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A series of organometallic salts which compriséaa-{(b)Re(CO)(py)" cation (b= 4,4,5,5-tetramethyl-2,2
bipyridine (tmb), 2,2bipyridine (bpy), or 4,4dicarbomethoxy-2,2bipyridine (dmeb); py= pyridine) paired

with the Co(CO)~ anion have been prepared and subjected to photophysical study. In nonpolar solvents the
salts feature a broad, low-intensity ion-pair charge transfer (IPCT) absorption band. The energy of the IPCT
band decreases with the LUMO energy of the diimine ligand, suggesting that the orbital basis of the transition is
d (Co) — z* (b). An X-ray crystal structure of [(bpy)REO)(py)T][Co(CO)~] (2a) reveals that the anion
occupies a lattice position which is directly below (or above) the plane defined by the bpy ligand, which supports
the d (Co)— =* (b) IPCT assignment. Luminescence studies of the salts indicate thattiiRe) — 7* (b)
metal-to-ligand charge transfer (MLCT) excited state is quenched by reductive electron transfer from/o(CO)
Nominally IPCT and MLCT excitation of the organometallic ion pairs afford the same geminate radical pair,
[(b*")RE(COX(py),Co(CO)]. However, laser flash photolysis studies reveal that the rate of charge recombination
within the geminate radical pair is significantly slower when MLCT excitation is applied. The slower rate of
charge recombination is attributed to the fact that triplet state geminate pairs are produced via the triplet MLCT

excited state manifold.

Introduction

Bimolecular photoinduced electron transfer between donors

and acceptors in fluid solution leads to production of ion radicals
(or neutral radicals) with varying degrees of efficiency. Detailed
studies of the efficiency for charge separation in organic denor

acceptor pairs has led to a thorough understanding of the

structure of geminate radical (ion) pairs and the dynamics of
highly exothermic electron transfer within thém#® Organic
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this case has been on systems in which a metal-to-ligand chargghotoinduced electron transfer competes effectively with charge
transfer (MLCT) excited state metal complex acts as the electronrecombinatiorf? The rates of charge recombination that are
donor or acceptor. Generally, the yields of free radical (ions) calculated from the cage escape yields are low by comparison
resulting from bimolecular photoinduced electron transfer with rates determined for geminate radical ion pairs in organic
reactions involving MLCT states are comparatively latge? based systems. The best explanation for this discrepency is that
However, because radiative decay rates for MLCT states arein the metal complex systems the geminate radical pair has
relatively low*849 and exciplex emission and EDA complex triplet spin character which effectively slows down charge
formation is unusual in transition metal systems, it has been recombinatiorf847
more difficult to develop a concise description of the factors  In an effort to provide further insight into the factors that
that control competition between charge recombination and free control charge recombination and cage escape in transition metal
radical (ion) formation in these systems. complex systems, a study of ion-pair charge transfer complexes
lon pairs formed between electron poor cations and electron 1a 2a and3awas initiated. These complexes comprise a series
rich anions feature absorption bands due to ion-pair charge

transfer (IPCT) from the donor anion to the acceptor catiéh. Icﬁ

IPCT bands are observed in many systems that involve a R R C +

transition metal comple¥5! In these systems, the IPCT T o\ ' cz°
transition is closely similar to the charge transfer absorption \Rei X~
band observed in organic-based EDA compleé&eSpecifically, [ S N/ i Cso

IPCT excitation is believed to lead directly to a radical (ion) Ry g N

pair state as a result of photoinduced electron transfer from the R, Z ’

donor anion to the acceptor cation. By analogy, excitation of &

an organic EDA complex also leads directly to a contact radical
ion-pair state.10

Kochi and co-workers prepared salts comprised of the
carbonylmetallate donors Co(C£) Mn(CO)~, and V(CO}~
and cationic organic acceptors such as pyridinium &hd

1a: Ry =H, Ry = CO,Me, X~ = Co(CO),
1b: R1 =H, R2 = COZMS, X =PFg~
2a: Ry =H, Ry=H, X" = Co(CO),~

methylquinolinium (J).52-55 In solution the organometallic 2b: Ry=H,Rp=H, X"=PFq"
ion pairs feature broad, weak absorption bands in the mid-visible 3a: Ry =CHg, Ry = CHg, X = Co(CO),~
due to IPCT from the carbonylmetallate anion to the organic 3b: Ry = CHg, Ry = CHs, X~ = PFg~

cation. The charge transfer assignment is supported by the fact

that the energy of the optical transition for a series of acceptor of (b)RE(COX(py)* cations paired with the Co(C®) donor
cations with a given carbonylmetallate donor correlates linearly o4 \vore designed to allow comparison of the cage escape

(with unit slope) with the electrochemical reduction potentials efficiency for photoinduced electron transfer resulting either

A L
of the catlor_1§._ 'V'O'Teo"_erv that IPCT excitation _Of the_ from MLCT excitation of the transition metal chromophore or
organometallic ion pairs directly affords a radical pair state is by direct excitation of the IPCT transition of the dor@cceptor
monstr h rvation of the pr f electron .. . ; . L
?rzn;‘eft thehderb%t ?ra%l)s?snta; Oect?o;,cg P Oglr‘C;z 0 efrﬁgagmpaw. Differences in cage escape eff|C|ency' were gnpupated
' y P Py P because of several factors. First, MLCT excitation is likely to

photochemical (?hange. o . produce a mixture of solvent separated and contact radical
We have an interest in bimolecular photoinduced electron pajrs6.9.10.19 py contrast, direct IPCT excitation exclusively

transfer reactions of MLCT excited states in complexes of the zffords contact radical paif&s05t Second, MLCT excitation
type fac{b)Re(COX(py)" (where b= a diimine ligand such  may produce a triplet spin-correlated geminate ffi#;5"while

as 2,2-bipyridine and py= pyridine)*">® The MLCT state of  gjrect IPCT excitation is likely to generate singlet geminate
these complexes is quenched efficiently by neutral organic pajrs. Thus, it was anticipated that this system would display
electron donors such as tertiary amifésMoreover, MLCT features similar to organic systems studied earlier in which a
quenching is accompanied by production of long-lived radical ditference in the cage escape efficiency was observed for
(ions) in comparatively high yields, which indicates that cage geminate radical (ion) pairs produced by diffusional quenching
escape from the geminate radical (ion) pairs formed by of the locally excited state of an organic acceptor compared to
those formed by direct excitation of a charge transfer band in
(45) Ohno, T.; Yoshimura, A.; Mataga, N.; Tazuke, S.; Kawanishi, Y.; the Mulliken-type EDA complexe%%10.19

Kitamura, N.J. Phys. Chem1989 93, 3546. i i -
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(47) Lucia, L. A.; Schanze, K. Snorg. Chim. Actal994 225 41. acterization, and photophysical study of the series of 4alts
(48) Caspar, J. V.; Kober, E. M.; Sullivan, B. P.; Meyer, TJ.JAm. Chem. 2a,and3a. As expected, these complexes feature a moderately
Soc.1982 104 41. intense Re— diimine MLCT absorption in the near-US2.

