IIpoiecchl ¢ yyacTueM KJIacTepoB.

b.M.CMupHOB

1. CaBoucrBa KJacTepoB U METOAbI UX UCCJICAOBAHMA.
2. DyHIaMeHTAJbHBbIE MPO0JIeMbl (PU3NMKHU KJIACTEPOB
C MAPHBLIM B3aMOAEICTBUEM aTOMOB.
3. [Ipouecchl ¢ yyacTueM HAHOKJIACTEPOB
M MUKPOYACTHII B ra3e u mjiasme.
4. HanblieHMEe KJIacTEepPOB — HOBbIE MaTePHAJIbI.
S. 'eHepaTopbI KiIacTEPOB.
6. Hanokara/jiu3 Ha OCHOBE KJIacTepa 30J10Ta.
7. @paKTajJbHbIe CTPYKTYPhI.



Mass-spectrum of photoionization
of the magnesium cluster beam.
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Melting point of sodium clusters.
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TeopeTnyeCKUH aHAJIN3 KJIACTEPHBIX
CTPYKTYP U NEPEX0a0B.

1. Merox MOJIEKYIAIPHON TUHAMUKH.

2. MeToa «nceBaOIOTEHITNAIIOB.

3. DFT (Density-functional theory).

4. YCTOMYUBBIE KIACTEPHBIE CTPYKTYPhI KaK KOH(DUTYypaALIMOHHBIE
COCTOSIHUSL.
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Transitions between local minima of
the Potential Energy Surface.
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Types of cluster excitations

oscillations
or
thermal motion of atoms

configuration excitation



Energies of PES local minima and heights of the

barriers for the 13-atom Lennard-Jones cluster.
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Distribution on Kinetic energies of atoms
for Lennard-Jones cluster of 13 atoms
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Melting criterion.
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Structures of Au
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Kiracrepsl M aTOMHBbIE CUCTEMBI C
[MAPHBIM B3aUMOACUCTBUEM ATOMOB.

1. KoHKypeHIIUs KIACTEPHBIX CTPYKTYP.

2. ®a30BbIM NEPEXO]] MEKTY CTPYKTYPaAMHU.

3. Moaenps mycToT Jist (pa30BOro COCTOSTHUS aTOMHOM CHUCTEMBI.

4. Mopenb AByX arperarHbIX COCTOSHUM M CTEKJIOMOA00HBIE COCTOSHMUA.

5. TermmoeMKOCTh Ki1acTepa (B TOM YHCIIE OTpUIIaTeIbHAsA) B 001aCTH
(ha30BOrO IIEpexo/a.

6. IIporecc Hykneanuu B KUIAKOCTH KaK IEPEHOC IMYCTOT.

7. CucrtemMa 4acTHIl C OTTAIIKUBAHUEM — TBEPJIO€ COCTOSTHUE HE MOYKET

OBITh O€CKOHEUHBIM KPUCTAJIIIOM.

B.M.Smirnov, R.S.Berry. Phase Transitions of Simple
Systems. (Berlin, Springer, 2007)



Definition of aggregate states.

Classical thermodynamics:
Phase 1s a uniform space
distribution of atoms, restricted
by boundaries.

An excited aggregate state
includes many elementary
configuration excitations.

Cluster physics :
An aggregate state 1s a group of
configuration cluster states which
correspond to local minima of the
potential energy of atoms with
nearby energies.
One elementary excitation 1s
possible in an excited aggregate
state.
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Coexistence of cluster phases.
P=Wy, W Wig > Weol -the probability of the
liquid and solid aggregate states.

Define the coexistence range as 0.1 <p < 10.
The temperature range of phase coexistence is

oI =S/AS

The coexistence range for the 13-atom Lennard-Jones
cluster with argon parameters is 28-46 K,

for the 13-atom nickel cluster is 740 - 980 K,

for the S5-atom Lennard-Jones cluster with argon
parameters is 40 - 48 K.



Free energy via a number of voids.
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E(T),K

Caloric curve of bulk argon.
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Decay of an argon glassy state.
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OTpunarejbHas TEMJI0EMKOCTH
KJIACTEPOB.




The entropy jump at the phase transition of
the 13-atom Lennard-Jones cluster.
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The anharmonicity parameter.
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Entropy of melting.

AS, AS [ AS /AS_,%
LJ,, 52 | 89+03 | 66+3
LJ,_ 3£2 | 4542 69 + 7

Bulk inert 0.73 1.68 £0.03 43 + 1
gas’)

AS, , AS_ are the entropy changes at zero temperature and melting point

%
) per one atom.



