IAreKTPpoaAHbIe NpoLecchbl.
KnHeTuka aneMeHTapHOro akra
nepeHoca 3reKTpPoHa



KnHetunka ANIEMEHTAPHOIO aKTa NnepeHOoCa 3J1EKTPOHA 9.7

[Mouemy HekoTOpble peakuuu NI ObICTpPLIE,
a agpyrue — o4yeHb MeAaneHHble? ‘ Q

MnO] + e~ = MnO}~ 0.2 O O

Fe(CN)}™ + e~ 2 Fe(CN)g~ 0.1
Fe(H, O)g_l_ + ¢~ = Fe(H, O)g_l_ 7 x 1077 TeTpadeHUNITUNEH
Vvt e 2 vt 4 %107

4 4 e + —4 +em 4T
Ev’t 4 e~ 2 B2 3 %10 S NS
Co(NH3);t + ¢~ &= Co(NH3).t 5 x 1078 -

0.1cm/s 0.008 cm/s



CTaguUMHOCTb 3MeKTPOoaHbIX NMPOLECCOB

besbi3nyyaTtenbHbIv NePEHOC 3NIEKTPOHA MOXET
OCYLWECTBNATLCA NpY 6rN3KMX (MNn paBHbIX) YPOBHSIX
9HEpPrnmn areKkTpoHa B YacTuuax AoHopa U akuenTtopa.

o P.TepHu (1931 r.): nepexoq anekTpoHa c
MeTarnsa Ha peareHT BO3MOXEH TOJTbKO Mpwu
PaBHbIX 3HEPIUSAX HA4YanNbHOIO N KOHEYHOIO
COCTOSIHUMN.

o Bpems nepexoga anektpoHa (~10-"° ¢) mHoro

MeHbLle BpeMeHK, Heobxoanmoro Ans KOOI-JJ_'I,MHaTa

N3MeHeHus1 nonoxeHust atomos (~10-13 ¢). 4;33' PacTBOPUTENA
t&?g'z:« P
o O60bueHHas KoopgmnHaTa — opueHTaums _Q\c, 4\42; APPSR L
aunonen pacTsopuTens 1 ANnHbI CBA3EN B ) Q’i» 2
nepeXOﬂHoM COCTOﬂHMM %é IIIIIIIIIIIIIIIIIIII:"



[ToBEPXHOCTU NOTEHLMANBHOU SHEPTUA

Potential
_ En
Fe(H,0)2*(aq) = Fe(H,0)3* (aq) + e~ (m) rid

= Yem cunbHee OTNMYalTCa KOOpAUHAaTLI peakLmm P
ANS peareHTa 1 NpoaykTa, TEM BbllLE 3HEPIUS
Nepexo4HOro COCTOSIHUS

Potential Potential
Energy Energy »
4 4 Reaction Coordinate
P Fe-O Bond Length

& :
5' " Reaction
Coordinate l Coordinate 4

Reaction




KoopanHaTa peakuum

K% @»@ @/@“\ O WU3MeHeHue
%i@ 2 o © é nonsipu3aumm
© @ pacTBOpuUTens

" AF
}"= =5 - — 5
o QAuccouuatuBHasa agcopoums O W3MEeHeHue O HepaBHOBeCHad o 00obLeHHasa koopanHaTta
ONNH CBA3EN cornbBaTauus pacTBopuTens

|Hpa | <3kT

non-adiabatic

\ [D/A]

3NeKMpPOHHOEe
nepeKkpbieaHUe

2 |Hon|

adiabatic

|Hpa | 3>KT 5




OHeprus peopraHmsaymm

Gr

Gp

Gi

1
= Gr(X = Xg) +§k(X — Xg)?

1
= Gp(X = Xp) +Ek(X — Xp)?

1
= Gr(X = XR) +§k(X¢ — Xgr)?

6% = Gp(X = Xp) + = k(X, — Xp)?
p( P)+2 (X4 p)

X

GP(X = XP) - GR(X = XR)
k(X — Xp)

1
ZE(XR + Xp) —

AG;t: G;t - GR(X = XR)

1 1
0 0,06 = ) 6ot = 1)

FGP(X — Xp) — GR(X — Xp)]z

_|_

2k(Xg — Xp)?

