TexHonoruum “bottom-up” B
paguaumMoHHOU XUMUM.
PaanaumMoHHO-XUMHNYECKUU CUHTE3
HaHo4YacTul, HAHOKOMMO3UTOB U
HaHoreneu.



OOLwan xapakrepucTmka

N3nyyeHune nornowiaeTcsd B OCHOBHOM pacTBOpUTESiEM
unun matpuueu (oTnuyme ot hoToOXUMUN)

«Knpnnuukm» nony4yaroTcs 3a CHET peakLuuu
nepBUYHbLIX MHTEPMEAUaToB, reHepupyemMbIX B
pacTtBopuTtene (rmgpaTUupoBaHHble 3NEKTPOHbI, aTOMbI
BOoAopoaa, pagukarnbl), C paCTBOPEHHbIM BeLleCTBOM

[oMoreHHoe 3apoabilleodbpasoBaHue (yCcs108HO)

Tvun n napameTpbl N3Ny4YeHUA BNUSAIOT HA pa3Mepbl U
pacnpeneneHme HaHOCTPYKTYP




PagnaunmoHHO-XxMmMmn4yeckas coopka HaHOCTPYKTYp B
pacTBOpax U refsax: XumMusa 6e3 peareHToB ?

 BoccTtaHoBneHue NOHOB MeTarJfioB = hopMupoBaHue
MeTansfim4eCcKMx HaHo4yacTuL,

«  OkucnurtenbHbie Npouecchl, hopMUpYIOLLME KNacTepbl U
HaHo4YacTUUblI

» JlokanbHOe cluMBaHue NonmMmMmepoB ¢ o6pa3oBaHMEM MUKPO-
M HaHoreneu

 [IpeunmywiecrTBa:

- reHepauuna 3cppeKTMBHbLIX BOCCTAaHOBUTESIEN U OKUCTIUTENEeN
(voHbI, pagukanbl) B o6bemMe pacTBopa

- yucToTta Martepmana
- KOHTPOJb: BO3MOXHOCTb «on/off switching»

- BO3MOXHOCTb KOHTpPONSA pa3mMmepa, hopMbl U pacnpeaeneHus
nyTeM HacTPOMKMU «napamMeTpoB» npoLecca




MexaHn3am paguonunsa Boabl

H,O --\\-2> H,0*, H,O ", &
«Ceepxbbicmpbie» peakuyuu (npouecchkl 8 cybrnukoceKyHOHOM duana3oHe)
H,O *+ H,0 - H,0*+ OH (T ~ 10'3¢)
e > e, (T~ 10"%c)
H,O “2H + OH" (?)
«HavyanbHblie» paduayuoHHO-XuMu4YeckKue 8bixo0bl, Yacmuuy /100 3B (~ 10'1%¢):
G(e’,q) ~ 4.8, G(OH) ~ 5.6; G(H) ~ 0.6
Peakuuu e «wnopax» (T ~ 1012—107c) :
[OH + OH'] = H,0,
[HyO* + €74] 2 H + H,0
[H+H]> H,
[€q + OH] > OH
[€aq ™ €ag] @ Hy+ 20H
PaduauyuoHHO-xumu4Yeckue 8bIX00bl M0 3asepweHUU peakyuu e «wrnopax» (~
107c) : G(e7,,) = 2.8; G(OH) = 2.9; G(H,0,) = 0.75; G(H) = 0.6; G(H,) = 0.45
dononHumenbHbIe peakuuu 8 «xobbeme» (T > 107c):
H + OH 2> H,0; H;0*+ OH 22 H,0; e,,+ H,0,> OH + OH";
H + H,0,> HO, + H,; HO, + HO, 2> H,O, + O,




PagnaumMoHHO-XxnmMmn4yeckoe BOCCTaHOBJIEHME NOHOB
MeTansfioB B BOAHbLIX pacTBopax: oowaa cxema