(49) Caspar, J. V.; Meyer, T. Inorg. Chem.1983 22, 2444. . .
(50) Vogler, A.; Kunkely, H. InPhotoinduced Electron Transfer, Mattay, Furthermore, in nonpolar solvents the complexes display a weak,

J., Ed.; Topics in Current Chemistry, Vol. 158; Springer-Verlag: broad absorption that is assigned to IPCT from the carbonyl-
Berlin, 1990; p 1. cobaltate donor to the Re(l) acceptor. Luminescence studies

(51) Billing, R.; Rehorek, D.; Henning, H. In Photoinduced Electron ;. 4; ;
Transfer II; Mattay, J., Ed.; Topics in Current Chemistry, Vol. 158; indicate that the MLCT state of the Re(l) chromophore is

Springer-Verlag: Berlin, p 151. strongly quenched, presumably via electron transfer from
(52) Bockman, T. M.; Kochi, J. KJ. Am. Chem. Sod.989 111, 4669. Co(CO),~, and laser flash photolysis confirms the electron
(53) Bockman, T. M.; Kochi, J. KNew J. Chem1992 16, 39. transfer mechanism by demonstrating the appearance of the
(54) g‘g’éjH"BOCkman’T'M"KOCh"J' K. Organomet. Chen1992 expected transient radical products. Quantitative transient

(55) Kochi, J. K.; Bockman, T. MAdv. Organomet. Cheni.991, 33, 52.
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Table 1. Photophysical and Electrochemical Characteristics of Re(l) Cétions

complex Ei(b/lr—)°leV Emicr¥eV Dem Ten/NS AGrleV (355 nmy D532 nm}
1b —0.67 2.15 75 —1.15
2b —-1.16 2.38 0.055 234 —0.89 0.65+ 0.1 0.04+ 0.01
3b —-1.39 2.57 0.26 1450 —0.85 0.67+ 0.1 0.04+ 0.01

a Data for CHCN solutions at 298 K? Half-wave potentials for reduction of the coordinated diimine ligand vs SCE reference eleétiugy
of relaxed MLCT excited state estimated from emission en&dgyFree energy change for electron transfer from Co(C@ MLCT excited state
of Re(l) cation; see text Cage escape efficiency for 355 nm excitatibGage escape efficiency for 532 nm excitation.

absorption experiments indicate that the cage escape yield is 6000l | 600
comparatively large under MLCT excitation; however, the yield i
is diminished by more than an order of magnitude when direct 4500 450
IPCT excitation is applied. The origin of this dramatic | ]
N : 3000 300
wavelength dependence is discussed in terms of the structures - I
of the geminate radical pairs produced by MLCT and IPCT € 1500 150
excitation and the effect of spin-multiplicity on the rate of charge - I
recombination. = 0 0
— 6000 600
Results > N
= 45001 450
Photophysical and Electrochemical Properties of Re(l) > H 1
Cations and Co(CO),~. In order to document the properties = 3000 300
of the Re(l) cations, the photophysics and electrochemistry of 5 I ]
complexes1lb, 2b, and 3b were examined. First, cyclic o 1500» 150
voltammetry indicates that each salt displays a reversible wave :E oL 0
due to the first reduction of the complex, e§’1The potentials . 6000 600
(o] b
(D)RE(COX(py)" +e — (b)RE(COX(pY) (1) S ]+
3000 300
for these reversible couples are listedEg(b/br~) in Table -
156 Inasmuch as the LUMO of the complexes is th& 1500 150
molecular orbital of the diimine ligant¥ 52 the added electron ] ST — ]
is localized primarly on that ligand in the reduced complexes. 00 500 0 700 0
It follows then that the first reduction potential of complexes Wavelength/ nm
1b, 2b, and 3b reflects the LUMO energy of the diimine  gigyre 1. Uv—visible absorption spectra for THF solutions: solid
ligand®-%2 Note that the absolute values Bfi(b/br") follow lines, Re(l) cations with Co(C@®) anion (La, 2a, and3a); broken lines,

the trendlb < 2b < 3b which indicates that the LUMO energies  Re(l) cations with P§ anion (Lb, 2b, and3b). (a) Complexedaand
increase along the series. This trend reflects the fact that thelb, (b) complexes2a and2b, and (c) complexe8a and 3b.
electron withdrawing 4,4carbomethoxy substituents lower the
LUMO energy while the electron donating 5&4-methyl electrochemical studies suggest that the thermodyanamic po-
substituents raise the LUMO energy compared to unsubstitutedtential for the oxidation i€€® = +0.33 V vs SCE263
bipyridine.

As noted above, complexdd, 2b, and 3b each display a Co(CO), — Co(CO), + e (2)
moderately strong yellow-orangerd(Re) — x* (diimine)
MLCT luminescence when excited with near-UV light. Esti- Synthesis of Re,, Co~ Salts. The (b)R&COX(py)* cations
mated 6-0 energies for the relaxed MLCT state are calculated 55 sajts with “inert” anions such as £For CI- are pale-yellow
from the luminescence bands (Table 1); note that the MLCT (1 = tmb)® to orange-yellow (b= dmeb§® in the solid state
state energy increases along the setles 2b < 3b, consistent  and in solution. However, immediately upon mixing a yellow
with the relative ordering of the diimine LUMO energies. aqueous methanolic solution of (b)REO)(py)*CI~ with a
Emission quantum yields and lifetimes for compless 2b, colorless aqueous solution of Nao(CO),", a deep red-yellow
and3b are also listed in Table 1; these parameters vary in a (h = tmb) to red-orange (= dmeb) solid precipitates. The
manner consistent with the energy gap law as discussed in detailnstantaneous appearance of the strongly colored products

by Meyer and co-worker&. _ suggests the existence of a charge transfer interaction that is
Kochi and co-workers examined the absorption spectrum and unique to salts which pair (b)REOX(py)* with the Co(CO)~.

electrochemistry of Co(CQ) in solution with the “spectator”  |ndeed, analysis of the salts indicates that they consist of (b)-

cation Pth=N=PPh+.52'63_ Their results indicate that Co(C9) Re(COX(py)* and Co(CO)~ paired in 1:1 stoichiometry.

does not absorb appreciably &t> 320 nm. The Co(CQJ UV —Visible Absorption Spectra of Ret, Co~ Salts. lon-

ion features an irreversible anodic waveEgt~ +0.30 V due Pair Charge Transfer Absorption and lon-Pair Dissociation
to oxidation of the anion to the 17 eadical, eq 2°and detailed  constants. Support for the existence of a charge transfer

interaction between (b)REO)(py)™ and Co(CO)~ comes
from comparison of UV-visible absorption spectra of com-

(59) Worl, L. A.; Duesing, R.; Chen, P.; Della Ciana, L.; Meyer, TJJ.
Chem. Soc., Dalton Tran§991, 849.

(60) Schanze, K. S.; MacQueen, D. B.; Perkins, T. A.; Cabana, Coard. plexesla, 2a, and3a with those of the corresponding PF
61 (Ehem. Ee.Bl?fls 122065;. 1991 30, 1980 salts 1b, 2b, and 3b (Figure 1, all spectra in THF solution).
ever, A. b. P.Inorg. em. A . i i - i
(62) Dodsworth, E. A.; Vicek, A. A.; Lever, A. B. Rnorg. Chem1994 First, in the blue to near-UV regior. (< 450 nm) all of the
33, 1045. complexes display a moderately intense absorption bans (

(63) Lee, K. Y.; Kochi, J. Klnorg. Chem.1989 28, 567. ~ 4000-5000 M~1 cm™1). This band is typically observed in
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Table 2. Properties of lon Pairs in THF Solution

complex Amad/inm KM~ x 1079) €mad/M~tem™t
la 630+ 10 6.0 320
2a 525+ 25 3.0 230
3a 4504+ 25 2.0 120

a Estimated absorption maximum for IPCT absorption baridis-
sociation constant for contact ion pair, determined as described in
experimental sectiorf.Molar absorptivity for IPCT absorption band,
determined as described in Experimental Section.

Table 3. Crystallographic Data for Compourzh

mol formula [ReGgH13N3O3][Co(CO)] T 25°C

MW 676.48 g mot?! y) 0.710 73 A
space group P2,/c (No. 14) VA 8

a 8.554(1) A Ocalc 1.888 g cm?
b 28.807(4) A u 58.3 cmt

c 19.498(3) A R(Fo)? 0.057

B 97.86(1) Ru(Fo)? 0.056

\Y 4759(1) B

2R = 3 (IIFol = IFcll)/ZIFol. * Ry = [IW(|Fol — |Fel)/|Fol7">

(diimine)R&(CO)L complexes and is due to thetdRe) —
ar* (diimine) MLCT transition®8-60 The MLCT absorption is
clearly resolved in the spectra of complexes 1b, 2a, and
2b; however, it appears only as a shoulder on the more intense
UV band (not shown) that is due tgz* intraligand absorption
of the tmb ligand in complexe3aand3b. Consistent with the
MLCT assignment, the band energy increase€agb/br™)
becomes more negative. Furthermore, the energy and band
shape of the MLCT absorption is virtually the same for
corresponding PF and Co(COj~ salts, indicating that the
MLCT transition is unaffected by the Co(C§)anion.

