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Abstract 

The rates of electron transfer from electronically excited [Au,(l,2-bis(dicyclohexylphosphino)ethane)$+ (Auz2+*) and [Ir(1,5- 
cyclooctadiene)(p-pyrazolyl)], (Ir2*) to N-alkylpyridinium (py’) acceptors have been measured by Stern-Volmer quenching of 
Auz2+* and Ir,* in acetonitrile solution at 25 “C. The quenching rates increase with reaction driving force, reaching the 
diffusion limit at -AG”=h and remaining at this limit for higher driving forces. The recombination reactions of pyridinyl 
radicals with Ir,+ (measured by transient absorption), however, exhibit inverted behavior at -AG” values greater than A: 
rates decrease with increasing driving force. Formation of electronically excited products (py’*/Ir,‘*) is suggested by the 
absence of inverted behavior for the Ir,*/py+ reactions. 
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1. Introduction 

Extensive investigations of donor-acceptor systems 
have shown that, at low reaction driving forces (-AGO), 
electron-transfer (ET) rates (ICE=) increase as - AG” 
increases. As predicted by Marcus and Sutin [l], several 
intramolecular ET systems exhibit maximum rates at 
-AGO= A (where h is the reorganization energy for 
the reaction), and inverted rate/energy behavior at 
higher driving forces ( - AG” > h) [2-lo]. Interestingly, 
however, an inverted ET region is rarely observed in 
bimolecular reactions [ll]. 

We report here on the reactions of a powerful excited- 
state donor, Au2(dcpe),‘+ * (Au2*+ *; dcpe = 1,2- 
bis(dicyclohexylphosphino)ethane) [12], with a series 
of N-alkylpyridinium (py’) acceptors. In related work, 
we have studied ET from electronically excited 
Pr(cod)(pz)12 W2*; cod = cyclooctadiene; pz = pyrazole) 
to py+ acceptors as well as the thermal recombination 
of pyridinyl radicals (py’) with [Ir(cod)](pz)],+ (Ir,+) 
[11,13,14]. Striking differences in rate/energy behavior 
have been found for the Ir2*/py+ and Ir2+/py’ reactions. 

*Corresponding authors. 

2. Experimental 

2.1. Materials 

The iridium(II1) chloride was a loan from the Johnson 
Matthey heavy metals program. Standard methods were 
employed for the preparations of [Au2(dcpe),](PF,)2 
[12], [Ir(cod)(pz)], [15,16] and the pyridinium hexa: 
fluorophosphates [15]. N-Methyl-3,4_dicyanopyridinium 
tetrafluoroborate was prepared according to the pro- 
cedure of Burke and Brown [17]. All other chemicals 
were Aldrich reagent grade or better. 

2.2. Lifetime and transient absorption measurements 

Time-resolved luminescence and absorption mea- 
surements were performed using a conventional ap- 
paratus [18]. The excitation source was either the second 
(A,, = 532 nm; for Ir2) or third (& = 355 nm; for Au**‘) 
harmonic of a Q-switched Nd:YAG laser (20 ns pulse 
width). All kinetics measurements were made in ace- 
tonitrile solution; the Au2(dcpe)32+ solutions were 0.1 
M in Bu,NPF6 (Bu=n-C,H,) to ensure that the ionic 
strength remained constant. 
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2.3. Kinetics analyses 

Second-order quenching rate constants were obtained 
from Stern-Volmer plots of excited-state decay rates 
versus quencher concentration. Charge-recombination 
rate constants were determined from non-linear least- 
squares fits of AOD versus time data (AOD,=IA.EC,I 
(1 + C,kt); I= optical path length, Co= initial [Ir,+]), 
and from linear fits of (AOD))’ versus time; AeA(Ir,/ 
Irz+) was obtained from a transient absorption spectrum 
generated by quenching IrZ* with 380 PM methylviol- 
ogen (MV2’); values of AE,(MV*‘/MV”) are available 
for all wavelengths [18] and [MV’+], was determined 
from transient absorption data at 390 nm (A~~90(Ir,/ 
Ir,+)=O; E~~(MV~+)=O; Eq. (1)). 

