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CHARGE TRANSFER THEORY AND THE ACTIVATED COMPLEX

J.K. KOCHI AND J.M. MASNOVI
Department of Chemistry, University of Houston
University Park, Houston, Texas 77004

Abstract For a wide variety of organic and organo-
metallic reactions, the observed correlation of the
second-order rate constant (log k) with the charge
transfer transition energy (hoc,) directly relates
the activated complex for the adiabatic process to
the ion pair derived from the vertical CT excitation
of the electron donor-acceptor complex as experimen-
tally observed by time-resoclved spectroscopy.

INTRODUCTION

Transient charge transfer (CT) absorption bands are often

observed during the reactions of many organic and organo-

112

metallic compounds with electrophiles. These are associ-

ated with intermediate complexes formed in such common

examples as: addition Br ~C=C—
Br Br

Hot, ~t=(—

X Hox

Ceution: .
stitution 8 @Br + HBr 3

t Br
(leqvoge 2. MeBr + MesSnBr  (5)
Me,Sn vox
g
2. MeHaX + MesSaX  (6)
] -A r:
N N CN
@ + c:csc’c —_— N (7)
NN N
N

29



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:51 20 February 2013

30 J. K. KOCHI AND I. M. MASNOVI

In these reactions, the organic or organometallic compound
serves as the electron donor in measure with its low ioni-
zation potential.3 Correspondingly, the electron-deficient
partner such as bromine is usually designated as the elec-
trophile which cannot be distinguished from its capacity
as an electron acceptor.“

The concept of charge transfer also applies to divers

donor and acceptor pairs such as:

Donor Acceptor
— ————
O v om  — v o @1
Ergh (Ll —  EN' e L0l 19)
RMX  + 0 — gkt . 07 aon
Donors (pleV) Accentors  E,(eV)
CH2=CH2 10.5 02 a.7
(CHg),C=C(CHg), 8.4 €l 2.1
EtgN 7.7 Quinone 2.6
PhOCHy 8.5 TCNE 3.1

More broadly speaking, charge transfer forms a part of a
continuum of oxidation-reduction processes which are mech-
anistically distinguished by the extent to which the inter-
penetration of coordination spheres of the reactant pair

5 The two mech-

has taken place in the activated complex.
anistic extremes have been designated as outer-sphere and
inner-sphere prototypes as schematically represented below.

OX1DATION-REDUCTION REACTIONS

A + D _— A+ D
(Ox)dant) (Reductont)

- Quter-sphere Tronsition State:
-~ inner-sphere Tronsition State:
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It is important to emphasize the caveat that any kinetics
investigation of oxidation-reduction processes must spe-
cifically address the question of reversibility in the

electron-transfer stepf i.e.

~ lon-Pair Intermediate:

Ky e ky
A+ D k= [A" D'l =+ Products
L i

Kobs

CHARGE TRANSFER EXCITATION AND THE ACTIVATED COMPLEX

Although the theoretical basis for outer-sphere electron
transfer is provided by Marcus theory, no such paradigm

is available for inner-sphere electron transfer.’ We have
presented a phenomenological approach to this problem which

can be summarized as follows.®°

Consider the halogenolysis

of alkylmetals as represented in eq 5 above. Typical tran-
sient charge transfer spectra (obtained by a spectral dif-

ference method) are shown below for a series of alkyltin

compounds with bromine.®

o

Absorbance
N

320 280 240

Wavelength, nm



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:51 20 February 2013

32 I. K. KOCHI AND J. M. MASNOVI

For a variety of systems consisting of different alkylmetals
with halogens, the second-order rate constants (log k) are
experimentally found to vary linearly with the CT transition
energy (hOCT) of the 1l:1 electron donor-acceptor (EDA) com-

plex as shown below.

1 3 T t i i i T T i T \

ol -
N R4Sn + Br, ~\ - Rquolz_ ReSn 1,

m . ? L3 N
4 & %’O s - Mo ~. 1r W63 loﬂﬁi\.:
| 41 JO‘E\TO —
|\‘ i MQZHQO\_“ N I-
6L 1 1 ! | ! { ] L 1
42 46 36 40 40 44

hQCT.eV

If we proceed from Mulliken theory,10 the transition energy
represents the energetics for the charge transfer process

given in eq 11, hY ok
D+ A = (DAl — (VA7) (11)

where D and A represent the organometal donor and the halo-
gen acceptor, respectively, and the asterisk identifies the

ion pair derived from vertical excitation in the EDA complex.

+_
As such, it is related to the adiabatic ion pair [D A ]S

which is formed in the thermal reaction by a contribution

from solvation (s).ly

The interrelationship among the three
species is schematically represented by the thermochemical
cycle below.