A low-intensity, broad absorption band appears in the visible
region in the spectra of Co(C@)saltsla, 2a, and3athat does
not have a counterpart in the spectra of the correspondigg PF
salts. Several features peculiar to this absorption indicate that
it arises from an IPCT transitio®:5! First, this transition is
associated with the Co(C®) anion, since the band is not
observed in the spectra of the corresponding Ralts1b, 2b,
and3b. However, the transition is not due to isolated Co(£0)
as this species does not absorb for- 320 nm%263 The
intensity and bandwidth of the mid-visible absorption bang,(
~ 100-300 M~ cm™%; fwhm ~ 5000 cn1?) is similar to that
of IPCT absorption bands displayed by other salts in which an
electron poor (acceptor) cation is paired with an electron rich
(donor) aniorf®5! Finally, the energy of the mid-visible
absorption feature increaseskg(b/lr~) becomes more nega-
tive, consistent with a Co(C@) — diimine IPCT assignment.

In solution the Co(CQy salts1la, 2a, and 3a exist in an
equilibrium between a contact ion pair and free ions (or solvent
separated ions), eq 3. The method of Drago and R&%€°

Figure 2. (a, top) ORETP diagram of ion pa&s. (b) ORETP diagram
of ion pair2a,.

may be due to poor solvation of the (bJR&O)(py)™ cations
by the low-polarity THF solvent.

X-ray Crystal Structure of Complex 2a. In order to provide
further information concerning the interaction responsible for
the charge transfer absorption observed in compléee2a,
and 3a, an X-ray crystal structure was obtained on complex
2a%6 The crystal packing diagram (see Supporting Information)
reveals the presence of two unique ion pairs within the unit
cell. The ORTEP diagrams in Figure 2 were created by
extracting each of the unique ion pairs from the surrounding
atoms in the unit cell. Comparison of the data in Figure 2 and
in Table 4 indicates that the structures of (bpyR®):(py)"
and Co(CQO)~ are qualitatively similar in the two ion pairs;
they differ mainly with respect to the relative geometry between

. Ky the cation and anion partners. In ion p&a (Figure 2a),
(b)RE(CO)(py)", Co(CO),” = Co(CO)~ lies directly below the 2/2bipyridine ligand on the
+ - Re cation, with two of the four CO ligands pointed directly at
(b)Ré(CO)3(py) +Co(CO)y (3 the bipyridine nitrogens. The close proximity of Co(GOand
was applied to determine equilibrium constants for dissociation PiPyridine in complex2a, is underscored by the short through
of the contact ion pairs) and extinction coefficients for the ~ SPace distances between N5 and N2-O4 (3.32 and 3.26
IPCT absorption dnay Of complexesla, 2a, and3a in THF A, respectively). In ion paiRa, (Figure 2b), Co(CQ) lies

solution, and the data are collected together along with estimatedPProximately in the plane defined by the bipyridine ligand and
AmaxValues in Table 2. Thema values forla, 2a, and3aare is displaced in space away from the Re cation. This qualitative

comparable to those for the contact ion paifGR(CO)~,52 comparision of the two ion-pair geometries strongly implies that

consistent with the Co(CQ) — diimine IPCT assignment. the charge transfer interaction responsible for the unusual color
However, theKy values are smaller than those for the quino- 66
linium salt by over an order of magnitude. This latter effect (66)

The crystal packing diagram, a complete listing of bond lengths and
angles, anisotropic thermal parameters, and positions of H-atoms are
provided as Supporting Information. In the tabular data the two unique
(64) Benesi, H. A.; Hildebrand, J. H. Am. Chem. S0d.948 70, 2832. ion pairs in the unit cell are labeleBa; and 2& to allow their

(65) Rose, N. J.; Drago, R. 8. Am. Chem. Sod.959 81, 6138. distinction.
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Table 4. Selected Bond Lengths (A) and Angles (deg) for Heavy Atoms
atom 232 2aP 4e

1 2 3 1-2/A 1-2-3/deg -2/A 1-2-3/deg -2/A 1-2-3/deg
C1 N1 C5 1.34(2) 119.7(14) 1.35(2) 117.2(14) 1.35(1) n/a
C5 N1 Re 1.37(2) 115.0(10) 1.36(2) 115.5(10) 1.36(1) n/a
C6 N2 Cc10 1.34(2) 120.7(14) 1.38(2) 119.4(14) 1.27(1) n/a
c10 N2 Re 1.33(2) 123.0(11) 1.37(2) n/a
C16 o1 1.11(2) 1.10(2) 1.23(2) n/a
C17 02 1.14(2) 1.14(2) 1.25(2) n/a
C18 03 1.19(3) 1.16(2) 1.16(1) n/a
C19 Co C20 1.75(3) 107.0(11) 1.78(2) 112.5(10) d d
C19 Co c21 113.5(10) 108.4(10) d d
C20 Co c21 1.75(2) 106.3(11) 1.73(2) 107.4(10) d d
C20 Co Cc22 108.3(11) 109.5(10) d d
c21 Co Cc22 1.74(2) 110.7(11) 1.78(2) 107.0(10) d d
Cc22 Co C19 1.79(3) 110.6(12) 1.76(2) 111.7(10) d d
C19 04 1.16(3) 1.11(3) d d
C20 05 1.15(3) 1.17(3) d d
c21 06 1.15(3) 1.12(3) d d
c22 o7 1.08(4) 1.12(3) d d

a2g refers to the ion pair shown in Figure 222& refers to the ion pair shown in Figure 2tData for compound from ref 66.¢ No comparison

possible.

of the crystal of compleRais embodied in the ion pair shown
in Figure 2a (i.e., structuray).

Table 4 contains a listing of selected bond lengths and angles

for ion pairs 2a; and 2a, along with the corresponding
parameters for the related complex [(2h2pyridine)Ré(CO)s-
(N-methyl-4,4-bipyridinium*][PFs~]> (compound4).8” The
data in Table 4 reveal that the identity and/or position of the
anion has a marginal effect upon the structure of the (bpy)Re
(COX™ cation®® For example, the four €N bond lengths in
the 2,2-bipyridine ligand are very similar in comple2sy, 2,
and4. The lengths of the €0 bond in the carbonyl ligands
at the Re cation are very similar in structurgs; and 2a;
however, the corresponding-® bonds are elongated slightly
in the carbonyls that are trans to 2i#pyridine in4. This may

be a secondary effect due to the presence oRtneethyl-4,4-
bipyridinium ligand (a stronger-back-bonding ligand than
pyridine) in complex4. In both complexes2a; and 2&
Co(CO)~ exists in a slightly distorted tetrahedral geometry.
However, the bond lengths and angles for the two unique
Co(CO),~ species in structureza; and2a, are not distorted in

Table 5. Concentration Dependence of Emission Properties of
Complex2ain THF?

le(28))  Tenf28)/ len(28)  Ten(28)/
2a/uM  lef20)®  Tem(2b)®  [28/uM  len(2D)°  Ten(2b)°
6.6 0.87 0.69 330 0.03 0.13
33 0.29 0.47 660  <0.005  0.085
66 0.17 0.35

2 Argon degassed solution at 298 KRatio of emission intensity
for solutions of complexe&a and2b having matched optical density
at the excitation wavelengthRatio of emission lifetime of complex
2ato complex2b (z(2b) = 234 ns).

2b, which implies that Co(CQJ quenches the MLCT excited
state. It is likely that luminescence quenching is due to
photoinduced electron transfer, from Co(GOjo the MLCT
excited state Re cation, eq 4. In accord with this hypothesis,

(b"")R€'(CO),(py)™* + Co(CO),” —
(b™)RE(CO),(py) + Co(CO)" (4)

a systematic manner, which could be attributed to the existence,q ajectrochemical and luminescence data on (bP(ORY,-

of a charge transfer interaction.

Luminescence Properties of Re¢, Co~ Salts. As noted
above, the (b)RECO)(py)*t cations exhibit yellow-orange
luminescence which is attributed to the MLCT excited st&té”
Thus, the luminescence properties of comple2@and3awere
examined in detail in order to investigate the effect of the
moderately strong electron donor Co(GOanion on the MLCT
state. Very similar effects were observed for comple2eeand
3a; therefore, in the interest of brevity we present only detailed
data for complexXa.