Temmeparypa miaaBjaeHus KJacrepa.

p _AE
AS

T = AL(0) =0.55D
AS(0)

I = AL(T,,) =0.30D, E =const; 0.27D,T = const
AS(T,,)

OTrcrona caenyer Henpumenumocts DFT-meTona
JIJIS1 AHAJIU3A NePeX0a0B MeK1y
KOH(PUTYPANMOHHBIMHA COCTOSIHUSIMH.



p-T phase diagram for Ar melting.
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KoHpurypanuu B mpocThIX
KJIacTepax.




Phase transition in the 13-atom silver cluster.
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Phase transition of 13-atom silver
cluster.

The parameters of the phase transition :

the melting point T =820 K,

the kinetic energy of atoms E . =1.16eV,

the excitation energy at the melting point E_ =2.89¢V,
the average potential energy for the solid state U=1.73eV,
the anharmonicity parameter n=E . /E_=0.4,

the entropy jump at the melting point AS _=AE/T_=16.4,
the entropy jump at zero temperature AS_=In1000 = 6.9,
AS /AS_=0.42



Cross section of the potential energy
surface for a metal cluster.




PeKuMBbI IPOECCOB € YYACTHEM KJIACTEPOB B
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IIpoiecchl ¢ y4acTHeM KJIACTEpPOB B rase.

1. Indgdy3usa ¥ NOABMIKHOCTDb KJIACTEPOB B rase.

2. Perakcanusa KJacrepoB B rase.

3. PocT Kj1acTepoB npy NPUJIMIAHAUA K HEMY aTOMOB.
4. TymieHue MeTacTadMJIbHBIX AaTOMOB B rase ¢
KJacTepaMu.

5. TopeHre MUKPOYACTHIL B KHCJIOPOJACOAeP-KAILIEM rase.
6. 3apsiaka MUKPOYACTHIL B IJIa3Me.

7. PekoMOUHAMA B IJIa3Me, COAEPKAIEH KIacTephbl.

8. IIpouecchl HYKJIEANMH : KOATYJISILUS, KOAJeCIeHIMA,
arperamnmsi.

B.M.Smirnov. Nanoclusters and Microparticles
in Gases and Vapors. (Berlin, de Gruyeter, 2012)



Moaeau 1Ji1 HAHOKJIACTEPOB U

MHUKPOYACTHII.
Moaesnb KUAKOHU KAIJIN.
Yucno amomos ¢ knacmepe : 5, _ ( r T ,
Vw
7 paouyc Buenepa-3etumca

Moaeasb TBepaAbIX chep — pazmep 06;1acTH CHILHOTO
B3aMMOICHCTBHSA ISl CTAJIKHBAIOIIMXCH YACTHII MAJ 110
CPABHEHHIO C HX pa3MepaMu.

Jughpysuonnoe ceuenue paccesanus amoma na Kiacmepe :

2
o =r



Temneparypa miaBjieHus Ag-KJIacCTEePoOB
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Jnddy3usa kiaacTepoB B rase.

KuHeTHYeCKHM PesKuM : 3ﬁ

JInpdy3nOHHBIN PEKUM : D T

T- TeMneparypa rasza, r — paauyc Kjaacrepa, A — JJrMHa pooera
aTtoMOB Oy(epHOro rasa B rase, N — IIIOTHOCTh aTOMOB Oy(hepHOTO
rasza, 1 — BSI3KOCTb I'a3a



Koaryjasinus B OMIHOPOIHOM rase.
M _+M_—M

KuHeTHYeCKHMH pexnuM 7 = 6.3(kaof)l°2, r<<A, NCZA3 >> ]

JAn(pPy3uoHHBIN pe:kUM COTMKEHU,

KUHETUYECKUU PEKUM ABUKCHUS rT 1
k,=3 - L r<<A,N A <<1
. m N,
JAndPy3uoHHBIA pesKUM COMIKEHUS,
i 8T
NP PY3UOHHBIN PEKUM ABUKEHUSA k. = r>> A, N,A >>1
n

N — mI0THOCTH aTOMOB Oy(epHOro rasa, N, — IIIOTHOCTh CBSI3aHHBIX
aToMOB B Kiactepax, N , — IIIOTHOCTb KIIACTePOB, A — JUTHHA podera
aToMOB B Oy(epHOM rase, A — JjmHa npooera KjaacTepoB B OyepHoM

ra3ce.



Deposition of clusters onto a surtface.




Scheme of experiment (Bityurin,Klimov e.a.)
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12,13-gas flow, 14-Al powder
injector, 15-plasma, 16-water
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Ien

epaTop MeTa/LJIMUYeCKHUX

KJIACTEPOB.
| 4 1 — moTok aprona, 2 — kamepa, 3 —
| - 7 00J1aCTh BO30YKICHUS U UCIIAPCHUS,
~6 r’ 4 — MHXKEKIASI MUKPOYACTHII, 5 — IIOTOK
XOJIOOHOTO aproHa, 6 — JIMHUS TOKA,

'/ — BBIXOJl HAHOKJIACTEPOB.