Activation Process for Inner-Sphere Oxidation.

Energetics of lon-Pair Formation

(0" A"
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When a comparative method is used to evaluate the energy
changes, the thermochemical cycle predicts the following

equivalent relationships,

£G} = -RTInk/ke = 8mgp + AGp (12)

Since AMgp = Awg’ + Alp,

s
sc! - awS + lp + 4GP (13)
Foo_ o '
aGf = awy + ach (14)

where all quantities relate to energy differences relative
to those of the reference alkylmetal. The work term wp in
the ion pair derives from the first order Mulliken formu-

lation: _
hOCT =1, - E, v,

where ID is the vertical ionization energy of the alkyl-
metal donor. [Note the electron affinity EA of the accep-
tor drops out in the comparative procedure]. The success of
this formulation is shown by the figure below which graphi-
cally illustrates the fit of eq 12 to the three indepen-
dently determined experimental variables, viz., AG:, AhOCT,
and AGS. Note that all the points in the three plots of

log k vs AhOCT shown above are included in this unified

picture. I T T -
20F- ]
7 UNIT SLOPEy 23
13 i 2/%7
E ZZQN és
x Ve
. 10} do"%q Sig 26 ...
§. P20
- o8 Bgﬁ%
©
< - 8o/ 1
[
I
Of o -
1 L 1 5 !
0 0 20

86} -am.,, keat moi®



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:51 20 February 2013

34 J. K. KOCHI AND J. M. MASNOVI

EXPERIMENTAL VERIFICATION OF MULLIKEN THEORY

The validity of the generalized formulation of reaction
rates as presented by eqs 12-14 depends critically upon

the ion pair as the CT excited state according to eq l1.
However there has been heretofcre no direct and unambig-
uous experimental verification of Mulliken theory. Accord-
ingly our next task was to estzblish this important point.
We initially chose for study the EDA complexes of substi-
tuted anthracenes (R-An) with tetracyanoethylene (TCNE)

for two reasons. First, we could independently generate
the corresponding donor cation radicals and the acceptor

anion radical by electrochemiczl methods, e.g.l2

\

st -TCNE cNat |
] / A A
f ;

L JA ' i

Atceld

/

3
100

/ i
~
/ \\< |
\ _/V/J
«00 300 500 700

Moveleag's | am

3co

Second, in these EDA complexes the CT absorptions are
clearly separated from the absorption bands of either re-
actant, as illustrated below in a represented example

(CNA = 9—cyanoanthracene).13

4

A

ae

-l W, \

an

300 490 500 8§00 700 800

Wavelength — am
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Thus irradiation with the available 532-nm laser pulse er-
sures that only the CT band is specifically excited in
these complexes. The series of time-resolved spectra below
(taken at ~25-ps intervals) demonstrates that R—Anf and
TCNE* are formed concomitantly within the rise time of the

initial 25-ps laser pulse.

ot [ttt otk
. e - : Pt
M ".l A, Bl A A
—_— e - AT NN Mo
i TNV M L..A.. Wil ey iR e -
i T s N
. — e mTh o MMVvlﬁ“"M,wv "
o Mgy eV 15
«
< 0.2
i - =i
ff ‘\"\.

)

|

VEOLERETH (nat T

- L)
—GDRTR et

The following figures (c,h above) show that these ions sub-
sequently undergo mutual annihilation by back electron
transfer within ~50-ps to regenerate the original EDA com-
plex. This conclusion is supported by independent photo-
chemical experiments which confirm the fact that no chem-
istry results from CT excitation; viz., the quantum yield
for reaction is nil in this system.

By way of contrast, the EDA complexes of the same
series of anthracenes with tetranitromethane (TNM) as the
common acceptor are found to undergo efficient photo-

1k

chemistry. The meso adducts shown below are formed with

an almost unit quantum yield upon the specific excitation

P H)<CT?QS
1T

%N)‘&
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of the CT bands of the 9-bromo and 9-phenylanthracene com-
plexes. These EDA complexes also afford the same series of
transient aromatic cation-radicals within the 25-ps pulse

as shown below.

AN A A

A NN

\/«\SE}' oy

N o~

600 400 500 600 T00 600 600 800 300 600 700 800

AELATIVE ABSORBANCE

.