. — YHUKaNbHbIU XUMUYECKUN peareHT, YNCTbIN U OYEeHb
3q)cbe|<TV|B|-|bm BoccTtaHoBuTenb (E° = -2.87 B)

* gt MY D> MODT (K 2 Kyi)

€4+ CU?, 2 Cu*y, (k=3.5-10" Mc)

OJ1s1 pa3nuYHbix komrsekcos k = (0.5 - 4.0) 1010 M-1c-1

€ aq T Ni#*,q 2 Nity, (k =1.9-101° Mc)

€aq T Alyy" 2 AQ® (k =4.0 10'° Mic)

€4q T CU, 2 CU°

Pagukan OH — cunbHbIV okucnutens (E° = 2.3 — 2.7 B, npu pa3sn. pH)
OH + M-I+ > M (k ~ Kif)

NMpeBpalleHne oOKUCcnunuTesns B BOCCTaAaHOBUTENb
OH + C,H,OH> CH,CHOH + H,0 (k = 1.6:10° M-ict)
OH'+ HCOO" 2 CO," (k = 3.1:10° M-ict)

Cu2*,, + CHyCHOH > CH,CHO + H*,, + Cu*,,
Cuzr,, + CO," > Cu, .+ CO,

For review: Belloni, J.: Catal. Today ,113 (2006)141; Ershov, B.G.: Russ. Chem. Rev., 66 (1997) 103



MexaHU3M HyKneauum U pocTa KnacTtepoB:
TepMoaAMHaAMMN4YyeCKue acneKTbl

Me" + e, — Me™D* — ... — Me®
Me"* + R* —»> Me(™D* + R*
Me® + Men* = Me,"* -...2>Me,P* (p<k) ... nanoparticles

Vicnonb3oBaHue e, B Ka4eCTBE BOCCTAHOBUTENS MO3BOMSIET peanun3oBaThb
20MO2eHHOe eoccmaHo8sieHUe UOHo8 G0 HelimpasibHbIX amoMoe &
pacmeope (bonbwue ompuyamersibHble rnomeHyuarisl), Hanpumep:

€.+ Cu*,, 2 CuY, (oueHka: E° = - 2.7 B)
€aq t A0y 2 AQY,; (ouenrka: E°=-1.8 B)
Hns knacmepoes E° ¢ pocmom n cmaHogumcsi MeHee ompuyameribHbIM 8
npedesne 2> E° (M*,,/MO%;q)
R+M,™ 2M, D +R*
MpoGnembl nony4yeHus MeTananyeckux HaHo4YyacTuL B pacTBopax:

HeobxoanmocTb ctabunusaumm HaHo4YacTul, (MONUINIEKTPONUTLI, Hanp.,
nonudoccaTtbl, NoNMakpunoBasa KMCroTa)

dopmMupoBaHMe NNEHKU («CyXOMN OCTaATOKY)
OrpaHuyeHue pa3baBrneHHbIMU pacTBOpaMu
Hanuune nHaykumoHHoro nepuoaa




UHTepnonuaneKkTposiMTHbIE KOMMJIEKCbI —
«KOHTEeUHepbI» Ans VIOHOB MeTansnos

( ]

® ®
Na COO COO COO COO Na

W _\/ \/ \HN/ \‘N/H’_ o

oe
00C COO 00C coo

KaTtuoH Cu?* Ni%* Co?* Fe2* Ag? Pd?*

C...., Macc.% 27 20 20 6 22 3

Ycnosusi : 0briydeHue Habyxuwux eerneobpasHbix rieHOK KOMIIEeKCo8 pasiudyHo20
cocmaea 8 800HOo-criupmosou (10% amaHona) cpede 8 uHepmHoOU ammMocgepe
KoHmporb pa3mepos: dughgy3UuOHHbIE 02paHUYeHUs I1H0C
aflekmpocmamu4yeckasi cmabusnu3sayusi

[lomeHuuanbHble obnacmu MPUMeHEeHUsI HAHOKOMIIO3UMmos:

