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Abstract: Definitive X-ray structures of “separated” versus “contact” ion pairs, together with their spectral
(UV—NIR, ESR) characterizations, provide the quantitative basis for evaluating the complex equilibria and
intrinsic (self-exchange) electron-transfer rates for the potassium salts of p-dinitrobenzene radical anion
(DNB™). Three principal types of ion pairs, K(L)*"DNB~, are designated as Classes S, M, and C via the
specific ligation of K* with different macrocyclic polyether ligands (L). For Class S, the self-exchange rate
constant for the separated ion pair (SIP) is essentially the same as that of the “free” anion, and we conclude
that dinitrobenzenide reactivity is unaffected when the interionic distance in the separated ion pair is rsp =
6 A. For Class M, the dynamic equilibrium between the contact ion pair (with rcip = 2.7 A) and its separated
ion pair is quantitatively evaluated, and the rather minor fraction of SIP is nonetheless the principal contributor
to the overall electron-transfer kinetics. For Class C, the SIP rate is limited by the slow rate of CIP = SIP
interconversion, and the self-exchange proceeds via the contact ion pair by default. Theoretically, the
electron-transfer rate constant for the separated ion pair is well-accommodated by the Marcus/Sutin two-
state formulation when the precursor in Scheme 2 is identified as the “separated” inner-sphere complex
(ISsip) of cofacial DNB~/DNB dyads. By contrast, the significantly slower rate of self-exchange via the contact
ion pair requires an associative mechanism (Scheme 3) in which the electron-transfer rate is strongly
governed by cationic mobility of K(L)*™ within the “contact” precursor complex (IScip) according to the kinetics
in Scheme 4.

Introduction Among various spectroscopic techniques, ESR offers a
versatile and useful probe for the dynamic behavior of various
ions since quantitative changes in odd-electron (spin) distribu-
tion, especially of paramagnetic organic species, can be directly
evaluated in solution. Thus, Weissman, Hirota, Szwarc, and co-
worker$—8 were among the first to examine intermolecular
electron transfer from different organic anion radicals and to
stablish the presence of at least two principal types of ion pairs
from their distinctive ESR spectra. In particular, Hirota found
aromatic anion radicals to exist as “free” anions or “loose” ion
pairs (with alkali metal cations) that show high electron-transfer
rates, as well as “tight” ion pairs that show significantly

Anionic reagents are among the most effective electron donors.
(reductants) in both inorganic as well as organic redox systems;
likewise, the best electron acceptors (oxidants) are commonly
found to be cationic specié€.As a result, it has long been
recognized that the ion-pairing effects can play critical roles in
mediating electron-transfer rates of charged donors and acceptor:
in solutions? However, such studies have been necessarily
limited to qualitative descriptions of dynamic ion pairs owing
to equilibration among various ionic structures that is readily
subject to solvent effects?
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diminished reactivity. Interestingly, Hirota also assigned the
negative temperature dependence of the electron-transfer kinetics
to the fast equilibration between tight and loose ion pairs.
Otherwise, no clear mechanistic delineation of ion-pairing effects
on electron transfer has been forthcoming. Although ESR
measurements do provide some guide as to the interionic
separations extant in tight and loose ion pairs, sensitivity in most
cases is insufficient to afford quantitative information of value
for mechanistic studies.

We recently showed how the two principal types of interionic
assemblies, hereinafter referred to as “separated” (loose) and
“contact” (tight) ion pairs, can be isolated as pure crystalline
salts suitable for direct X-ray analysihe successful isolation Wavelength, nm
and X-ray structures of the separated ion pair (SIP) and contactFigure 1. Temperature-dependent NIR spectrum of KC)*DNB™ in
ion pair (CIP) now allow us to quantitatively evaluate the THF measured at (bottom to top) 295, 259, 233, 213, and 190 K. Inset:

- . . Inverse temperature dependence of the ion-pair separation.
electron-transfer efficiency of donor anions without structural
ambiguities of their ion pairs inherent to all previous studiés.
As such, we will focus on how the use of various ligand$ (
including [2,2,2]cryptand and three 18-crown-6-ethers affects

(1) the different reactivities of the separated and contact ion ,;nchanged vibronic fine structure measured in the crystalline
pairs ofp-dinitrobenzenide anions (DN and (2) the overall = o4 gtate relative to that of crystals dissolved into THF.
(phenomenological) electron-transfer rates as modulated by the 555 C.The “contact” ion pair of dinitrobenzenide can be

reversible interchange between SIP and CIP assemblies inprepared by an analogous reduction, but in the presence of the

solution. o ] ] two-dimensional crown etheéBC and the [1:1] salt isolated as
I. Quantitative Effects of Polyether Ligands on lon-Pair K(BC)*DNB~ with the close interionic separation ofp =