The MLCT luminescence of complex@a and2b (c = 2.0
x 107° M) in THF and CHCN solution was compared.
Although the MLCT emission maximum of both salts is slightly

red-shifted in CHCN relative to THF fma"™N = 589 nm,

THF —
max

exactly the same foRa and 2b in the same solvent. This
correspondence indicates that Co(¢0OJoes not significantly
perturb the MLCT state. However, in both solvents the emission
intensity for complex2a is lower relative to that of complex

(py)™ and Co(COy™ indicate that photoinduced electron transfer
is strongly exothermicA Gy in Table 1,vide infra).5® Another
important feature is that the emission intensity of com#eax

is more strongly quenched in THF than in §EN. This implies
that static quenching may be important for comg@exn THF,
consistent with the fact that compl®a exists predominantly
as ion pairs in this relatively nonpolar solvent.

Stern-Volmer studies were carried out on compl2a in
order to investigate the quenching process(es) in more detail.
Steady state experiments were carried out by measuring the
luminescence intensity of solutions of complex@sand 2b
having matched optical density at the excitation wavelength.
The concentration of the two complexes was varied (in parallel)
from 6.6 to 660uM, and the results are listed in Table 5 as

587 nm), the emission band shape and energy are | (2a)/l,{2b), wherelen(2a) andlen(2b) are MLCT emission

intensities of the two complexes at corresponding concentrations.
Note that the luminescence intensity of compx clearly
decreases with increasing concentration. A parallel study was
carried out in which the emission lifetimecf) of complex2a

(67) Chen, P.; Curry, M.; Meyer, T. Jnorg. Chem.1989 28, 2271.

(68) This may not be surprising in view of the fact that variation of the
anion typically does not have an impact on the structure of the cation
in crystal structures of organic salts. For example, see ref 52, p 4671,
and references cited therein.

(69) The driving force for the photoinduced electron transfer reaction in
eq 4 is given by the expressiadtGre: = Ea/x(b/b™) — E1/2(Co(CO)~/
Co(CO)) — Ewmicr, where theE;;, values represent half-wave
potentials for the two couples anBwi.cr is the energy of the
luminescenBMLCT state of the (b)R€CO)(py)™ complex.
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was examined as a function of concentrafidrilable 5 contains [ L
a listing of the lifetimes of complexXa relative to that of
complex2b (ren2® = 234 ns, concentration independent). Note
thatzem for complex2a also decreases with increasing concen-
tration; however, the decrease gy, is not as pronounced as
that for lem, consistent with static quenching.

The concentration dependent steady state and time resolved
emission data listed in Table 5 were analyzed according to the
Stern-Volmer equation (egs 5a,b). In these equatikt¥sand

Ten{2D)
Tem (Za)

=1+ KTz, (2b)[2a] (5a)

A Absorbance /1073

lor(2b)/1,, (28) = 1 + K352, (2b)[ 23] (5b)

kKT are empirical second-order rate constants for quenching
derived from steady state and emission lifetime data, respec-
tively, andtem(2b) = 234 ns. Plots of the experimental data
according to egs 5a,b are approximately linear, and least-squares |
T i LT — OpM-1g1 SS — o
gglf/;\(zlijl\;alaues of 6.9 x 100 M~ st andk 3.6 x w0 ao0 g0 500 Es0 " ewo
Several points are clear from the Steiolmer analysis. Wavelength /nm

First, the fact thakSS > kT indicates that static quenching is  Figure 3. Transient ab_sorption diﬁeren(_:e spectra obtainec_i following
important for complex2a. Indeed, the empirical rate constant 10 ns pulsed laser excitation, THF solutions: (a) com@exvith 0.1

. . M triethylamine, 4Qus delay following 355 nm laser pulse; (b) complex
optalr)ed from the St.e"%‘dy state data is el/enfllarq(ir 7t1h76;n theZa, 10 us delay following 355 nm laser pulse; (c) compl2x 10 us
diffusion controlled limit kgt = 1.0 x 101 M—1 s71).71 delay following 532 nm laser pulse.

Second, the quenching rate constant obtained by analysis of the

lifetime data reveals that Co(CO)quenches the MLCT excited 3¢ 40,5 delay after 355 nm excitation. The difference spectrum
state via a diffusional pathway at approximately the diffusion ¢ the complexebitriethylamine system is characterized by two
controlled limit, consistent with the fact that photoinduced [(agqved bands in the UVlfax= 350 and 370 nm) and a broad
electron transfer (eq 4) is very exothermic (Table 1). Third, absorption in the mid-visiblelfax= 490 nm). Previous studies

the steady state Sterivolmer analysis clearl+y indicates that  1,ye shown that triethylamine reduces the MLCT excited state
the MLCT excited state of the (bpy)R€0)(py)" chromophore  50cording to eq & Inasmuch as the triethylamine radical cation
is quenched with=90% efficiency by Co(CQ) when Ra] =

770 uM in THF solution. This point is significant, since the el "

quantitative laser flash photolysis studies described below were (PPY )Re'(CO)(py)™* + NEt;—

carried out under these conditions. (bpy ")RE(CO)(py) + NEt; ™ (6)
Nanosecond Laser Flash PhotolysisLaser flash photolysis

experiments were carried out on compleesand3ain order

he viel tthe el ‘ ; (or the a-amino radical derived therefrom by deprotonation)
to compare the yields of the electron transfer products formed 465 not absorb appreciably in the near-UV or visible redfon,

by MLCT and IPCT excitation. Similar results were obtained o apsorption difference spectrum in Figure 3a is due exclu-
on both complexes; therefore, detailed results are presented Onl%ively to the 19 & complex (bpy)Re(COX(py) 47
for complex 2a. Figure 3 illustrates a series of transient . . . " .
absorption difference spectra obtained with com@exr 2b. Elc%:”em g’?cglmusﬁgzs.n t_lr_laFtrin_s%n; rzt'\)ﬂso;[;)ti%n déf;fgence
First, Figure 3a illustrates the difference absorption spectrum fsctjllowil:]g 355 nmpexcit:ation 'Ighe_néar-uv) exciteﬁii)n wex/e-
of complex2bin THF (¢ = 0.2 mM) with 0.1 M triethylamine length corresponds to the MLCT absorption band of the (bpy)-
(70) Careful analysis of the time resolved emission data for com@dex Ré(CO)3(py)+ chromophore. The tran5|er1t gbsorpuon differ-
did not reveal the presence of any short-lived decay components that ence spectrum produced by 355 nm excitation of comgkex
could be ascribed to the ion-pair. For each concentration of complex is virtually superimposable with that obtained by flash excitation

2a, the emission kinetics were adequately represented by a single ; : T
exponential decay function. of the complex 2b/triethylamine system, indicating that

(71) The rate of diffusional encounter was calculated by using the Debye  (bPY ")R€(CO)(py) is formed via photoinduced electron trans-
Stokes equatiof? fer from Co(CO)~ (eq 4)’> Although previous studies indicate

that Co(CO)* absorbs moderately at> 760 nm>2 we were
kqdiﬁ — 2NAkBT (rA + rD)2 b ( a y

unable to monitor this absorption feature due to the poor
3 Ao (- 1) sensitivity of the laser flash photolysis system for 720 nm.

whereb = (ZoZae)/(4reoetpaksT), Na is Avogadro’s numbery is Figure 3c illustrates the transient absorption difference
the solvent viscositye is the electron chargeg is the permittivity of spectrum obtained by 532 nm excitation of com[ﬂeoin THF

free spaceg is the static dielectric constant of the solvemy is the
reaction encounter distancé, andZa are the charges on the donor
(D) and acceptor (A) ions, respectively, angdandra are the radii of (73) McCosar, B. H.; Schanze, K. 8iorg. Chem.1996 35, 6800.