Kamarnus, onmu4yeckue Mmamepuarsbl, CEHCOPbI, MagHUMHbIE Mamepuaribl




OGpa3oBaHMe HaHOYacTUL NPV paauaLNOHHO-
XUMUYECKOM BOCCTAaHOBIIEHUU MOHOB B TPOUHbLIX
KoMmnnekcax (ramma-obny4vyeHue): gaHHble [NMOM

HaHo4yacTuubl meaun (crneBa) n HUKens (crnpasa) B 00JTly4YeHHbIX MfeHKax
WHTEPMNONIN3ANEKTPONIUTHLIX KOMNNeKcoB (AaHHble [TOM)

PagnauMoHHO-XMMMYeCcKoe BOCCTaHOBIIEHUE (B OTIIMYME OT XMMUNYECKOro)
AaeT HaHo4YacTULbl C pa3sMepoM 2 — 5 HM U AOCTAaTOYHO Y3KUM
pacnpegeneHnem no pasmepy

(A.A. Zezin et al., Nucl. Instr. Meth. Phys. Res. B, 2007, 265, 334)



BrnnaxHue napamMmeTpoB U3J1y4YeHus

1. BnusiHue aHeprum usny4vyeHus (OnA 3NeKTPOHOB U PEHTreHOBCKUX
ny4vyen) - mMakpockonum4yeckas HeogHopoaHocTb L = F(E) =2
803MO)KHOCMb (hOopMUpPOBaHUSI 2padueHMHbIX CMPYKMyp

2. BnnsaHue MmowHOCTU A03bl (KOHKYpPEHUUS NpoLeccoB HyKeauum u
pocTa HaHOYaCTUL) = KOHMPOJIb pa3Mepa HaHo4Yacmuuy

3. JlokanbHble adpdeKTbl, CBA3aHHbIE C NOrnoweHneM N3ny4yeHus
(«pagnMaLMOHHO-XUMNYECKMN KOHTPACT»)




X-ray irradiation: a heavy atom effect

« X-ray irradiation (E ~ 20 - 40 keV): basic mechanism — phoelectric
absorption (photoeffect) — removal of a “strongly bound electron”

E.=E,-E,
(E,, — energy of electron binding in the medium atoms)

For E, > Ey (E¢ —the energy of K-edge) main interaction with K-
electrons (E, ~ Ey)

« Atomic cross section
7, = kZ*/E ?
 Mass absorption coefficient (proportional to absorbed dose)
p/p ~ Z3

 Mostly photoelectrons with relatively low energy (below 10 keV)
are produced from heavy elements

...Plus resonance absorption at E, ~ E, ; interaction with L-electrons at
E, < E« (significant for Z > 40)
Meaning for radiation chemistry ?



Selected mass absorption coefficients (cm?4/qg)

E, |C N O Cu Ag

keV | (z=6) (Z=7) (Z=8) (2=29) (Z= 47)
E,<1lkeV |E <1lkeV |E, <1keV E.=9keV |E, =255keV

30 0.066 0.10 0.17 9.3 16.6

20 0.22 0.39 0.62 28 16.9

15 0.56 0.97 1.55 58 38

10 2.08 3.5 5.6 148 115

Light blue — major interaction with K-electrons,

yellow — major interaction with L-electrons

(taken from:Hubbel, J. H.; Settler, S. M. Tables of x-ray mass attenuation coefficients and mass

energy-absorption coefficients from 1 keV to 20 MeV for elements Z = 1 to 92 and 48 additional
substances of dosimetric interest ; http://www.nist.gov/pml/data/xraycoef. 1996)



http://www.nist.gov/pml/data/xraycoef. 1996

Schematic representation of microdosimetric

picture
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absorbing bath: absorbing guest: nanoscale contrast:
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Microdosimetry: pathlength of keV electrons

I'[]"‘:
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Lo ~ Xog0:

E. =1keV->L, =50 nm
E. =2keV=>L, =150 nm
E. =5keV=>L, =700 nm
E. =10keV=>L, =2um

Expected conseguence:
local dose rate enhancement at
nano- and micro-scale due to the
heavy atom effect

Distance corresponding to 90% absorption of the initial electron

Kinetic energy in water
(taken from: Stewart, R. D.; Wilson, W. E.; McDonald, J. C.; Strom, D. J. Phys. Med. Biol. 2002, 47, 79-88).