AOW> = Ac,,(MV’+/MV2+) + AEh(IrZ+/Ir,) 

AOD3&) A+&MV‘+/MVZ+) (1) 

3. Results and discussion 

3.1. Au, (dcpe),’ + */py + 

Data for reactions between AuZ2** and a series of 
pyridinium cations in acetonitrile solution are set out 
in Table 1; the k, values increase as the driving force 
increases until they reach the diBusion limit of 1.0 x 10” 
M-’ s-l (Fig. 1). Atveryhigh drivingforces (- AGo> 1.2 
eV), the rate constants indicate that the ET reactions 
are still diffusion-limited. Analysis of the AuZ2+*/py+ 
reactions in terms of a steady-state kinetic model (Eq. 
(2): k, is the diffusion rate constant; K,, is the rate 
constant for formation of the donor-acceptor complex; 
and k, in the complex is given by Eq. (3): HAB is the 
electronic coupling matrix element) [1,18-211 gives 
h=1.66(7) eVandK,H,‘= llOM-’ cmF2 (vide infra). 
The A value is much larger than the estimated 0.75 
eV solvent contribution to the reorganization energy 
[18]. The extra 0.91 eV indicates that there are sub- 

Table 1 
Data for Auzz+*/py+ ET reactions in acetonitrile solution 

R1 RZ k, 
(M-’ s-‘) 

-AGO 
(eVy 

3,4-CN 
4-CN 
4-COZCH, 
4-CONHZ 
3-CONHZ 
3-CONH, 
H 
2-OCHS 
2,3,6-CH, 
2,4,6-CH, 

9.5(9)X 10’ 
6.7(7)x 10’ 
H(5) x lb 
4.6(5)x 10’ 
2.1(2)X 10’ 
1.3(l) x 10’ 
3.7(4)X 108 
1.1(l) x 10s 
3.4(3)X 10’ 
7.7(S) x lo6 

2.10(5) 
1.53(5) 
1.42(5) 
1.27(5) 
1.13(5) 
1.06(5) 
0.84(5) 
0.72(5) 
0.63(5) 
0.53(5) 

“Corrected for work terms: Ref. [18]. 
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Fig. 1. Top: driving-force dependence of the ET rates from AU**+* 
to py+ quenchers in acetonitrile solution (0.1 M Bu,NPF,) at 25 
“C. The solid curve is a fit of the data to semiclassical theory that 
corrects for diffusion assuming a limiting rate of 1.0X 10” M-’ s-‘. 
In fitting the data, the point at -AG”=2.1 eV was not included. 
Bottom: driving-force dependence of the Ir,*/py+ and Ir,+/py‘ ET 
rates in acetonitrile solution at 25 “C: (0) log k, for the Ir,*/py+ 
reactions; (0) log kb for the Irz’/py’ recombination reactions. The 
solid curve is a fit of the data to an ET model that includes two 
quantum-mechanical and one classical reorganization coordinate and 
corrects for dihirsion assuming a limiting rate constant of 1.2 x 10” 
M-’ s-’ [18]. 

stantial inner-sphere changes associated with the for- 
mation of the Au(I1) unit in AuZ3+. 

1 1 1 __-+- 
k, k, K&E-r 

k,= !$.!! [&]‘” exp[ -(h4~~‘)2] 
(2) 

(3) 

3.2. [Ir(cod) (pz) J2*/py + 

The lowest energy absorption band (500 nm) of Ir, 
has been assigned to a ‘[(da*)2]-, ‘[(do*)(pa)] exci- 
tation. Luminescence at 680 nm is attributable to the 
corresponding ‘[(da*)‘] c3[(da*)(pa)] transition; the 
triplet excited-state (Ir2*) lifetime is 240 ns in aceto- 
nitrile at room temperature [22]. The observed rate 
constants for ET from Ir2* to the py+ acceptors increase 
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Fig. 2. Plots of [ - AAbs(5OO nm)]-’ vs. time for Ir z’/py’ recombination reactions with 4-cyano-N-methyl pyridinium (O), N-ethlylisonicotinamide 
(A), N-ethylpyridinium (0) and 2,6-dimethyl-N-methylpyridinium (*) in acetonitrile at 25 “C. 

as the driving force increases from 0.03 to 0.92 eV, 
and plateau at the diffusion limit at higher driving 
forces (Table 2). Transient absorption measurements 
demonstrate that the Ir2*/py+ quenching is due entirely 
to ET. 