D and A, respectively. By usinga = +1 andra = 4.2 A for the (74) Shida, T.Electronic Absorption Spectra of Radical IgrElsevier:
(bpy)Re(CO)(py)*™ acceptor,Zp = —1 andrp = 4.7 A for the Amsterdam, 1988.
Co(CO)~ donor, andrpp = rp + ra, the Debye-Stokes equation (75) The transient absorption of (bpYRe(CO)(py) decays via equal-
predicts that in THF solutioky®f = 1.0 x 101 M~1s™L concentration, second-order kinetics with a rate of £.a0° M~1

(72) Laidler, K. J.Chemical Kinetics3rd ed.; Harper and Row: New York, s71, as expected if the metal complex decays by diffusional charge

1987. recombination with Co(CQ)
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(c=1 mM). The 532 nm excitation directly excites the IPCT
absorption of the salt. Apart from po&N in the near-UV
region due to strong ground state absorption, the difference
spectrum is very similar to those in Figure 3a,b, demonstrating
that direct excitation of the Co(C®)— bpy IPCT absorption
also affords (bpy )Re(CO)(py).”®

Quantitative transient absorption experiments were carried
out on THF solutions of complexé&a and3ato determine the
efficiency for formation of free radicals by excitation into the
MLCT and IPCT absorptions. The cage escape yidlgi§ of
(b")RE(COX(py) was determined for both systems; this species
is presumably formed in 1:1 stoichiometry with the I7radical
Co(CO)s, eq 7.

hv(MLCT) or hw(IPCT)
2aor3a————

(b™)RE(CO)(py) + Co(CO)" (7)

Lucia et al.

3.0F T T T T T T =
> 27+ { -
> -
-~ P |
> 24t ) ./{ i
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|
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AE / Volts

Figure 4. Plot of energy of CT absorption band maximumas for

THF solutions. Polygons with error bars represent data for complexes
1a, 2a, and3a. Squares represent data for@Qo(CO)~ salts (from ref

52).

The cage escape yields were determined as described in thé relatively small distance separating the Co atom and the

Experimental Section, and the results for comple&2@and3a

are listed in Table 1. Interestingly, with MLCT excitati@Pysc

is large, but with IPCT excitatiodescis lower by more than
an order of magnitude. The origin of the strong wavelength
dependence obescis discussed below.

Discussion

Structure and Optical Spectra of Ref, Co~ Salts. The
unique color associated with complexts 2a, and3ain the

heterocyclic ring??

An interesting question concerns the pathway for electronic
interaction between Co(C®) and (b)R§CO)(py)* in com-
plexesla, 2a, and3a While ion pair2a; which is present in
the crystalline state likely embodies the structural features
necessary for the charge transfer interaction (e.g., the crystal is
red due to IPCT absorption), careful analysis of the structural
parameters for this ion pair does not reveal obvious geometric
distortions that can be ascribed to the charge transfer interac-

solid state or dissolved in nonpolar solvents signals the existencejon 68 |n spite of this fact, on the basis of the X-ray structure

of a charge transfer interaction between Co(€Q@nd (b)Ré&
(COX(py)*. The orbital basis for the IPCT transition derives
primarily from the HOMO of Co(CQj)~ and the LUMO of (b)-
Re(COX%(py)*. The HOMO of Co(COy~ consists of the triply
degeneratey dy, and g, orbitals which are partially delocal-
ized onto the carbonyl ligands via mixing with the CO
orbitals’® The LUMO of (b)R&(COX(py)" is almost purely

ar* diimine, with only a small contribution fromd orbitals at
Re. Thus, in a one electron approximation the IPCT transition
is dominated by the configuration d (Ce} #* (diimine). A
consequence of this configuration is that IPCT excitation leads
to direct “injection” of an electron from Co(C@) into thes*
orbital of the diimine acceptor, e.g.,

(b)RE(COX(pY)", Co(CO)™ —
(b™)RE(COX(py), Co(CO)" (8)

In view of the d (Co)— x* (diimine) assignment for the
IPCT transition in complexeka, 2a, and3a, it is easy draw an

we postulate that the HOMEOLUMO overlap that is necessary
for the IPCT transition is likely mediated primarly via interaction
of the carbonyl oxygens and the p orbitals located at the bpy
nitrogens. The carbonyl groups may act as a “bridge” for charge
transfer from Co— bpy because the HOMO of the carbonyl-
metallate is partially delocalized into the p orbitals on the oxygen
atoms.

The structural and electronic similarity of the ion pairs
reported by Bockman and Kochi and completeas2a, and3a
is underscored by the correlation Bfrct vs AE;, shown in
Figure 4, wherdepcr is the estimated energy of the IPCT band
maximum andAE; is the difference between thg,» values
for for reduction of the acceptor cations and oxidation of
Co(CO)s~ Note that there is good qualitative agreement
between the correlations defined by the two series of com-
pounds. This strongly supports the hypothesis that the visible
absorption band in complexés, 2a, and3aarises from d (Co)
— * (diimine) charge transfer.

The energy of an ion pair charge transfer absorption band is

analogy between the charge transfer interaction in these saltsgiven by eq 9, wherAG,, is the free energy for dissociation of

and those which pair Co(C®) with (organic) heterocyclic
cations®2-55 The latter salts feature IPCT absorption bands
which are due to optical electron transfer from carbonylcobaltate
to thex* (LUMO) of the heterocycle. An interesting feature
is the close similarity in the proximity and orientation of the
Co(CO),~ anion with respect to the heterocycles in the X-ray
structures of the organic ion pdifsand complexX2a. Specif-
ically, in both cases, Co(C@®)is positioned close to and above
the plane defined by the heterocycle. For example, in ion pair
2a; Co(CO),~ is located directly above bpy, with the carbonyl
oxygens positioned so that they are nearly in contact with
the bpy nitrogens. By analogy, in the X-ray structure of
Q™Co(CO),, the tetracarbonylcobaltate anion lies directly
above the plane defined by the quinolinium cation, and there is

(76) Extended Huckel calculations were carried out using HyperChem
(version 4.0, HyperCube, Inc.) running on a Micron Intel P160
microcomputer under Windows 95.

the ion pair into free ionsy is the reorganization energy for
the optical transition, and the other parameters are defined
above?%51 This equation predicts that a plot Bfsct VS AEy,
Epcr = AE, — AG, + 1 9)
will be linear with unit slope and an intercept pf— AG,.
Consistent with the prediction of eq 9, the solid line drawn
through the experimental data in Figure 4 has a slope of 1.0
andy-intercept of 1.0 eV. Taking a value ¢y = 10> M1

for the ion-pair dissociation constant leads to a valua®Gf,
= 0.30 eV; this value coupled with the intercept of the

._correlation shown in Figure 4 implies that= 0.7 + 0.1 eV

for the IPCT absorption in the carbonylcobaltate ion pairs.
Interestingly, this experimentally determingdalue is in good
agreement with that calculated by using the Maredsish two
sphere modelyfheory = 0.6 eV)77:78
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Scheme 1
—= {(bpy)Re"(py)"™* . Co(CO)y | === {(bpy)Re''(py)** // Co(CO|
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— [<bpy)}lze‘<py)*,c°<c0); | — [(bpy)llicl(py)‘L//Co(CO);}

€O 4.4

Mechanism of Photoinduced Charge Transfer in lon

Pairs. Transient absorption studies clearly indicate that near- pair (1—4).

UV or visible excitation of complex2a or 3a produces

(CO)3

1-2

geminate pair{—3) compared to the solvent separated geminate
Consequently, with the assumption that the
reorganization energy is not significantly different for the two

(b")RE(COX(py). However, the quantitative transient absorp- types of geminate pairs, charge recombination will be faster in
tion studies show that the yield of this reactive intermediate is the contact pairs (e.g<Pcr > k®Reg). This factor alone could
large with MLCT excitation and small with IPCT excitation. account for the increased free radical yield for MLCT vs IPCT
An important question that must be addressed concerns theexcitation. This is because IPCT excitation selectively produces
origin of this effect. Two plausible mechanisms that explain contact pairs which may recombine at an accelerated rate, while
the wavelength dependent yields are described below; both findMLCT excitation may lead to population of solvent separated
precedent in earlier work on photoinduced electron transfer pairs which have a greater propensity to cage escape because
reactions in metal complexes and organic deremceptor of their intrinsically slower charge recombination rate. How-
systems. ever, in addition to this effect, another factor will also act to
The first mechanism (Scheme 1) is distinguished by recogniz- augment the cage escape yield for MLCT excitation. This
ing that in the ground or excited state there is an equilibrium secondary effect arises because cage escape from the contact
distribution of contact and solvent separated ion pairs. Specif- radical pair requires two steps: solvation (elg=3 — 1—4),
ically, ground and excited state ions exist either as contact pairsfollowed by cage escape (e.§4 — 1—7). Importantly, since
(1—1 and1-5) or solvent separated pair$<{2 and1—6). By charge recombination may occur for both contact and solvent
analogy, geminate pairs formed by photoinduced electron separated radical pairs, those pairs that are born as contact pairs
transfer exist either as contact or solvent separated radical paircan recombine at either of two stages on the way to cage escape.
(1—3 and1—4, respectively). Only free radicals that success- By contrast, solvent separated pais-@) produced directly
fully undergo cage escape (e.d7) are detected by nano- via MLCT excitation followed by LRET can cage escape
second laser flash. An important distinction between the two directly.