Braking radiation (Bremsstrahlung): the action
spectrum and spectral selectivity

Light elements (C,N,O):
only K-absorption, low

Intensity, arbitrary units

efficiency, E, > 10 keV
1,00
Cu:
0,75 - mainly K-absorption, high
efficiency, E, ~ 1 - 10 keV
0,50 Aq:
15 N.0) both K and L-absorption,
0,254 E (Ag) high efficiency, bimodal
distribution of E,
0,00 T I T I T I T I T I T I
0 5 10 15 20 25 30

Photon energy, keV

Energy spectrum of braking radiation produced by
an X-ray tube with tungsten anode at U = 30 kV (E, = 30 keV)



Comparison of the nanostructure pattern:
evidence for nanoscale local effects

Gamma-irradiation:
uniformly distributed small copper
nanoparticles (2 =4 nm) _ . :
(A.A. Zezin, V.I. Feldman et. al. Nucl. X-irradiation: large copper nanoparticles

Instr. Meth. Phys. Res. B, 2007,265, 334) mainly in the surface layer
(Feldman et al., J. Phys.Chem. C, 2013, 117, 7286)

It is NOT the effect of macroscopic penetration depth: half-attenuation length for
20-keV X-rays is ca. 1cm in water and polymers (incomparable with film thickness)




Estimation of scale:
the action spectrum and photoelectron distribution

7, =kZYES? (E.>E) E,~E,-E

« Intensity distribution for incident photons: 1004
* Y(E,) =C(E,-E,)E? £
*  Probability of absorption at E = E,;: g O o
¢ P(Ep) - B(EO - Ep)/Ep :g 0,50 -
E E é 0,25-
N(E,) = [P(E,)dE, = B(E,In—>—E, +E,) =
Ey E« 0,00 : —f— : : .
0 5 10 15 20 25 30
Photon energy, keV
Contribution from photons with E, < E’
E' For E, = 30 keV
E In— —E'+E 80% absorbed photons in the
0 K _
N(E") B Ek range of E; = 9 — 20 keV >
N (Eo) E In Eo _E 4+ E Photoelectrons with E, = 0 — 10 keV
0 0 K

. (an average L, ~ 700 nm)




Estimation of scale: comparison with
experiment

45 min 90 min 180 min

Film evolution with increasing time of X-ray irradiation: formation of
small nanoparticles = surface filling with larger nanoparticles = etching

Etching depth ~ 700 nm (closeto L)
(Feldman et al., J. Phys.Chem. C, 2013, 117, 7286)




A deeper insight: understanding the
nanostructure pattern and its evolution

Initial stage:

- high dose rate in the film and solution
surface layer (within L,) in comparison
with bulk solution
-maximum reduction rate in the
subsurface layer (reducing species
come from solution!)
Formation of relatively small
nanoparticles predominantly in the
subsurface layer due to interplay of heavy
atom effect and diffusion

(b)

50 nm

Second stage: Final stage :
-growth of nanoparticles
at the surface dueto
self-enhancement of
local dose rate by
existing nanoparticles;
- partial shielding of the
film by metal

- film degradation (etching)
due to very high local dose
rate

(Feldman et al., J. Phys.Chem. C, 2013, 117, 7286)



The nature of clouds: radiation-chemical contrast

1,00 +

0,75

0,50 4

0,25

Intensity, arbitrary units

/ \

0 é 1I 1|5 2|0 2|5 3|O
hoton energy, keV

Major interactions with Major interactions with K-

0,00

L-electrons (70% electrons (20% absorbed
absorbed photons) photons)
Kkl E,=3.8-22keV E, =25.5-28 keV
b B E.=0-19 keV E.=0-25keV

