CUHTEe3 HaAaHOKOMMO3UTHOrO
maTtepuana Pd/PPy
N ero NpMmMeHeHus

B OpraHM4ecKoOM KaTtanuse

BoporbsiHieB M.A., 3osg0Ttyxuna E.B., Maraecuena T.B.

Université de Bourgogne - CNRS, Dijon, France
MIY, xumdak, Mockea
NINX®P PAH, YepHoronoBka
PXTY, MockBa



Inorganic nanoparticles:
new physical and chemical properties

Requirements:

« Uniform and controlled size of nanoparticles
« High density of particles in space
« Stability to aggregation (metals!)

Protective (solid / liquid / adsorption) layers

Strong effect on properties of particles

Need in "inert" stabilizing means



Composite materials

Polymer + incorporated inorganic nanoparticles
Transition metals, their oxides, salts...

Applications:

* Micro/nanoelectronic elements
e Sensors

* Nonlinear optics

« Catalysis

» Electrocatalysis (fuel cells...)



Nanocomposites: conjugated polymer-metal

Conjugated (conducting/electroactive) polymers:
Polypyrrole, polythiophene, polyaniline, polycarbazole

* |nexpensive materials

« Simple synthesis (chemical or electrochemical
polymerization)

* High environmental stability

« Controllable morphology and physicochemical
properties

» Electronic conductivity and redox activity

* High (nano)porosity

* Thermal stability



Synthesis of nanocomposite materials:
metal/conducting polymer

Electrochemical method-1:

1) Electrodeposition of polymer film. 2) Electrochemical
or chemical decomposition of metal precursor

Electrochemical method-2:

1) Synthesis of nanoparticles. 2) Solubilization.
3) Electropolymerization + incorporation

Chemical method:

1) Synthesis of nanoparticles. 2) Solubilization.
3) Chemical polymerization



Our goal:

To synthesize composites where
monodisperse metal nanoparticles
without a protective layer are
uniformly distributed with high density
inside conjugated polymer



One-step chemical synthesis

Redox reaction between a conjugated monomer
(reductant) and a metal precursor (oxidizer)

Rapid sedimentation

Reaction medium: (micro)emulsion?
Particles with covered surface

One-phase medium + low concentrations?

S. V. Vasilyeva, M. A. Vorotyntsev et al
J. Phys. Chem. C, 2008, 112, 19878



Composite polypyrrole - palladium

Reaction:
Pd*? + Py = Pd(0) + PPy + 2 H* ?

dilute Pd(OAc), + excessive Py in AN
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Composite polypyrrole - palladium

0.0n

S. V. Vasilyeva, M. A. Vorotyntsev et al
J. Phys. Chem. C, 2008, 112, 19878



Composite polypyrrole
- palladium

TEM

EDS-SAD

d(PPy): 200 nm;
d(Pd): 2-3 nm

S. V. Vasilyeva, M. A. Vorotyntsev et al
J. Phys. Chem. C, 2008, 112, 19878



Composite polypyrrole - palladium
Reaction: dilute Pd(OAc), + excessive Py in water

_EM  d(PPy): 20-150 nm;
. d(Pd): 2-3 nm g

SEM

XPS + ICP: 20-25 wt. % Pd

V. A. Zinovyeva, M. A. Vorotyntsev et al
Adv. Funct. Mater., 2011, 21, 1064
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Composite polypyrrole - palladium

Reaction: dilute Pd(NH,),Cl, + excessive Py in water

— 30 min

—— 1h 10min
2h 5min

——— 3h 40min <o
6h 20 min

1 day
2 days

Frequency, 9

1 T I T 1
600 800 1000
wevelength, nm

—a— |ntensity particle distribution
—e— Volume particle distribution
—A— Number particle distribution

— i A 4 —A
200 400 600 800 1000

size, nm

V. A. Zinovyeva, M. A. Vorotyntsev et al
Adv. Funct. Mater., 2011, 21, 1064



Number PSD, %

Composite polypyrrole - palladium

Reaction: dilute Pd(NH,),Cl, + excessive Py in water
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Composite polypyrrole - palladium
Reaction: dilute Pd(NH,),Cl, + excessive Py in water
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Frequency, %

Reaction: dilute Pd(NH,),Cl, + excessive Py in water
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Composite polypyrrole - palladium
Reaction: dilute Pd(NH,),Cl, + excessive Py in wate

N A "

Nanoparticles of Pd : < 2 nm (constant!