IlapaMeTpsl mMponecca reHepanuu
KJIACTEPOB cepeodpa.

TenmoBoii OanaHC Ayl HArpeBaeMbIX MUKPOYACTHII
r =100 mxMm — paguyc yactuipl, T=2000 K — temneparypa 4acTuilsbl,
u =IM/c — CKOpOCTh aproHa, 00eCIIeUrBaroIas JICBUTALINIO YaCTHIIBI.

P:})md_l_})ev_I_P

therm 2

P, =0.02W,P, =0.7W,P

r therm — 1W9 5 — 04

P- MomHOCTB, momomaeMast 4aCTUILCH, Pm 4 — MOIIHOCTb U3JTyYeHUS
YACTHUILIBI, PeV — MOIIHOCTH, 3aTpayrBacMas Ha UCIIapEHUE aTOMOB,

P o~ MOIITHOCTB, IIEpeiaBaeMast Tasy 3a CHeT TeIJIOIPOBOAHOCTH,

& — 4acTh DHEPIUH, UIYIICH Ha UCHAPEHUE aTOMOB.



CkopocTH IpoueccoB Ipu
reHepalu KJIacTepoB cepedpa.

Bpewmst ucniapenust Mukpodactuipl T = 1.5c¢.

IIepBas cTaaus pocTa KJIACTEPOB — IMPEBPAIICHNE UCITAPECHHBIX
aTOMOB B KJTACTEPBI T , = OMKC, CPEIHEE YKCIIO aTOMOB B KJIacTepe
n=450, cpenuuii paguyc r_=1.3um.

Temneparypa paBHOBECHS MEXKAY MCHAPEHUEM MUKPOYACTHUIIBI U
npununanuem K veit aromoB T =1900K (p, =0.1atm).

BTopas craaus pocra KiIacTepoB, KOAryJisilusg B KHHETHYECKOM
pexume, gautcesa 0.09¢ u npoucxogut a0 paauyca 60 HM (4UCIO
aToMOB B KiacTepe n=4*107).

Cnenyromias cTagus pocTa KiIacTepoB, Koaryisuus B 1U((Hy3uOHHOM
pEKUME, MPOUCXOAUT MEJICHHEE, M YBenrndeHue paguyca 10 100 am
IIPOUCXOINT 3a 2 C.



I eHepaTOp HMHTEHCUBHOI'O IMMy4YKa
METAJIMYECKUX KJIACTEPOB.
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OoOpa3oBaHue MEeTAIMYECKUX KJIACTEPOB U3
MeTaJlI - comepramux Mosaexya (WCL).

Boundary Equilibrium
for W-Cl bonds temperature

11

Boundary initial
for W-W bonds temperature
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Bulk metals as catalysts (Haruta 2003).

Processes : oxidation, hydrogenation, reduction of NO _
with hydrocarbons.

Applications : inorganic chemical syntesis, petroleum
refinery, environmental protection.

Form : dispersed small metal particles fasten with
metal oxides, such as Al,O, and SiO, .

Catalysts :
3d —metals, Fe, Co, Ni, Cu
4d — metals, Rh, Pd, Ag, 5d-metal, Pt
Ru(4d) and Ir(5d) have a limited application,
Os has a toxic oxide, and Au is inactive.



Rate of CO-oxidation by NO with
Pd-cluster catalyst.

pc0=5"‘10'7 mbar pNO=1"‘1(Y4 mbar
o6 —m—mm————r———7 77T T

- CO+NO —
- C02+1/2 N2

& & & &
) W = N

Relative probability

&
-1

® | 0, L N1 BN
250 300 350 400 450 500 550 600 650

&
=
®

Temperature, K



HaHokaraaus ¢ KjacTepaMu 30/10TA.

CO+0, >CO,+0 (+0.33¢}))
CO+0— CO,

Support (momoxkka) - MgQO, TiO,, Fe,O,, CeO,

Kiacrep Au ,n =10

CreneHb NOKPHITHSA NMOAJ0KKH MeHee 1%.

Hanokamanuzamop — nepcneKkmueHbvli Mmamepuai
0151 A8MOMooubHvIX hpunvmpoe —o0ookucaenue CO.



I[OHOJ]HI/ITEJII)HI)IE IMPUMCHCHUS
HAHOKaTAJIN3aTopa 30J10T4A.

1. YcrpaHeHue 3amaxa B IHOHCKUX TyaJe€Tax Ha OCHOBE
mopoiika reonura NiFe,O, B pesynabrare pasinoxeHus
TPUMETHUIAMIHA, UCTOYHUKA 3amaxa, Ha N, u CO.,,.