types of ground state ion pairs is that since electronic coupling  The second mechanism that may explain the difference in
between the donor and acceptor is lower in the solvent separatectage escape yields is illustrated in Scheme 2. This scheme
pair 1-2, only contact pairl—1 exhibits an IPCT absorption  focuses explicitly upon the effect of electronic spin state on
band. Thus, IPCT excitation selectively excites only contact charge recombination and cage escape rather than the structure
pairs, giving rise directly to the contact radical pair state (e.g., of the ion pairs (e.qg., contact vs solvent separated). Although
1-1 + hwsz; — 1-3). By contrast, MLCT excitation is  spin—orbit coupling is clearly very large in the (b)REO)-
nonselective and produces both photoexcited contact and solventpy)t chromophore, it is generally accepted that the lowest,

separated pairs (e.d.;-1 + hvgss— 1-5and1-2 + hvzss—

luminescent MLCT excited state is predominantly a tripfet.

1-6). The most important consequence of the nonselective Thus, excitation into the near-UV MLCT absorption band

nature of MLCT excitation is that “long-range electron transfer”
(LRET) can occur within the solvent separated dai6, giving
rise directly to the solvent separated geminate fai#.5:°10

produces a singlet MLCT state which rapidly ¥ 10'2 s71)
intersystem crosses to the lowest triplet MLCT state. This
process is illustrated for ion patain Scheme 2, where MLCT

The model presented in Scheme 1 provides a means forexcitation of ground state ion pa#—1 promptly affords ion

rationalizing the difference in free radical yields for IPCT versus
MLCT excitation. First, it is important to point out that the
donor—acceptor electronic coupling is larger within the contact

(77) The outer sphere reorganization energywas calculated by using
the Marcus-Hush two sphere modé4,

2
y=Aaptl 1 1ppt 1
drep|2rp  2rp  Tpa

whereq is the charge transferree, is the permittivity of free space,
rp andra are the radii of the donor and acceptor, respectivgly,is
the center to center BA separation distance, ard, andes are the
optical and static dielectric constants of the medium, respectively. In
the calculationp = 4 A, ra =5 A, rpa = 9 A, and the other
parameters are appropriate for THF solvent.

(78) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265.

pair 2—2 in which the (b)RECO)(py)™ chromophore is in the
triplet MLCT excited state. When electron transfer occurs
within ion pair2—2, the product is geminate radical p&i+3,
which retains the triplet spin character of the MLCT excited
state. Now, since geminate p&ir 3 is born as a triplet, charge
recombination can only occur after the geminate pair undergoes
a triplet— singlet (T— S) spin transition to singlet pak—4
(kr—s step, Scheme 2). However, since the T S transition
may be comparatively slow, cage escape from triplet geminate
pair 2—3 is very competitive and the net result is that free
radicals —5) are produced efficiently via MLCT excitation.
The situation is markedly different when ground state ion pair

(79) Striplin, D. R.; Crosby, G. AChem. Phys. Lettl994 221, 426.
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Scheme 2
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(bpy)Rel(py) +  Co(CO),
ktoss |

(CO)3 25
— . kCE ’
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2—1 is excited directly into the IPCT band. In this case the If one assumes that the mechanism in Scheme 2 accurately
singlet state geminate pa2—4 is produced directly. Conse- describes the properties of geminate radical pairs produced by
quently, charge recombination is spin allowed and occurs MLCT and IPCT excitation of compleRa (and complex3a),
rapidly, leading to a low cage escape yield. then it is possible to use the experimenbal.values to estimate
While each of the two mechanisms in Schemes 1 and 2 effective charge recombination rates within these geminate pairs.
provides an explanation for the strong wavelength dependencelnasmuch as triplet geminate p&r3 (which is produced by
of ®escin complexexa and2b, we believe that the electronic  MLCT excitation) must undergo a+ S spin transition before
spin state of the geminate radical pairs (Scheme 2) is the charge recombination, the effective rate of charge recombination
overriding factor. There is only a limited amount of direct amounts to a “composite” of the rates of the spin transition and
experimental evidence concerning the electronic spin state ofcharge recombinatiof. The effective rate of charge recom-
geminate radical (ion) pairs produced by photoinduced electron bination kcg) is related to®escby eq 10, wherdce is the rate
transfer from MLCT excited states of Ru(ll), Os(ll), and Re(l)
complexeg®> 4757 However, the available evidence implies that, 1
in these s i ical (i i ker=keelg ——1
ystems, (1) geminate radical (ion) pairs are born as D,
triplets and (2) the rate of back electron transfer within geminate

pairs is restricted by the requirement that &1S spin transition by which the (-)Re(COX(py) and Co(COy radicals escape

mental evidence comes from studies of the magnetic field

(10)

dependence ofb.s in the Ru(bpy)?*/dimethylviologen sys- ke T 1 1
tem5’ In this system it has been demonstrated tHat. kCEz—Z(——i-—) (1))
decreases with increasing magnetic field strength (for field 2mn(rp +rp)\f'a o

strengths ranging from 0 to 3.5 T). The decreas@®ig. has
been attributed to a magnetic field-induced increase in the rate
of the T— S transition in the geminate radical ion pair produced
by photoinduced electron transfer from Ru(bgyy to dim-
ethylviologen®” The increased rate of the spin transition results
in an increase in the “effective” rate of back-electron transfer
and a concomitant decreasednsg

Given that magnetic field effects abeschave been observed
in d® metal complex systems when triplet geminate pair states
are involved, a preliminary study was carried out to determine
whether such effects could be detected in compi@{355 nm
excitation). However, a magnetic field effect was not observed
on @ for field strengths ranging from 0 to 0.05 T. This result
is not surprising given the relatively low magnetic field strengths
used in the experiment. Typically magnetic field effectsng.
are observed for field strengths of less than 0.1 T only when
the T — S conversion is dominated by electranuclear
(hyperfine) coupling®8! On the other hand, when the-F S
conversion is dominated by spirbit coupling, large magnetic
field strengths (e.g> 0.5 T) are required to elicit an effect on
®es®” Thus, failure of the preliminary magnetic field experi- — +
ment on compleRadoes not rule out the involvement of triplet (0 )Re'(CO)(py) ™* + DABCO —
geminate pairs in the photoinduced electron transfer reaction; (b"")Re(CO)(py) + DABCO™" (12)
rather it implies that spirorbit coupling may be the dominant
term in the T— S conversion.

estimatekcg,”? where terms involving Coulombic interaction
are set equal to 1 because the Re and Co radicals are uncharged,
ks is the Boltzmann constant, is absolute temperature, is
the solvent viscosity, anda and rp are the radii of the
(b')RE(COX(py) and Co(COy radicals (ca. 4 A). Inserting
values that are appropriate for compx (THF solvent,T =
298 K) into the Eigen equation leads to an estimatkcgf= 1

x 10 s71. Finally, inserting the experimental values ®fs.
for complex2a andkce = 1 x 109 s71 into eq 10 leads to
estimates okcgM-CT = 4 x 1@ s for the triplet geminate
pair 2—3, Scheme 2) ankcgPCT = 2 x 101 s1 for the singlet
contact geminate pai2{-4, Scheme 2).