Structures and Equilibria. The macrocyclic polyether ligands 5 7 & 10.12The contact ion pair KgC)*DNB~ shows a different
(L) can be classified into three categories according to their \;pronic fine structure that is also temperature-invariant and
effectiveness in encapsulating and isolating the pOtaSS'umunchanged upon dissolution of the crystals into THF (Figure

cation: Class S where the ligand is [2,2,2] cryptand to form g1y a5 expected for the tightly bound contact ion pair not readily
the separated ion pair, Kfyptand)™//DNB~; Class C where prone to ionic separation in solution.

the ligand is dibenzo-18-crown-6 (or simpBC) to form the Class M. In the intermediate region, crown-ether ligar@s
strong contact ion pair, BC)"DNB~; and Class M where the  5,4HC lead to contact ion pairs K)*DNB~ and KHC)*-
ligand is either 18-crown-6Q) or di-cyclohexano-18-crown-6 DNB-, which are subject to marked spectral changes with
(HC) to form the moderated contact ion pairs & {DNB~ or temperature betwee20 and—90 °C: the NIR spectrum at
K(HC)*DNB~, in mobile equilibrium with the separated ion 4,4 higher temperature of20 °C is rather close to that of

pairs, KC)"//DNB™ or K(HC)*//DNB™ as follows. contact ion pair KBC)*DNB™ in Class C, whereas at the low-
Class S.The separated ion pair of dinitrobenzenide can be temperature limit 0f~90 °C the NIR spectrum resembles that
prepared by the potassium-mirro_r reduc_:tiorpafinitrobenzene of the separated ion pair Kfyptand)*//DNB- in Class S. Each
in the presence of the three-dimensional cryptand, and thejon_pair structure shows characteristic near-IR bands arising
complexed [1:1] salt is isolated as ¢tgptand) *//DNB~ with from the intervalence transition in the dinitrobenzenide mdity,
the wide interionic separation ok = 6 A% The anionic  and thus the equilibration among Class S, C, and M ion pairs
moiety in this separated ion pair has a distinctive near-IR js readily measured by temperature-dependent spectral changes
absorption 4y = 915 nm) with a characteristic vibronic fine  (rigyre 1). Quantitative evaluation of these spectral changes
structure in THF solution (Figure S1, Supporting Information). (see inset, Figure 1) indicates the facile (reversible) equilibrium

This spectrum is singularly invariant with temperature changes hat increasingly favors ion-pair separation at decreasing tem-
betweent+30 and—90°C, and it is essentially the same as the heratyreds that is:

Absorption

400 600 800 1000

NIR spectrum of “free” dinitrobenzenide anion prepared in the
more polar DMF solvent! Moreover, such a loosely bound
ion-pair structure persists in THF solution, as indicated by the

(9) (a) Davlieva, M. G.; LyJ. M.; Lindeman, S. V.; Kochi, J. KI. Am. Chem.

K
Soc.2004 126, 4557. (b) Fooperationaldistinction between “separated” + - S8R + -
and “contact” ion pairs, see footnote 17 in ref 10. (c) The thermodynamic K(C) DNB K(C) //IDNB (1)
(and kinetics) justification for two principal types of such dynamic ion (CIP) (SIP)

pairs is presented by Szwét¢Vol. 1, p 1 ff).

(10) Lu, J.-M.; Rosokha, S. V.; Lindeman, S. V.; Neretin, I. S.; Kochi, JJK.
Am. Chem. So2005 127, 1797. The X-ray structure below illustrates
how the interionic separation in the separated ion pair is enforced via
completeencapsulation of potassium so that the cation is effectively
insulated from the dinitrobenzenide counteranion by the wide interionic
separation o6 A.

(11) Nelsen, S. F.; Konradsson, A. E.; Weaver, M. N.; Telo, J. Am. Chem.
Soc 2003 125 12493.

(12) The X-ray structure below illustrates how complexation of \ith the
two-dimensional 18-crown-6 is sufficient to protect only the back face of
the cationic sphere, which is then free to form the contact ion pair with
dinitrobenzenide from the unprotected front face by the close interionic
separation of 2.7 A?
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Table 1. Thermodynamics of CIP/SIP Equilibria of K(L)"DNB~ in
THF Solutions?

L

—AHsgp (kcal mol™)

b
2.2

2.2 (1.8)
1.409

—ASsep (eU)

b

12

11 (10)
1304

ue
100
0.14

0.16
0.015

cryptand
C

HC

BC

aAt 20 °C, based on UVWvis measurements, unless noted otherwise.
b Only SIP observed by UVWvis and ESR spectroscopyESR measure-
ments.d Only CIP observed by UVvis spectroscopy at 2TC. € Fraction
of SIP in typical 1 mM solutions of K()* DNB~ in THF at 20°C.