Progressive formation of clouds from L. (average) ~2 -3 um L, (average) ~ 30 - 50 nm
secondary nanoparticles upon irradiation

of Ag —PAA-PEI system
(Feldman et al., J. Phys.Chem. C, 2013, 117, 7286)




Mony4yeHne NoNMMeEpPHbIX MUKpPOrenen u
HaHorenewu paguaLuMoHHO-XUMNYECKUM CNOCOOOM

MexmonekynspHoe clumBaHue (BbICOKUe
KOHLUEeHTpaLumMm nonmmepa, HU3Kue
MOLLHOCTU A03bl)

foMoreHHasi KNHETUKA PEKOMOUHAaLNN:
1/C(t) - 1/C, = kt
« Makporenu: (“wall-to-wall”) -
NONMHOCTbLIO HepacTBOpUMbIe 06pa3Lbl
(o6pasyrotcsa npu D > D, D, — doza
2esnreobpasoeaHusi, B cpegHem 1
CLUMBKa Ha MaKpOMOJSeKyny)

* Mukporenu: npu D <D,

BHyTpuMonekynsapHoe clumBaHue (HU3Kue
KOHLUEeHTpaumm nonmmepa, BbiCoOkue
MOLLHOCTU A03bl) = HaHOresnwu

HeromoreHHas kuHeTuka [dbopmManunsm
k(t)]:
k(t) = Bt*1(A.Plonka, 1991)
1/C(t) - 1/C, = Bt¥«a

0.85 - A & B 10 mmol/l
A8 a ® 17.5mmoll
» ° A 25 mmolll
0.80 - AR
Ri,%°
A A®
0.75 4 'y
=
%‘
Eig
0.70 - Bom @
H
LI
0.65 - B g
B
1 1 | v I 1 1

5 10 15 20 25 30 35 Ngperchain
VIMITy/IbCHBIN PagMOIN3 PACTBOPOB AKPHIOBOM KCHCIOTHIL:

N3MCHCHHUC KHMHCTHYCCKOI'O PCIKNMaA
(P. Ulanski et al., Radiat. Phys. Chem., 2002, 63, 533)

=

lMpeumywecmea: 6e3peazeHMHbIU MEMOO (Cxema 06pa3oBaHKs HAHOTEIIEH IPH BHICOKOI MOIIHOCTH 103b1

(ocob6eHHO ea)kHO Osisi MeOQUUUHCKUX
uyesneu)

(from A.G. Chmielewski et al., Nucl. Instr. Meth. Phys. Res. B,
2007, 265, 339)



MpumeHeHue paanaLuUNOHHO-CLUNTDbIX
MUKPO- U HaHorerneun

H,O = "OH, 'H, ey
(reHepaumsa akTUBHBbIX YacTuL, B BoAae nNpu
obnyyeHun)

PyYHKUNOHANbHbIE

-CH,-CH,-O- + "OH — -CH,-"CH-O- + H,0
MaTepVIaﬂ bl C (reHepauusa makpopaaukanosB)
UMMOOUNN30BaHHbLIMU 2 GH, ~“CH-O- —» CH,-CH-O-

dKTUBHBIMN KOMINOHEHTaAM#H |
-CH,-CH-O-

BbuocoBmecTumMmblie (cumBaHue — popmmupoBaHus rens)
MaTepuanbl K3+ 'OH — K3 + H,O (He3HauuTenbLHO)
CucrteMbl fOoCTaBKU

neKkapcTB

MemOpaHHbIe maTepuansil

CopOeHTbI W

Cxema nonydeHnsa oyHKUMOHANbHOro rmaporens, cogepxatlero
PU3nYeCcKn MMOBUNN30BaHHBIN KpayH-3doup AS1s1 CENEKTUBHON
copOLuunM MOHOB CTPOHLNSA

(Zakurdaeva et al., J. Radioanal. Nucl. Chem., 2004, 261, 245)