Gibbs
Energy

AG(})

AG,

AG, ..
1 > Reaction

Coordinate
xR XT x'I"
1 2 2
A =—k(Xg = Xp) AC*— (4 + AGpp)
SHepausi peopaaHu3ayuu 41




Teopusa Mapkyca (1956)

MNapabonuyeckne TepMbl Ha4anNbHOrO/KOHEYHOIO COCTOSIHUS C OAMHAKOBOW KPYTU3HOM

1
Un/x(Q) = Ehw(Q — Qus)® + Ugg Hcxopnoe Koneunoe
. A cocToAlme COCTOAHUE
MonHas aHeprusi peopraHusaumn A, = A, + Ay, = Ek(Qz — Q,)? = |
[
o
CsoboaHas aHeprus nepeHoca anekTpoHa  AG,, = UIQ — UI({) CE;: An
1 AGyy + Ay)? %
OHeprust akTBaLUK AG* = —hw(Q* — Q,)? AG* = (A6 + 1) 4
2 42, D
=
o
[MepeHanpsxeHne E
KoadpumumneHT nepeHoca <
Pepuu \p‘ d(AG*) 1 AG Pa6oTbl NoaBoga v oTeoaa =| Al |
o@dQ=—=—+4 1 / l Q] Q 02
A, d(AG,) 2 21, .
AG* = Y + alAGy, Fn + Wy =W,
1 2fofr
— g N2 o
P A AV T ( ) ABH—ZZE(AQJ =
= — —— || =—+=——~= (romoreHHas peakuus -
P™ e \e,, €)\2a;  2a, R beart !
N3MEHEHWs ANVUH CBA3eN
1= et (1 1\/1 1 (cmpykmypHble daHHbIe)
p— 4 dteg \ &0y €/ \2a 4R (reTeporenas peak.s) CUNOBbIE NOCTOSAHHbIE

(u3 MIK-cnekmpos)




CpaBHEHNE C IKCNEPUMEHTOM

Table 2.2. Comparison of experimental and calculated standard*
Gibbs energies of activation for O + ¢~ 2 R.

Experimental Calculated
AGY(H)/KImol™!  AGP(1)/kImol ™!
Tetracene (in DME) 22 21
Naphthalene (in DMF) 23 24
Fe(CN);~ 29 30
wo;~ 34 36
MnOy 34 37
Fe(Hy0))" 36 38
v(mo)t 37 37
Mn(HO)* 41 45
Ce(H0)gF 50 28
cr(H o)t 52 42
Co(H, 02+ 56 38

DMF = N,N-dimethylformamide

Adapted from Refs. [1] and [12].

*Here, standard implies that the electrode potential matches the formal

potential of the redox couple. 8



NHBepTupoBaHHas MapKycoBckas obracTb

d(AG :t) 1 AGH:_, O npwu GonbwKnx oTpuuatenbHbiX AG,, BENNYNHA
— a MEHSAET 3HaK

Z T d(a6) 22

QHEpPrma aktmuBauum pacrtet

ABuXyLiaa cumna 1 » ABuXKyliaa cumna 1
CKOPOCTb peaKkuum 1 AGT =0 CKOPOCTb peaKkuum |

reaction coordinate reaction coordinate reaction coordinate



NHBepTupoBaHHas MapKycoBckas obracTb

-AG*® (eV)

10 r -
he = 075 eV -lower Limit
A, = .45 eV
2 =1500 em
E ]
inverted 10 -
e
I 8
L 10 -
—

1.0
~AG® (eV)

Miller, Calcaterra, Closs, JACS 106, 3047 (1984)
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I'IporH03|/|pOBaH|/|e CKOPOCTHU nepeHOCa 3J1EKTPOHAa 9.7

