancement was highly dependent
upon the type and loading of the metal salt. Wu et al. [21] investi-
gated Tg value of poly(4-vinylpyridine) copolymer and its complex
with transition metal ion and determined that Tg increases with
increasing the metal ions content. The result reveals that upon coor-
dination of the pyridine rings to the metal ions the intermolecular
interactions are enhanced.

However, the knowledge of thermal characteristics and degra-
dation mechanisms of these composites that are very important
for investigation of application areas is still limited. Among the
several thermal analysis methods, direct pyrolysis mass spectrom-
etry (DP-MS) is the only one that gives information on not only
thermal stability but also on primary and unstable thermal degra-
dation products that are very important for investigation of thermal
degradation mechanism [23].

In the present study, thermal characterization of polystyrene-
block-poly(2vinyl pyridine), PS-b-P2VP, coordinated to Co, Cr and
Au* nanoparticles were investigated via DP-MS technique to elu-
cidate the effect of metal coordination on thermal stability and
degradation mechanism.
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2. Experimental
2.1. Materials and synthesis

PS-b-P2VP was purchased from Polymer Source Inc. (PS:
Mn =25,000, P2VP: Mn = 15,000, PDI = 1.04). Co,(CO)s and Cr(CO)g
were purchased from Aldrich Chemical Company and HAuCly-3H,0
was purchased from Acros Organics and used without further
purification. Toluene, purchased from Aldrich, was purified by
refluxing over metallic sodium under nitrogen for two or three days.

Metal functional PMMA-b-P2VP polymers were prepared
according to the literature methods [24]. As a summary, the poly-
mer was dissolved in toluene by stirring overnight to form micelles.
After the dissolution of the polymer, the metal or metal ion com-
plexes, keeping the number of moles of metal or metal ion equal to
that of 2VP repeating units, were added to this solution and refluxed
for 8 h. After evaporation of the solvent under vacuum, the resultant
product was analyzed by TEM, FTIR and DP-MS techniques. Among
the several metals and metal ions tested nanoparticles could only
be obtained for Co, Cr and Au3*.

2.2. Instrumentation

FTIR analyses of the samples were performed by Bruker Vertex
70 Spectrophotometer.

TEM imaging of the nanoparticles was carried out with a Tec-
nai G2 F30 instrument at 200kV (UNAM - BILKENT University).
The nanoparticles were dispersed on the carbon-coated copper grid
from their diluted suspension in toluene.

Thermogravimetry analyses (TGA and DTA) were conducted on
Perkin Elmer Pyris 1 TGA equipment, heating at 10°Cmin~! under
nitrogen atmosphere from ambient temperature to 600 °C.

Direct pyrolysis mass spectrometry, DP-MS, analyses were per-
formed by a triple quadruple Waters Micromass Quattro Micro GC
Mass Spectrometer with a mass range of 10-1500 Da coupled to a
direct insertion probe. During the pyrolysis, the temperature was
increased to 50 °C at a rate of 5°Cmin~!, then, was raised to 650 °C
with a rate of 10°Cmin—! and kept at 650°C for 5 additional min-
utes. 0.01 mg samples were pyrolyzed in the flared quartz sample
vials while recording 70eV EI mass spectra at a mass scan rate
of 1scans~!. The analyses were repeated several times to ensure
reproducibility. Each time, almost exactly the same trends were
detected.

3. Results and discussion

The TEM images of the metal-functional polymers, Cr-PS-b-
P2VP, Co-PS-b-P2VP, Au-PS-b-P2VP, shown in Fig. 1, pointed out
well dispersed metal or metal ion nanoparticles in the PS-b-P2VP
matrix. The size of Cr and Co nanoparticles were comparable, while
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Fig. 2. FTIR spectra of (a) PS-b-P2VP, (b) Co, (c) Crand (d) Au3* functional PS-b-P2VP.

Au(Ill) nanoparticles were about more than 2-folds smaller. Fur-
thermore, the images indicated that coordination to Au3* was
significantly more efficient. On the other, the extent of coordination
to Cr seemed to be not very productive.

As the nanoparticle formation starts by the coordination of the
electron-rich segment of the copolymer, 2-vinylpyridine, to the
metal atom or ion by the exclusion of the ligands, the pyridine
stretching and bending modes of pyridine ring are affected.