3.3. [Ir(cod) (Pz)]~ * lpy - 

The ET rates for charge recombination were mea- 
sured by transient absorption at 500 nm (Aesoo= -7 
mM_l cm-‘). Plots of (AOD)-l versus time are linear 
with slopes k,/lAe (Fig. 2). The striking feature of the 
data is that the rates decrease with increasing driving 

Table 2 
Data for the Ir,*/py+ and Ir,+/py’ reactions in acetonitrile solution 

R1 R2 k, -AG,” kb -AG,” 
(M-l s-l) (eV)’ (M-’ s-‘) (eV) 

CH3 3,4-CN 1.3(l) x 1O’O 1.60(5) 2.5(3)x 10’ 0.40(5) 

CH, 4-CN 1.3(l) x 10” 1.03(5) 7.8(8)x lo9 0.97(S) 

CHS 4-cozCH, 9.3(9)X 109 0.92(5) 5.9(6)x 10’ 1.08(5) 

CzH, 4-CONHz 8.8(9)x lo9 0.77(5) 3.4(3)x lo9 1.23(5) 
C6HSCH2 3-CONHz 6.1(6)X 10’ 0.63(5) b 1.37(5) 

CzHs H 2.5(3)x 10’ 0.34(5) 9.5(9)x 10” 1.66(5) 

CH3 2-oCH3 7.8(8)x 10H 0.22(5) 8.6(9)x 10’ 1.78(5) 

CHS 2,6-CH, 6.3(6)x 10s 0.18(5) 6.9(7)x l@ 1.82(5) 

CH, 2,3,6-CH3 2.8(3)x 10s 0.13(5) c 1.87(5) 

CH3 2,4,6-CH3 2.8(3)x 10’ 0.03(5) = 1.97(5) 

“Ref. [18]. 
%harge-recombination rate was not obtained owing to reactions 

of the pyridinyl radical. 
Transient absorption signals were below detection levels. 

force as seen by the dramatic decrease in the slopes 
of the lines as the pyridinyl radicals become better 
donors. These recombination rates represent a rare 
case of inverted behavior for a series of bimolecular 
ET reactions. 

Although the charge-recombination rates display in- 
verted behavior, the rates do not decrease to the extent 
predicted by semiclassical ET theory. An asymmetric 
driving-force dependence of ET rates is generally in- 
terpreted in terms of quantum-mechanical effects on 
nuclear reorganization [2,3,5-S]. A three-mode expres- 
sion for k,, (one classical mode, h,=0.55 eV, and two 
quantum modes: zlw, = 1500, h, = 0.25; hw, = 500 cm-‘, 
A2 = 0.05 eV) [23] provides a good fit for the bimolecular 
ET rate data using Eq. (2) and the following parameters: 
kd= 1.2x 10” M-’ s-‘; &HABZ= 144 M-’ cm-’ (Fig. 
1). Our finding that A (0.85 eV) is close to the values 
reported for intramolecular ET in two related series 
of Ir,-py’ complexes [10,24] supports the assumption 
that Kd remains relatively constant for the different 
pyridinium ions. K,, and HAB cannot be separately 
determined from fits of driving-force data to Eqs. (2) 
and (3). The largest value found for HAB in studies of 
Ir,-py + intramolecular ET is 24 cm-’ [24]. This is 
likely to be a lower limit for the coupling in bimolecular 
Ir,/py+ ET, leading to an upper limit of Kd < 0.25 M-‘. 

The asymmetry in the driving-force dependence could 
also mean that the ET reactions occur over a range 
of distances. As the distance between donor and acceptor 
increases, HAB decreases exponentially, but A increases 
[25,26]. Since both effects lead to smaller k,, values 
in the normal driving-force region, ET should always 
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take place at the distance of closest approach. In the 
inverted driving-force region, however, the distance 
dependences of HAB and A on k,, oppose each other; 
as a consequence, the optimum separation is greater 
than the closest approach distance. A larger reorgan- 
ization energy can increase an inverted-region 
(- AGo- 2 eV) ET rate by as much as an order of 
magnitude [26]. 

The iridium-pyridinium reactions define a system 
where both excited-state ET and recombination rates 
have been observed at high driving forces. The excited- 
state rates plateau at the diffusion limit (Fig. l), which 
is reminiscent of the findings of Rehm and Weller [27]; 
however, the recombination ET rates clearly show in- 
verted behavior in the high-driving-force regime. The 
difference in behavior between Ir,*/py+ and Ir,+/py’ 
rates can be explained by assuming that electronically 
excited products are formed in the Ir2*/py+ reactions. 
At low driving forces, an electron will transfer exclusively 
from the do* orbital of IrZ* to the lowest rr* orbital 
of py’. In the inverted region, however, fast ET can 
occur to yield excited products (py’*/Ir,‘*) [28,29]; 
lowering the driving force will increase k, if the new 
driving force is closer to A. Since the Ir,+/py- reactions 
give products (Ir,/py+) in which the lowest excited 
state is 2.0 eV above the ground state, electronic 
excitation during recombination is strongly disfavored. 
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