It is useful to compare the rates for charge recombination
following MLCT and IPCT excitation of compleXa with
charge recombination rates for analogous systems. First, we
recently carried out a detailed study ®s. for bimolecular
photoinduced electron transfer from diaza[2.2.2]bicyclooctane
(DABCO) to the MLCT excited state of a series of (b)&O)-

(py)™ complexest’

(82) It is likely that charge recombination is faster than the rate of the T

— S transition in the geminate radical pair. Thus, the effective rate of
(80) Nolting, F.; Staerk, H.; Weller, AChem. Phys. Lettl982 88, 523. charge recombination is probably determined by the rate of the spin
(81) Weller, A.; Nolting, F.; Staerk, HChem. Phys. Lett1983 96, 24. transition.
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The cage escape yields in this system are comparable to thos€35 mg, 0.18 mmol, 1.3 equiv) was weighed into a Schlenk tube in an
observed for MLCT excitation of ion paira (and ion pair ~ argon purged drybox. The Schlenk tube was removed from the drybox
3a). Since the cage escape rates for the geminate pairsa”d installed onto a Schlenk line, whereupon 4 mL of degass€d H

b*-)Re(CO . DABCO] and [(b-)Re(CO . Co- was transferred by can_nula toa Schlenk tu_be con_tainng the NaCo-
EE:O))J] a(re II)SI((EKI) similar the] Corres[[gon)den(ce ‘géspcyf)or the (CO). The NaCo(CQjdissolved in the water immediately. Then 85

N .~ . mg of freshly metathesized [(bpy)REO)(py)*][Cl ] (0.14 mmol) was
two systems implies that the rate_ of charge recomb'nat'on IS placed into a Schlenk tube and dissolved in a mixture of 14 mL of
also comparable. Thus, the effective charge recombination rategjstilled H,0, 5 mL of CHOH, and 1 mL of CHCN. The resulting
for MLCT excitation of complex2a (kcg"-CT) is qualitatively solution was degassed with argon. At this point, the room lights were
similar (e.g., within a factor of 23) to that observed when the  turned off and the Schlenk tube containing the [(opy)Re¢@®)[Cl ]
MLCT excited state is quenched by DABCO via diffusion solution was covered with aluminum foil. Then the aqueous solution
controlled bimolecular electron transfer. This correspondence of NaCo(CO) was slowly added via cannula to the Re(l) solution,
suggests that the ¥ S conversion is the dominant factor in Whereupon comple2awas instantly apparent as a dark red precipitate.

governing the rate of charge recombination (and therefore theThe mixture was stirred for 1 h, and then the solvents were removed
cage escape efficiency) in both systems under reduced pressure overnight. The product was washed two times

PCT . with distilled HO in order to remove soluble salts. The purified product
Next,_ we comparekcr for_ com_plex 2"_’1 with charge was obtained as a dark red solid; yield, 90 mg (100%).
recqmplnatlon rates for contact |emd|cal pairs produced by (c) Crystallization of Complex 2a. Crystals of complex2a of
excitation of ground state organic doracceptor charge  syfficient quality for X-ray structure determination were obtained by
transfer complexes. A number of studies have been carried outthe following procedure. First, 90 mg of compl2awas dissolved in

on these systems, and it has generally been founé&i4f) approximately 1 mL of degassed @EN. Then approximately 2 mL
charge recombination rates in contact radical ion pairs producedof dry (Na/K distilled), degassed £ was carefully layered on top of
by charge transfer excitation generally range frorf?10 10 the CHCN solution. The Schlenk tube was maintained under a positive

s 1 and (2) charge recombination rates generally increase with Pressure of argon, and after 2 days most of the solvent had evaporated,
decreasing driving force, in accord with expectation for highly '€aving complexaas long, sharp, dark red needles. Repeated attempts
exothermic (Marcus inverted region) electron transfer. The '© Ccystallize complexesaand3aby the same procedure failed.

. PSR - Spectral and Analytical Data. Complex 1a.*H NMR (300 MHz,
estimated rate for charge recombination in singlet contact radlcaICD3CN): 5 4.10 (s, 6H, methyl), 7.27 (t, 2H, pyridine), 7.85 (t, 1H,

pairs produced by IPCT excitation of complea (kef”™™) IS pyrigine), 8.20 (d, 2H, pyridine), 8.53 (d, 2H, dmeb), 8.73 (d, 2H,
in reasonable agreement with the rates observed in the organiqmen), 9.63 (s, 2H, dmeb). Low-resolution mass spectroscopy (FAB,
donor-acceptor systems, which again points to a similarity in positive ion, nitrobenzyl alcohol matrix). Calcd for,&17N:0/Re

the mechanism, e.g., that in each case spin-singlet, contaci{M*): 621.6. Found: 622.

geminate radical (ion) pairs are produced and are able to directly Complex 2a. 'H NMR (300 MHz, CQCN): & 7.29 (t, 2H,

undergo charge recombination. pyridine), 7.79 (t, 1H, pyridine), 8.06 (t, 2H, pyridine), 8.26 (t, 2H,
. . bpy), 8.39 (d, 2H, bpy), 8.60 (t, 2H, bpy), 9.21 (d, 2H, bpy). IR (KBr,
Experimental Section cmY): 2026, 1937, 1923, 1880. Anal. Calcd fopH:NsO:ReCo:

Reagents and Previously Reported CompoundsReagent grade C, 39.06; H, 1.94; N, 6.21; Found: C, 38.81; H, 1.99; N, 6.14.
solvents and chemicals were used for synthesis without purification  Complex 3a. 'H NMR (300 MHz, CRCN): 6 2.44 (s, 6H, methyl),
unless otherwise noted. Chromatography was carried out on either silica.46 (s, 6H, methyl), 7.30 (t, 2H, pyridine), 7.86 (t, 1H, pyridine), 8.10
gel (Merck, 236-400 mesh) or Brockman grade Ill neutral alumina (s, 2H, tmb), 8.28 (d, 2H, pyridine), 8.87 (s, 2H, tmb). IR (KBr,dn
(Fisher Chemical Co.). NMR spectra were run on Bruker QE-300 or 2032, 1948, 1922, 1877. Anal. Calcd foss8,:N;0/ReCo: C, 42.63;
Varian Gemini 300 NMR spectrometers. Metal compl2x was H, 2.89; N, 5.74; Found: C, 42.66; H, 3.02; N, 5.64.

prepared via reaction of (bpy)Re(GQRSO;) with pyridine as Methods and Instrumentation for Physical Studies. Tetracarbo-
described previousl$.%* Metal complexeslb and3b were prepared  nyicobaltate saltda, 2a, and3awere air-stable solids. However, the
from the corresponding chloro- complexes (dmeb)Re¢C3nd (tmb)- compounds decomposed rapidly in solution upon exposure to air and/
Re(COXCI by reaction with pyridine in the presence of AgP#&s or light. Thus, all solution preparations and serial dilutions were carried
decribed previousl§? NaCo(CO) was prepared according to the  out in a nitrogen purged drybox (Vacuum Atmospheres). Absorption
method of Edgell and Lyforé® and fluorescence experiments were carried out with the samples
General Procedure for Preparation of Rhenium(l) Tetracarbo- contained in 1x 1 cm cuvettes that were filled and then sealed inside
nylcobaltate Salts. (a) Pk~ to CI~ Metathesis of Complexes 1b,  the drybox using serum caps. Transient absorption studies were carried

2b, and 3b. Dowex anion exchange resin (7.0 g, Dowex 1X2-100, out with samples contained in a recirculating flow cell that contained
Aldrich Chemical Co.) was suspended in &HH and allowed to soak 100 mL total volume to minimize the effects of sample decomposition
for at least 1 h. The presoaked resin was then packed into a during data acquisition.

chromatography column (ca. 10 cm height1.5 cm diameter) and Time resolved emission, steady state emission, transient absorption,
washed, first with 50 mL of a C¥DH solution containing tetramethy- v —visible absorption, and electrochemistry were carried out using
lammonium chloride ¢ = 50 mM) and second with 100 mL of neat  instrumentation that has been previously descriB&d.