V. A. Zinovyeva, M. A. Vorotyntsev et al
Adv. Funct. Mater., 2011, 21, 1064
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Reaction: dilute Pd(NH,),Cl, + excessive Py in water
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Composite polypyrrole - palladium
Reaction: dilute Pd(NH,),Cl, + excessive Py in water

XPS

Chemical composition:
XPS, EDX, ICP, CHNS

Pd: 35-40 wt.%

V. A. Zinovyeva, M. A. Vorotyntsev et al
Adv. Funct. Mater., 2011, 21, 1064



Composite Pd/PPy/CNT:
polypyrrole — palladium - carbon nanotubes




Conclusions

Simple, inexpensive and well-reproducible method
towards nanocomposite materials with conjugated
polymer matrix via one pot and one step procedure.

Broad range of materials: dispersed elements of
transition metals (Pd), salts (Prussian Blue, Cul)...

Formation of great number of Pd nanoparticles
uniformly dispersed inside PPy matrix.

No protective layers around Pd particles.

Sizes of both polypyrrole spheres (30—-150 nm) and Pd
particles (1.2—3 nm): controlled by reaction conditions.



Pd-nonunupponbHbin
HAaHOKOMMNO3MUT KaK KaTanusatop
obpa3zoBaHua C-C ceaszu



NMpeumywecrea Pd/PPy HaHOKOMNO3UTA:

KaTanntmyeckana noBepxHoOCTb, cBob6oaHasn oT
aacopbatos

Cuctema BapmabenbHa B N1aHe reoMeTPUYECKUX
napameTpoB YacTul, (d PPy znobyn (28 u 93 um), d yacmuy Pd
(1.2 — 1.4 Hm), coOepycaHue Pd 8 2A06ynax (34 u 42 macc. %))

OTCVTCTBME TOKCUYHbBIX TNTaHO0B

KomMnosuT ycTonyms B BOAHOM pacTBOpeE



Test-reaction - Suzuki coupling

NaBAr, or ArB(OH),
XO Hal . X—< :>—Al‘
Pd-PPy (1 mol.%), Na,CO3, 4 h, 100°C
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PPy spheres: 93 nm, Pd nanoparticles: 1.3 nm,

ECH3CN, 82°C, 4h
BNMP, 100°C, 4h
oNMP, 100°C, 6h

PhCI

Pd content in the globule : 34 wt.%




Various aryl halides in Suzuki coupling with NaBPh,

NaBPhy or ArB(OH),
X—@— Hal > X—< >—Ar
Pd-PPy (1 mol. %), Na,COj3, 4 h, 100°C

100 Pd/PPy dispersion in NMP

Ar-Ar’, %
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T. Magdesieva, O.Nikitin, M.Vorotyntsev, et al. /J. Molecular Cat. A: Chemical 353/354 (2012) 50



Comparison of Pd/PPy globules: 93 or 28 nm ?

NaBPhy or ArB(OH),
X—@» Hal . X—< :>—Al‘
Pd-PPy (1 mol. %), Na,COs;, 4 h, 100°C
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Comparison of Pd/PPy with different Pd content

coupling (NMP, 100°C, 4 h):

diameter of PPy spheres 28 nm 28 nm
Pd nanoparticles size distribution:
Pd content in the PPy globule: 34 %
Pd mol% respectively to PhBr: 1 mol %
The yield of biaryl in p-CH,C H,Br + 84% 83%
NaBPh, coupling (NMP, 100°C, 4 h):
The yield of biaryl in PhBr + NaBPh, 96 % 95 %




Leaching tests

NaBPh,

NO, OBr > NOzOPh
Pd-PPy (1 mol.%), Na,COj3, 100°C

100°C 0.5h

1
e [ »
NO,CH,Br + NaBPh, . /
Pd-PPy, Na,CO,
GC-MS:
1: NO,CH,Ph (53%)
GC-MS: NO,CH,Br (46%)
2: NO,C.H,Ph (52%) < ™~
NO,CH,Br (46%)




Suzuki coupling in water

Pd/PPy ([¥] 0.1 mol % of Pd as calculated to PhBr ),
d of PPy spheres: 28 nm, d of Pd nanoparticles: 1.3 nm,
Pd content in the globule : 34 wt.%
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2-10*mol ArHal, 0.5-10* mol NaBPh,, 10-3* mol Na,CO,, 100°C

T. Magdesieva, O.Nikitin, M.Vorotyntsev, et al. /J. Molecular Cat. A: Chemical , 353 (2012) 50



Possibility of recycling:

Pd/PPy ([¥] 0.1 mol % of Pd as calculated vs. PhBr),
d of PPy spheres: 28 nm, d of Pd nanoparticles: 1.3 nm,
Pd content in the globule : 34 wt.%

Recycling
experiments

2-10 mol PhBr, 0.5-10 mol NaBPh,, 10-* mol Na,CO,



Pd/Ppy- Catalyzed Sonogashira Coupling

PhC=CH
X4©7 Hal - XAQ—CE CPh
Pd-PPy (1 mol. %), CuBr

X=H, NO,
Hal =1, Br
ArHal Phl PhBr PhBr* p-NO,CH,/Br p-NO,C.H,I
PhC=CPh, % 70 66 76 78 86
ArHal, % 31 32 22 19 16
*6h

PhC=CH (0.3-mmol), ArHal (0.2 mmol), Na,CO; (1 mmol), Pd/PPy (1 mol. %),
CuBr (2 mol. %), NMP, 100°C, 4 h.