Wo —(A+ Wy — Wg — egn)?
k(a) =—dbxexp| ———= | exp Pa6oma nodeoda peaceHma u omeoda npodykma
off kgT 4)lkB
Wo =Fzop1 + go Wr = Fzgp1 + gg
k(na) = Kk, — dx exp —% exp —(@+ Wo - ~eom)”
€ kgT 4/1kB
(Ueff_v _1_ 1 ¢ C()ep< W) AGyy = Fn— Wy + Wp
S Veff = = T = xp|— o~
21 Tty Tpgop/eEs 0 RT (MG + 1Y
1 / AG* - AG* = W, + HZA .
& | k., =A,exp (— BT ) "
|, 80 i =nFcokg,«—
Weff vBZH/lBH + vpz/lp Yz
Re € (0.m) / 21T = ( /111 >
w

Im e (0,m)

~ _2man’ 1\
: “on = e b PA\4ma kT

Y5 Y 13 d 15 16
10 10 10 10 10 10 10 10 €)) 1 1



be3akTnBaLUMOHHbLIN pa3pan

B 3J‘|eKTpOJ:|,HOI7| peakunn y4acCTBYHOT BCE 3J1IEKTPOHbLI METarljia
QHEPIrmna anekKTpoHa oTCHNTaHHaA oT EF
+ 00 e

i = const - ex (— %) j ex O + AGro — )" (e)de
P\TRT) ) TP aaRT 1+ exp (%)p

(/Tlesuy, [JoecoHadse, Husmadxes, Ky3Heuos)

O TlNpu BbICOKMX NEpeHanpPsXXeHNAX BKNad B TOK BHOCAT 3MeKTPOHbI ¢ 6onee BbICOKMX YPOBHEN (HET MHBEPTUPOBAHHOM
MapKyCOBCKOW obnacTti)

d I'Ip|/| BbICOKMX MepeHanpsaXeHnax BernninHa a MOXeT NPpUHNMaTb HyneBsoe Unn aaxke otpuuateribHble 3Ha4YeHud

_d(AG*) 1 AGy

C=am6 2 2

O BesakmuealyUuoHHbIU peXXuM: CKOPOCTb NpoLecca He 3aBUCUT OT 1] (onpeaenseTca 3aBUCUMOCTbLIO OT NoTeHumana pabot
nogsoga u oteoa)

A
AG* = Z“ + alG,,

12



be3akTnBaLUMOHHbLIN pa3pan

lg i (ycn.en.) 6esaKn;gzzggOHHbla
15

E** sasssmnnnnnnsnn e nnnnnnnennnnf Juunnunnns

<3

o=1

1 ] 1 [ 1 | II
20 -15 -1,0 -05 0 05 1,0 m - -
E-E, 03B OOpAMHATA pPeaklun ]_g I ]_g 7
1 B obnactu 6e3bapbepHoro paspsaga obpaTHbI npoLuecc ABAsSeTcs 6636apbEPHBIL
6e3aKTMBaLMOHHbIM, a B 061acTn 6e3aKTMBaALMOHHOIO pa3paaa paspsid
obpaTHbIN Npouecc - be3bapbepHbim 1 3




A deKkT pacTBOpUTENS

AuHamuyeckull achcpekm  cmamuyeckul aghghekm 2 (1 1\/1 1
A. =N _—— | — — —
1 1 P 4, <80H g) <2a 4R>
1 W, A+ W, —e —
k(a) = —dxexp < 0 ) exp ~ 0 _ o’ ] 5
Teff kgT 4/1kB Mekaposckuli pakmop
10 - _

- B MeOH L T8
I t
0 £
£ S
:—i 1.0 | + -29.0
~ T E“’

® Bzi L

—Z29.5 4
T™MU 0\\\ s . ® AC
PrOH  Prod -
0.1 1 ! I
0.1 1.0 10 100 0.3 0.4 0.5
T / ps

L
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W. R. Fawcett // J. Electroanal. Chem. 306 (1991) 71-85