2. Cencop mia CO.

3. Kontpoias smuccun CO.

4. OcHoBa Oarapel U TOIJIMBHBIX 2JICMEHTOB Ha METaHE.
5. IlmarnHOBBIN KaTtaau3aTop AJIs TOILUIMBHOIO 3JIEMEHTA,
ucnonk3yroiero nponecc O,+2H, —2H O



Oxidation of CO in the air flow with
supported gold clusters as a catalyst.
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Ckopoctb okucjaenuss CO B 3aBUCHMMOCTH OT
CTEICHU MOKPHITUS IOBEPXHOCTH

KHUCJIOPOI0OM.
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Kiacrep 3011072 Ha moBepxHocTn MgO.




KoHpUrypanmoHHbIN aHAJIU3
KaTaJauTundeckoro 1ooxkucjaenusa CO.

1. UMeeT MeCTO KOHKYPEHIUS XMMHYECKOI0 MpoIecca 1 mpoiecca
[epeHoca 3apsajaa.

2.E_ =0.53B quist XHMU4€CKOro npoiecca 1 BeposiTHocTb P=6*10
JJIS IIPOLecca mepeHoca 3apsaa.

3. B pe3yabTare nepeHoca 3apsiia cucrema Au, -CO 3apsixkaercs
OTPHUIATEJIBHO.

4. JJIEKTPOH, COBEPLIAIOIIAUA TYHHEJIbHbIN MEPeXo/l, HAXOAUTCH B
onpeaeeHHON TOUYKe MOMJI0KKH, 4 He Pa3Ma3aH 10 Hew.

-11

5. DJiekTpoH Oepercs u3 O , HAXOAALIETOCH HA IMOAJI0KKEe HA

paccrosiHuu 1-2 HM OT KJIacTepa.

6. Karajmmruuecku mpouece COOTBETCTBYET MEPEeXoay MeEKIy
IUIOCKOH W OWJIMHEHHOH CTPYKTYpaMHM KJiactepa Au,  Ha
IHOBEPXHOCTH MOMJIO0KKH.

Berry, Smirnov 2011



Kractal aggregate.




PDpakTajbHass pa3MepPHOCTD
arperaroB Si0, B JIAM€HHU.
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I opeHre KpeMHUM-COACPKALIETO ra3a.
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Fractal fiber.
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Mass-spectrum of inert gas
clusters in free jet expansion.
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Magic numbers for sodium clusters.
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Mass-spectrum of sodium cluster
beam in thermostat.
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Melting point of sodium clusters.
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Parameters of the phase transition
in the adiabatic case for 13-atom
Lennard-Jones cluster.

n _ 2N E,

sol —

=(0.33+0.01) D

T = 2N, =AE) _ 271001 D
33

AT =T" —T" = 2’73§E —~(0.057+0.001) D
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Photoelectron spectra of Cu Ag Au
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Binding energy, eV



BHeniHue yCcJ10BUSA I KJIACTEPOB.

microcanonical
ensemble of atoms

canonical
ensemble of atoms



Ensembles of repelling particles.

Ensemble of particles Boundary conditions

Inert gases at high pressure External pressure

Hard balls in container Pressure under weight
of balls

Colloid solutions External pressure

Dusty plasma Electric traps




Polycrystal structure of colloidal solutions.

PN.Pusey e.a. Phys.Rev.Lett. 63,2753(1989)

Poly-methylmethacrylate particles of 170 nm radius are
stabilized sterically by 15 nm layers of
poly-12-hydroxystearic acid.

They are suspended in a mixture of decalin and

carbon disulfide.

The polydispersity is better than 0.05.

Polycrystal structure is formed in some range of the
packing factor. A size of crystallites ranges 10-50 pm.

A number of monomers in a crystallite is 10> — 10’.



Clusters in catalytic processes.

1. Pt-catalysis in heat element with gold

clusters (2H, +O,
power) .

ZHZO + electric

2. CO oxidation in air with Au1 - clusters

as a catalyst.

0

3. Oxydation of hydrocarbon polutions in
the atmosphere with Au-clusters as

catalysts.



Oxydation of CO by NO with

Pd-cluster catalyst.
NO+Pd — NO-Pd , CO+NO-Pd —CO_+N-Pd_

2N-Pd_—N_+Pd_

At p_,=5*10"mbar, p_ =110 mbar and Pd_, Pd,
as catalysts the maximum rate constant corresponds to
T =420-450 K

This corresponds to the binding energy ¢ =1.2 eV



Ilepexoa AMAJIEKTPUK-METAJLI B
KJiacTepe pTyTH.
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