WAVELENGTH {nm)

Thus the striking difference between the behavior of the
TCNE and the TNM complexes upon CT excitation must lie in
the relative rates of back electron transfer, i.e.,
[D+-A_]* +- [D, A]. Indeed such a conclusion accords with
the known stability of TCNE* but dissociative character to

the electron capture by TNM, i.e.t’

STABILITY OF ACCEPTOR RADICAL-ANIONS

NG OEN . NG ON T
o = =€
nC N [
O MO e 0N M2 Gops - .
N —— /C\ —_— |02N)3C + NOZ
0,87 “No, 0,87 ho

The metastable character of TN would thus preclude this
mode of ion-pair deactivation. Accordingly the CT excita-

tion can be described by a fragmentation process such as:

CHARGE-TRANSFER PHOTOCHEMISTRY OF ANTHRACENE-TNM COMPLEXES

hvy
+ _ .
Anthracene + TNM == EDA Complex —="» [ (OI(E@' , (OZN)3C , NO,]

Solvent-caged species

(15)
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Time-resolved spectroscopy again provides detailed
information as to how the solvent-caged species in eq 15
lead to the meso adducts. Thus the series of spectra be-
low show that most of the aromatic cations disappear on

the ps time-scale.

ops Ops . Ops
4_,__./*"~‘~\‘&_,,M/r\n‘ P LY
2808 - \.. 25ps ~ . 250s
- [ ™, Y I,
b }__‘_,—/ v r""—’/ ~
- Q - 50ps A 2 50ps
HEPREN
TE— A ] St 8
o
=] F—— 22%ps 7Sns .
] 200es .« A D-'f\\ -,
——— o fat -—-’_’..—l — _wwf ‘%ﬁ_‘
<«
< | 450ps 475ps 225ps
L
NI || I P ] S
%
195008 1975ps 47%gps
TS | I | N
hosOps™.-: - 3975ps T -] [1975ps
| P ) o ) N

I 1 1 1 WSS S S
500 700 BOO 600 700 800 800 700 &
WAVELENGTH  {(nm)

Such rapid processes must result from cage collapse such

as:
H C(N02)3

+ - N Cage Collapse .
OO0+ (0M)5¢” , Ho,) —29% oS . 1 QIO - Moyl

~_Diffuse @@@ +0NRCT + O,

In this formulation, the diffusional processes in eq 16b
are responsible for the residual catioms observed at rel-

atively long times (ns) after irradiation.

37

(16a)

(16b)
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The appearance of the adduct radical on the ns time-

scale in CHZCl2 solution is shown in the spectrum below

by a comparison with an earlier spectral observation by

Mataga and coworkers. !®

Al
- f; :%"““iﬁ Igiﬁg
I l \L\‘i?n

-
o = T e e
<
9
r-1
- a
° .
2 A Qe
o 5
o o Cre
a } SN
;9_ H N
.02 o—
‘ Okoda ,Kido , Mataga
o CHEM. PHYS. LETT. (1982}
° Booc’
430 430 550 610
Wovelength . nm

The series of spectra above also illustrate the slower decay

of the radical to the meso adduct, i.e.,

H C(NO,), ) H C(NO,),
+ho, o (@é@j an
R
0N R

Analysis of this data indicates that the adduct radical
disappears with second-order kinetics. The rate constant

k3 for this process is listed below for several derivatives.
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KINETICS OF THE DISAPPEARANCE OF FREE RADICAL-IONS AND FREE RADICALS

Transient Species max Log k “\_15—1)
R (nm) CH2C12 (0.1M TBAP) MeCN
CHO 730 5.6
R H 710 7.62 (5.4) 5.6
Ph 720 7.59 {5.5) 5.7
Br 725 7.64 (5.5) 5.5
CH=CH2 690 7.1 {5.5) 5.3
R Br,Br 710 5.7 (3.8) -
@iﬁﬁ%ﬂ::] Ph,Ph 660 3.6 - -

R

CHy.CH, 650 5.3 - -

L A -t

og k3 ( s 7}
CHZCIZ MeCN
] NO2 540 5.5 5.6
O CN 550 5.8 5.8
H'CINO, )5 CHO 540 5.7 5.7

There is also evidence in the ns studies for residual, long-
er lived cations which also decay with second-order kinetics.
f — H C(NO,),
@@ + (OZN)3C —_ ‘© (18)
R R

Values of the rate constants kz for these processes are
included in the table above.

Solvent polarity plays an important but selective role

in the time-resolved spectral changes of these reactive in-

termediates. For example with 9-formylanthracene, the life-

time of the cation is too short in CH2C12 to observe on

the ns timescale as illustrated below. However, in the

more polar CH,CN, the absorption spectrum of the cation

3
can be observed together with that of the adduct radical.



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:51 20 February 2013

40 J. K. KOCHI AND J. M. MASNOVI

x 102

Absorbaonce

2

7
Theledest
NisshF

KX 7w .

nm

CH4CN

CH,Cl,

It is singularly noteworthy from the results listed

in the table that solvent polarity has an important in-

fluence on the second-order rate of cation disappearance

(eq 18), but it is essentially without effect on the rate

of disappearance of the adduct radical (eq 17). Further-

more, only the kinetics of the cation decay is subject to

a marked salt effect illustrated below.