T. Magdesieva, O.Nikitin, M.Vorotyntseyv, et al., Mend. Commun., 2013, v. 22, p. 305



Pd/PPy catalyzed aryl halides cyanation with K, Fe(CN),

ArHal K4Fe(CN)6  [pd) mol % - ArCN T. Schareina, et al,

Hal = I, Bl', Cl NMP, 1000C R Nazc O; Chem.commul’l. (2004) 13 88
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T. Magdesieva, O. Nikitin, M.Vorotyntsev, et al. / Electrochimica Acta, 2014, 122, 289-295
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Cyanation of aryl halides in water

] The yield, %

1 ® Conversion, %

ArHal (0.2 mmol), K ,Fe(CN), (0.035 mmol),
Pd/pPy (28 nm, 35 % wt. Pd), immobilized on carbon felt
0.2 mol% Pd, Na,CO; (1 mmol), 100°C




Morphology of the catalyst and yields of nitriles

87% vyield

Conditions d(Pd), nm
Initial value after composite synthesis 1.25+0.15
Extracted after catalysis of cyanation of 1.08+0.08

No change of the size or morphology

Extracted after catalysis of cyanation of

36 % yield

Pd nanoparticles are mainly located
outside PPy globules and form
agglomerates of 30 nm in diameter

Extracted after catalysis of cyanation of

34% yield

2.24+0.27
Significant number of enlarged Pd
particles




Pd/PPy for catalytic arylation of heteroaromah‘cs

R
fisd E @\[\A/
‘ ’ j Pd@pPy (2 mol%)
+
/ KOAc (1 equiv.), DMAc
x/ 150 C, 20 h
E=0,8 X=CH,N
y Arylf Heteroaryl Conversion
N* | Heteroaryl | ..o Product ———
A IS COMe *
| S—H /©/ 3
2 | - nm/@—@—cﬂ 100 %
[0 | 0D |
3 | . . 90" %
4 L e m 5—C 100™ %
nEu S n-Bu S
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V. Zinovyeva, M. Vorotyntsev, J.-C. Hierso Adv. Funct. Mater., 2011, 21, 1064



Bbig0oObl:

* Pd/PPy HaHOKOMIOO3UT —3KOJOTHYHAsI, CHHTETUUYECKU
OOCTYyIIHas aJibTepHATHBA roMoreHHbiM Pd karanauzaropam c
(oC(OUHOBBIMU JIUTAHIAMU;

* Pd/PPy nposiBisieT BBICOKYIO KATAJIUTHYECKYI0 AKTUBHOCTH B
peakiuax oopaszosanus ceszeit C(sp?)-C(sp?) u C(sp?)-C(sp) :

» Cy3syku-Muaypa: 1jis apyiroiu10B, OpOMHUIOB U XJIOPHUIOB,
KaK B OpraHM4YECKHUX PACTBOPHUTEIISIX, TaK U B BOJIC;

» CoHoramupa;

» JxojorudHoe nuanuposanme HetokcnunbiM K, Fe(CN), B Bozie
(11 apUIIMOAXI0B, OPOMUIOB U XJIOPHJIOB,

» Kpocc-coueTanue apujOpoOMuI0B ¢ reTapeHaMu.



BoigoObl:

Karajuruyeckass akKTUBHOCTb 3AaBUCUT OT MOP(0JI0TUHA
KaTaJMU3aTopa; oTUMaIbHbIN BapuaHT: PPy cdepsl
araMeTpom okojio 30 nm, coaepixkaiiye HaHodacTuisl Pd
TAAMETPOM OKOJI0 1.2 nm;

Mop@}os10ru0 KOMIIO3UTAa MOKHO HACTPAUBATH ITyTEM
BapbUPOBAHUS YCIOBUM CUHTE3a: COOTHOIIIEHUE MOHOMED/
OKHUCJIUTENb; BPEMS TTOJIMMEPU3ALINY, KOHIICHTPAIIHS
PEarcHTOB ;

Conep:xkanne Pd sayrpu PPy moOyin He BIuseT Ha
KaTaIUTUYECKYIO aKTUBHOCTb, €CJIA 00I11iee KoiandecTro Pd
MIOCTOSIHHO;

«BeivbiBanus» Pd u3 PPy riio0ya B X0/1€ KaTaITUTHUCKOTO
[IUKJIa HE TPOUCXOAUT ; BO3MOKHO IMOBTOPHOE
HCIOJb30BAHUE KATAJIU3ATOPA
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