«[JanbHMN» NepeHoC ANEKTPOHA

3+
Au(210) / [Ru(NH,),]
Well oriented Grain boundaries 8e-6 -
domain monolayer substrate 3e-6 >
I\ / Colapsed < 0 { bare
sites = _3e-6 -
J -6e-6 -
'96-6 - 1 1 1 N 1 1 -
-0.5 04 -03 402 -0.1 0.0 0.1 0.2
R,}" T rerrenet! E,V vs SCE
S ] §S S§.§8sSs
Au |
-4 T T T T T ! T T T T
4 Adiabatic ® Fcin [bmim][BF,] 1 L — i i X n
01 ] 0.5 04 03 -02 -0.1 0.0 01
Kk ~ oae ff € Fcin [bmim] [NTE,]
T | oo E,Vvs SCE
"o b . -51e
g - :
= ] L] ] 1] 1 i 1
= Az Au<111> é 10 00F C - -
. P -
B < -3.0e-8
16k 1 = 15 — 8.0e8 1C16
12 ' To ' 2.0 0l Nonadiabatic . -9.0e-8 §
d/nm -1.2e-7 L L . . 1 1 L
Kk ~exp(-Br) ¢ 05 04 03 -02 -01 0.0 0.1
_25 T | T T T T
Au(] 1 1) / [Rua\IH3)6]3+ 4 8 12r, Lo 20 24 E,Vvs SCE

L.V. Protsailo, W.R. Fawcett : Electrochimica Acta 45 (2000) 3497-3505 1 5



3agadum ona noarotoBku Kk KP

1. Kak namenutca pH pactsopa 0.0005 M xnopHon kucnotbl npu Temneparype 40°C nocne pobasneHna B Hero 0.1 M xnopuaa
HaTpusa?

2. Ha noBepxHOCTb anekTpoda HaHecnn 3 Mr katanmsatopa (HaHodacTuubl NNaTuHbl Ha caxe) ¢ MmaccoBou fonen nnatuHbl 20%.
PaccunTanTte cpegHun gnameTp 4acTuy, NnaTuHbl, ecnv Ha obpa3oBaHMe MOHOCNOSA adaToMoB Meam 3aTtpadveH 3apsa 31.9 mKn.

3. PaccuntaTb COOTHOLLUEHME CKOPOCTEN Criedyrolmx KaTogHblX npoueccoB npu noteHuwane -0.04 B (B wkane Hac. K. 3.) u
Temnepatype 298 K: 1) TcO,/Tc; 2) RhCI3/Rh; 3) Fe(CN)g>/Fe(CN)g*. Cumtath NUMUTUPYIOLLEN NEPBYIO CTAQU NepeHoca OOHOro
anekTpoHa. KoHueHTpauun peareHToB BO Bcex pacteopax: 0.1 monb-i'. [Opyrme Heobxooumble Onsi pacyHETOB BENUYMHbLI MOXHO
HanTh 3gecb: hitp://www.elch.chem.msu.ru/rus/sprav/iobm.pdf. [JonycTntb, 4YTO KOHUEHTpauua anekTponuta d¢oHa OOCTaTO4YHO
BENUKa ONsi 3KpaHUPOBaHMSA 3MNeKTPoCTaTUYEeCKNUX B3aMMOAENCTBUN peareHTOB C 3NIEKTPOAOM.

4. B 1 nutp pactBopa, cogepxauwero 104 monb NasHEDTA (kucnas conb), po6asunn 104 monb FeCl; u crtoneko xe FeCl,.
HdecatnyHbin norapudm KoHCTaHTbl ycTtomumBocTu komnnekca Fe(ll)HEDTA paseH 14.6. Cuutatb, 4TO Becb JO[TA B pactBope
MOHoMNpoToHMpoBaH. Obpa3oBaHnem komnnekca Fe(ll)HEDTA- npeHebpeysb. Hantu koapdpuumeHTsl a n b B ypasHeHun Tadena ans
peakuun BoccTaHoBneHus Fe3* oo Fe?* B gaHHoOM pacTtBope npu Temnepatype 298 K, ecnu M3BECTHO, YTO AN 3TOW peakuuu
Kaxyllasica (M3Mepsiemasi) KOHCTaHTa ckopocTu paBHa 2.5-10' cm-c'. Haliitu ckopocTb npouecca npu nepeHanpsbkeHun 0.4 B.
KoadhdpuumneHT nepeHoca npuHATb paBHbiM 0.5.
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