Py

107k, .

.
S

F4
_?"993

e

§,

Rgt'ClOg

L4
.
Rgh'PFe” o o

2%  oe o |
"

0 O 07 03 94 05

[SALT], ™

kzlcmoz)A

LJ C(NOZ)!
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Thus the CT excitation of the EDA complexes of the
anthracenes and tetranitromethane provides an excellent
opportunity to examine the more general problems relating
to the dynamics of ion-pair and radical-radical interactioms.
These various processes are summarized below in the com-
posite scheme showing the chemical routes which have been

identified following CT excitation of the R-An/TNM complex.

CHARGE-TRANSFER FHOTOCHEMISTRY OF ANTHRACENE-TNM UOMPLEXES

h? ., 3
L. Anthraceme + TNM == EDA Complex  —Se [ ERGHTL to,ncT, Koyl

Snlvent-caged species

ncoy)
. + - . a

a. 1 QIO o Noyl Cage Collapse (Q\R/@ . Roy
Diffuse + - .

H cmo,), HCUNo, )

\, k
L1, @@@t s tome” S2, @jﬂ@ + R0, ){@

OZN H

Important to Mulliken Theory, the use of time-resolved
spectroscopy has allowed us to demonstrate the identity
of ion pairs as the excited state of charge transfer tran-
sitions. The chemistry following CT activation relates to
the properties of the ion pairs which are exemplified in

this study by a comparison of TCNE and TNM complexes, viz.
THE FATES OF ION PAIRS FROM CHARGE TRANSFER EXCITATION OF FDA COMPLEXES

ho.
Anthracene + TCNE = [EDA Complex] é [Anthracene? TCNE?| -~ Diels-Alder Adduct
<50ps

(LP = 0)

1:1 Mesoc Adduct

Anthracene + TNM == [EDA Complex) ll\nthracenef TNMT | —>

('lp ~ 1)
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We hope that further studies of the dynamics of CT
ion pairs will provide the experimental basis for estab-
lishing their relationship with the activated complex as

delineated in the title of this paper and summarized by

eqs 12-14.

REFERENCES

1.

E.M. Kosower, Prog. Phys. Org. Chem. 3, 81 (1965).

2. R.J. Klingler, S. Fukuzumi, and J.K. Kochi, A.C.S.
Sym. Series. 211, 117 (1983).
3. J.K. Kochi, Organometallic Mechanisms and Catalysis

(Academic Press, New York, 1978), Part III.

4. §. Fukuzumi and J.K. Kochi, J. Org. Chem. 46, 4116 (1981).

5. (a) H. Taube, Adv. Inorg. Chem. Radiochem. 1, 1 (1959).
(b) R.J. Marcus, B.J. Zwolinski, and H. Eyring. J. Phys.
Chem., 58, 432 (1954).

6. R.J. Klingler and J.K. Kochi, J.Am. Chem. Soc. 104, 4186
(1982). -

7. S. Fukuzumi, C.L. Wong and J.K. Kochi, J. Am. Chem. Soc.
102, 1918 (1980). )

3. S. Fukuzumi and J.K. Kochi, Bull. Chem. Soc. Jpn. 56,
969 (1983).

9. §S. Fukuzumi and J.K. Kochi, J. Phys. Chem. 45, 2246 (1980).

10. R.S. Mulliken, J. Am. Chem. Soc. 74, 811 (1952).

11. S. Fukuzumi and J.K. Kochi, J. Phys. Chem. 84, 2254 (1980).

12. J.M. Masnovi and J.K. Kochi, Can. J. Chem. in press.

13. E.F. Hilinski, J.M. Masnovi, C. Amatore, J.K. Kochi
and P.M. Rentzepis, J. Am. Chem. Soc. 105, 6167 (1983).

l4. J.M. Masnovi, J.C. Huffman, J.K. Kochi, E.F. Hilinski,
and P.M. Rentzepis, Chem. Phys. Lett. 106, 20 (1984).

15. S.A. Chaudhuri and K.D. Asmus, J. Phys. Chem. 76, 26
(1972).

16. T. Okada, K. Kida, and N. Mataga, Chem. Phys. Lett. 88,

158 (1982).

ACKNOWLEDGMENT: We thank S. Fukuzumi for the CT studies
leading to eqs 12-14, E.F. Hilinski and P.M. Rentzepis of
the A.T. & T. Bell Laboratories for the ps studies, A.H.
Levine, S.J. Atherton and M.A.J. Rodgers of the Center for
Fast Kinetics Research for help with the ns studies, and
the National Science Foundation for financial support.