CH;OH. Then 100 mg of complekb, 2b, or 3b was dissolved in 25 Dissociation Constants and Molar Absorptivity for Charge

mL of CH;OH/CHCN (4:1 (v:v)), and the metal complex solution was  Transfer Salts. Dissociation constants for the contact ion pairs and

eluted through the resin-packed column using excesgOEHCH,CN molar absorptivities for the IPCT bands for compleges2a, and3a

(4:1 (v:v)) as eluant. The yellow solution collec_ted from the column \yere determined by the graphical method developed by Drago and

was concentrated under reduced pressure leaving théo@h of the Rose$s Briefly, the absorption at the charge transfer absorption

complex as an oily, yellow solid. This material was used directly in - maximum of THF solutions of complexéa, 2a, or 3awas determined

the following procedure. over the concentration range 8.1 mM. For each sample concentration
(b) Preparation of Rhenium(l) Tetracarbonylcobaltate Salts 1a, a curve was constructed by plotting calculated valudéafs a function

2a, and 3a. The following procedure is written specifically for  of ¢ .. according to eq 13, whei@ is the concentration of the salt in
preparation of comple2a; however, the same procedure was followed

for preparation of complexeksaand3a. Freshly prepared NaCo(CP)
2[ Smax Amax_
C( )—ZC— =Ky (23)
(83) Wang, Y.; Lucia, L. A,; Schanze, K. S. Phys. Chem1995 99, Ana €max
1961.
(84) Wang, Y.; Schanze, K. 9. Phys. Chem1996 100, 5408.
(85) MacQueen, D. B.; Schanze, K.5Am. Chem. S04991, 113 7470. (87) Wang, Y.; Schanze, K. $norg. Chem.1994 33, 1354.

(86) Edgell, W. F.; Lyford, J., IVInorg. Chem.197Q 9, 1932. (88) Wang, Y.; Schanze, K. £hem. Phys1993 176, 305.
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the solution Anaxis the absorptivity of the solution at the maximum of
the IPCT absorption band, argaxis a “trial” set of molar absorptivity
values. (For these studies plots were constructed by vaeyingver
the range 56300 Mt cm™). A family of curves was thus generated

Lucia et al.

concentration of 1.2« 1072 M (ground state absorbance at 532 nm,
ca. 0.2 for 1 cm path length), and an actinometer solution of Rugbpy)

in H,O was prepared which had a matched ground state absorbance at
532 nm. Then the transient absorption of both solutions was determined

from the absorption measurements as a function of concentration. Then,as a function of laser power over the rangelD mJ/pulse. The cage

the values oKy andemaxand estimated errors were obtained by visually

determining the region where the plots intersected with highest density.

In this manner it was possible to determiag.x to within £10%
accuracy; however, the error iy was typically on the order a£50%.
Transient Absorption Relative Actinometry Experiments. Quan-
tum yields for formation of free radicals in the IPCT systems were
determined by using transient absorption relative actinoni&tijhese

escape Yyields were determined at each laser power according to eq 15,
_ Creo (AAége())mYAGé%)n (15)
¢ Cipy (AATAESY"

whereCsg, is the initial concentration of MLCT excited state Ru(bgy)
produced by laser excitation of the actinometer solutiSay is the

studies were carried out on a nanosecond laser flash photolysis systentoncentration of the reduced complex JiRe(CO)(py), formed in the
that employed a Q-switched Nd:YAG laser for excitation. Experiments sample solution of complexXa or 3a; AA,‘;%?“’“ is the difference
with 355 nm excitation were carried out as a function of laser energy apsorptivity at 490 nm in the sample solutioh¢?2™ is the differ-

over the range 0:25 mJ pulse! (0.6—15 mJ cn? at the sample cell),

ence molar absorptivity at 490 nm for the reduced complex,

while those with 532 nm excitation were carried out over the range (b"-)RE(COX(py) (3700 ML et for b = bpy and tmb)AAS™is
u

1-10 mJ pulse! (3—30 mJ cm® at the sample cell). In every case

the transient absorption signals due to excited states or reactive
intermediates produced by the laser excitation were linear over this 12 000 M1

range.

For experiments carried out using near-UV laser excitation (355 nm)

the 3SMLCT excited state of complegb in CH;CN solution was used

the difference absorptivity at 370 nm immediately following laser
excitation in the Ru(bpyj" actinometer solution; an(Aef,ZS"m =
cm! as described above. Generalliyes.varied by less
than+10% over the range of laser powers used.

Crystal Structure Determination. Data were collected at room

temperature on a Siemens R3m/V diffractometer equipped with a

as a transient absorption actinometer. The difference molar absorptivitygraphite monochromator utilizing Mo Kradiation ¢ = 0.710 73 A)

of MLCT excited state2b at 370 nm was previously determined to be
A0 = 11 900 Mt cm 147 Note that in using complefb as an
actinometer we implicitly assume that tHhdLCT state is formed with
unit quantum efficiency following 355 nm excitation. For experiments

carried out using visible laser excitation (532 nm), th.CT state of

A set of 40 reflections with 200< 26 < 22.C¢° was used to refine the
cell parameters; 9185 reflections were collected using dhgcan
method. Four reflections were measured every 96 reflections to monitor
instrument and crystal stability (maximum correctionlomas <2%).
Absorption corrections were applied on the basis of measured crystal

Ru(bpy}?* in agueous solution was used as the actinometer. The {5.ag using SHELXTL plu# (absorption coefficienty = 5.83

difference molar absorptivity of MLCT excited state Ru(kgy)at 370
nm (Aemo™ = 12 000 Mt cm %) was determined from the experi-
mentally determined difference absorptivity at 370 and 450 nm
(AN and AAIS™ respectively) by the equatiomero™ =
Ae™ (AATMAARI™, where Aeiga™ = —7600 M cm ! was
previously determined by Hoffmaf.

Cage escape yieldsbgs) for formation of free radicals produced
by 355 nm laser excitation of complex2a and 3a were determined
as follows. A solution of complexe®a or 3a was prepared with a

concentration of 1.2« 1074 M (ground state absorbance at 355 nm,

mm~i(minimum and maximum transmission factors are 0.395 and
0.568, respectively)).

The structure was solved by the heavy atom method in SHELXTL
plus from which the locations of the Re and Co atoms were obtained.
The rest of the non-hydrogen atoms were obtained from a subsequent
difference Fourier map. The structure was refined in SHELXTL plus
using full-matrix least squares. The non-H atoms were treated
anisotropically, whereas the positions of the hydrogen atoms were
calculated in ideal positions and their isotropic thermal parameters were
fixed. A set of 613 parameters was refined, 3(|Fo| — |Fc|)? was

ca. 0.8 for 1 cm path length), and an actinometer solution of complex minimized;w = 1/(o|F,|)2, o(Fo) = 0.5kl “¥4[o(1)]2 + (0.02)3 2,
2b was prepared wh!ch had a mgtched ground stgte absorbance e}t 35%(intensity)= (Ipeak— Ibackground(s€an rate)g(l) = (I peak+ | backgroun)™2
nm. Then the transient absorption of both solutions was determined (scan rate), k is the correction due to decay and Lorentz polarization

as a function of laser power over the range-b2nJ/pulse. The cage

effects, 0.02 is a factor used to down weight intense reflections and to

escape yields were determined at each laser power according to eq 14account for instrument instability. The linear absorption coefficient

_1 Creo _ (AAgE;)nnyAegg)n
¢ g Cre  (AASOMAETO

(14)

where Cire is the initial concentration of MLCT excited stab
produced by laser excitation of the actinometer solutiory is the
concentration of the reduced complexjiRe(CO)(py), formed in the
sample solution of compleXaor 3a; 74 is the fraction of MLCT excited
states that is quenched by Co(GO}»q ~ 1 under the conditions of
the experiments)AA,iS;,’”m is the difference absorptivity at 350 nm in
the sample solutionAcia™ is the difference molar absorptivity at
350 nm for the reduced complex, (pRe(CO)(py) (6500 Mt cm™2
for diimine = bpy and 7000 M! cm™ for diimine = tmb)?* A
AS"Mis the difference absorptivity at 370 nm immediately following
the laser pulse in the compl@b actinometer solution; ande o™=
11 900 Mt cm! as described above. Generalyes. varied by less
than+ 5% over the range of laser powers used.

Cage escape yieldsbgs) for formation of free radicals produced
by 532 nm laser excitation of complex2a and 3a were determined
as follows. A solution of compleXa or 3a was prepared with a

(89) Carmichael, I.; Hug, G. LJ. Phys. Chem. Ref. Date986 15, 1.
(90) Hoffman, M. Z.J. Phys. Chem1988 92, 3458.
(91) Lucia, L. A. Ph.D. Dissertation, University of Florida, 1996.

was calculated from values from thieternational Tables for X-ray
Crystallography?® Scattering factors for non-hydrogen atoms were
taken from Cromer and Mafttwith anomalous-dispersion corrections
from Cromer and Libermafh, while those of hydrogen atoms were
from Stewart, Davidson, and Simps¥hn.
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