For Co and Cr functional PS-b-P2VP, the displacement of CO
ligands by pyridines was confirmed by the disappearance of the
peaks associated with carbonyl groups of Co,(CO)g (2023, 2041,
2071 cm~') and Cr(CO)s (at around 2000cm~!) completely. The
relative intensities of the absorption peaks due to the pyridine
strecthing and bending modes in the range of 1590-600cm™!,
especially the ones at around 1590 cm~! 1472 and 1431 cm~! were
decreased significantly in all these complexes. Characteristic unco-
ordinated pyridine ring vibration at around 1590 cm~" shifted to
1604 cm~! for Co and Au3* functional copolymers and to 1602 cm~!
Cr coordinated rings. A new absorption peak appeared at around
464 cm~! detected for all the composites was associated with N-
metal stretching mode (Fig. 2). Considering the relative intensities
of the peaks associated with N-metal stretching normalized with
respect to the peaks due to phenyl ring vibrations it can be con-
cluded that extent of coordination was comparable for Co and Au3*
whereas not very fruitful for Cr in accordance with TEM results.

Pyrolysis of the metal and/or metal ion functional copolymers
yielded almost identical thermal degradation products. Yet, inspec-
tion of pyrolysis mass spectra and single ion evolution profiles
pointed out drastic changes in the relative intensities of P2VP based
products, especially those associated with protonated oligomers
of vinylpyridine, upon coordination to metal or metal ion.

Fig. 1. TEM Images of (a) Co-PS-b-P2VP, (b) Cr-PS-b-P2VP and (c) Au-PS-b-P2VP.
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Fig. 3. (a) TGA, (b) TIC curves and (c) the mass spectra at peak maxima recorded during the direct pyrolysis of (a) PS-b-P2VP, (b) Co, (c) Cr and (d) Au?* functional PS-b-P2VP.

Furthermore, new peaks appeared in the pyrolysis mass spectra
at elevated temperatures.

Thermal decomposition mechanisms of polystyrene, PS, and
poly(2-vinylpyridine), P2VP, have been studied extensively
[25-27].PS degrades in a single step by a depolymerization reaction
to yield mainly, the monomer, styrene [25,26]. P2VP decomposes
by a complex degradation mechanism producing also protonated
oligomers in addition to monomer and low mass oligomers [27].
Previous DP-MS studies revealed that during the pyrolysis of PS-b-
P2VP copolymer, each component decomposes independently via
the decomposition pathways identified for the corresponding pure
homopolymers as expected for a block copolymer [28,29].

In Fig. 3 the TGA curves, total ion current (TIC) curves, the varia-
tion of total ion yield as a function of temperature, and the pyrolysis
mass spectra recorded at peak maxima for of Co, Cr and Au3* func-
tional PS-b-P2VP are presented. In general, the trends in the TGA
curves were in accordance with those in TIC curves. In Fig. 4, sin-
gle ion evolution profiles of C;H7 (91), St monomer (104), [Sty -
H] (207) and St dimer (208) that were diagnostic to PS block and
CsHsN (79), 2VP monomer (105), 2VP dimer (210) and 2VP proto-
nated dimer (211) that were characteristic for P2VP block recorded
during the pyrolysis of Co, Cr and Au3* functional PS-b-P2VP are
shown.

During the pyrolysis of the PS-b-P2VP, VP oligomers and pro-
tonated oligomers reached to maximum yield at around 415 and
426°C respectively, whereas, PS based products maximized at
around 437 °C. The evolution profiles of the thermal degradation
products detected during the pyrolysis of PS-b-P2VP are included
in Fig. 3 for comparison.

In general, upon coordination to Co, Cr or Au3*, the evolution
profiles of P2VP based products showed overlapping peaks indi-
cating presence of P2VP chains with noticeably different thermal
stabilities. The low temperature peaks with a maximum at 417,405
and 395 °C in the evolution profiles of P2VP based products for Co,
Cr or Au3* functional copolymers respectively, can be attributed to
degradation of unreacted 2VP segments (Fig. 4b-d). On the other
hand, the corresponding high temperature peaks at 472, 474 and

485 °C can be associated with decomposition of vinyl pyridine units
coordinated to metals or metal ion. The loss of pyridine and vinyl
pyridine was noticeably suppressed in the low temperature region.
An opposite trend was detected for the oligomers and protonated
oligomers. They were mainly eliminated at initial stages of pyrol-
ysis. In addition, the relative yields of these products decreased
significantly. It may be thought that upon coordination to metal
or metal ion the extent of 2VP segments of two or more repeating
units involving uncoordinated pyridine rings was quite low. Actu-
ally, the decrease in the relative intensities was more pronounced
for the protonated oligomers. Thus, it may further be thought that
upon coordination of pyridine nitrogen to Co, Cr or Au3*, the prob-
ability of generation of protonated oligomers by H-transfer to N
atom decreased significantly [29].

The broad peaks present in the single ion pyrograms of thermal
degradation products of PS shifted to high temperature regions.
Maximum yields for PS based products were detected at 472, 474
and 485°C for Co, Cr or Au3* functional copolymers respectively.
Shoulders in the temperature regions where PS decomposition
occurs for the virgin copolymer were detected.

Product peaks which were either totally absent or only very
weak in the pyrolysis mass spectra of the copolymer, at m/z values
267,281,306, 325,355,429, 461, 613, etc. were noticeably intense,
except for Cr functional sample. The single ion evolution profiles
of products with m/z values 281 and 355 attributed to C;3H,9 and
CygHs3q are also included in Fig. 4. The evolution profiles of these
products showed identical trends, a sharp peak with a maximum
at472 and 499 °C for Co and Au3* functional P-b-P2VP respectively.
In case of Cr functional copolymer the yields of these products were
quite low. In addition they were eliminated in a broad temperature
region.

It may be thought that due to the strong interaction between
metal atoms/ions and the nitrogen atom on the pyridine rings, the
mass of the pyridine rings increases affecting the thermal degra-
dation of P2VP block. The high temperature peaks or shoulders
present in the evolution profiles of P2VP based products supported
this proposal. A degradation mechanism involving loss of side
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Fig. 4. Single ion evolution profiles of selected thermal degradation products recorded during the direct pyrolysis of (a) PS-b-P2VP, (b) Co, (c) Cr and (d) Au** functional

PS-b-P2VP.

chains in the first step can be suggested to be preferential com-
pared to the depolymerization mechanism (Scheme 1). Upon loss
of pyridine rings, intermolecular coupling reactions may take place
yielding either conjugated double bonds or crosslinked structures
that decompose at relatively high temperatures.

The detection of new products at elevated temperature that can
readily be associated with hydrocarbon units involving H deficiency
was in accordance with the expectations. As a consequence, the
sharp high temperature peaks present in the evolution profiles of
characteristic thermal decomposition products of P2VP and PS may
then be attributed with contribution of products due to the degra-
dation of these unsaturated chains or crosslinked structures with
the same m/z values.

The trends in the evolution profiles of diagnostic thermal degra-
dation products of P2VP, PS and the new unsaturated units for the
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Scheme 1. Thermal decomposition of metal-functional P2VP chains.

composites involving Co or Au3* coordination was quite similar.
The only difference was the increase in thermal stability in the pres-
ence of Au3* that may be associated with the higher molar mass of
Au. Furthermore, the noticeable decrease in the relative intensities
of thermal degradation products of unreacted P2VP noted for this
sample can be related to a stronger interaction between the N of
pyridine rings due to the high positive charge of Au3* ion.

For the Cr coordinated composite, the relative yields of ther-
mal degradation products of unreacted P2VP are higher whereas
those of unsaturated hydrocarbon units are remarkably lower than
the corresponding ones for Co and Au3* analogues, in accordance
with the TEM results. Furthermore, three overlapping peaks were
present in the evolution profiles of unsaturated hydrocarbon units,
instead of the sharp peak recorded for Co and Au3* coordinated
PS-b-P2VP. The smallest effective nuclear charge of Cr may be
regarded as one of the possible sources for the weakest interaction
with pyridine. In addition, one should also consider the degener-
acy of the energy levels of Co, Cr and Au3* used for coordination.
The square planar Au3* complex and Co complex as a result of
tetragonal distortion, have similar type of d orbital splitting. Hav-
ing non-degenerate d orbitals, the energy of the complexes formed
decreased. It may be thought that, as a consequence, the possibility
of m-back bonding between pyridine and Co and Au3* increases,
yielding a stronger coordination. On the other, such a distortion
that stabilizes the complex formed is not expected for Cr complex.
Furthermore, both low and high spin configurations, affecting the
strength of coordination may also be considered for this complex,
as for a d® metal complex spin crossover initiated by a change in
pressure or temperature sometimes occurs.

4. Conclusion

In the present study, it has been determined that the strength
and efficiency of coordination of P2VP blocks to Co, Cr or Au3*
mainly depends on charge and stability of the complex formed that
is mainly related to the energy of d orbitals. The results reveal that
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the thermal stability of the polymer composite formed increases
with the increase in strength of coordination.
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