Digital deconvolution of the complex absorption changes by

spectral superposition (see Experimental and Computational
Methodologies section) allows the thermodynamic parameters

for ion-pair separation to be determined as listed in Table 1,

and essentially the same results are obtained with the related

contact ion pair KHC)*DNB™.13

1. Electronic (ESR) Structures and Dynamic Equilibria
between Separated and Contact lon PairsThe N'*-hyperfine
splitting in the ESR spectrum of the dinitrobenzenide anion
provides a highly sensitive probe for ion-pair structures,
particularly with regard to ion-pair dynamics in solution.

Class S.Upon dissolution into THF, the separated ion pair
K(cryptand)™//DNB~ leads to the well-resolved ESR spectrum
with azy = 1.23 G andayy = 1.11 G owing to the symmetric
ground state with (static) delocalization of the unpaired electron
equally over both N@centers. This ESR spectrum is temper-
ature-invariant betwee20 and—90 °C, corresponding to the
rather isotropic distribution of charge in the loosely bound
anion?°

Class C.Dissolution of the contact ion-pair salt EC)*-
DNB~ under the same conditions also leads to a well-resolved
ESR spectrum but one consisting of two principal species,
hereinafter designated as GWRith a;y = 4.5 Gy = 2.3 G
and CIR with a;y = 5.0 Glyy = 2.5 G. Deconvolution of the
composite spectra taken at various temperatures leads to th
isomerization constant df;som = 5 at 20°C,

ISOM

K
CIP,=—=CIP, (2)
and the thermodynamic parametefs;som = —1.5 kcal mot?
andASsov = —2 eu in the temperature range0 to+40 °C
(Figure S2)t0 Careful analysis of the ESR spectrum at low
temperatures (OC and lower) reveals the additional (minor)
presence of the separated ion paiBK)*//DNB~ shown in
Figure 214a

Class M. The THF solutions of the intermediate ion pair
prepared by dissolution of either &*DNB~ or K(HC)*-
DNB~ afford ESR spectra of a single contact ion pair £1P

(13) (a) The equilibrium shift to SIP at low temperatures indicates that the THF
solvation of KL)™, that is,

K
K(L)'DNB™ + nTHF ==DNB~ + K(L)"(THF), (1a)

is accompanied by a higher enthalpy gain but disfavored by entropy relative
to the ionic binding: KL)*DNB™. A similar equilibrium shift was observed
earlier in aromatic anion-radical equilibrialb) Note thatKp = [SIP}%/
[CIP] = KseKion, WhereKsgp = [SIP)/[CIP] is defined by eq 1(3) and
Kion transforms the SIP into its free ions. Therefore,dox 1 (as observed

at room temperature)Kp = 02cy/(1 — o) ~ 02c, andKsgp= a/(1 — o)

~ o, which leads toAHp = RA(In o2co)/A(T1) = 2RA(In o)/ A(T-1) and
AHsep = RA(In Ksgp/A(T™1) ~ RA(In a)/A(T~Y). As a result AHsgp ~
Y,AHp, where AHsgp (Table 1) refers to the equilibrium in eq 1(3) and
AHp to that in eq 1a (vide supra).

ESR Spectra

A AVAVAVAVAV

e

3385 3390 3395

Field, G

Figure 2. ESR spectrum of K§C)*DNB~ in THF at 0°C (a). Computer
simulation (b) by the addition of three components of {&F, CIR (d),
and SIP (e}

3375 3380

both with the same value afiy ~ 3.3 G1*¢Upon lowering the
temperature, the solutions of € "DNB~ and KHC)™DNB~
begin to show at-50 °C the increasing growth of an additional
component with ESR splitting patterax(y = 1.23 G) assigned
to that of the separated ion pair ()Pthat is:

K
CIP,==SIP, ®)
which is akin to the separated ion pair (9lffom K(cryptand)*//
DNB~ or equivalently (SIR) from K(BC)*DNB~ (low tem-
perature)° Quantitative spectral deconvolution (Figure S7) leads
éto the separation constant in eq 1 (or eq 3) with the thermo-
dynamic parameterSHsgp= —1.7 and—1.8+ 0.5 kcal mot™,
for the K(C)™ and KHC)* salts, respectivel{#b and impor-
tantly, they coincide with the values independently evaluated
from the UV—vis spectral data in Table 1 within the precision
limits.

The contact and separated ion-pair equilibria for Class S, C,
and M (dinitrobenzenide) salts are thus clearly shown by spectral
evaluations to be strongly dependent on the nature and strength
of the polyether ligation of the potassium cation. Since the donor
properties of the separated (or free) dinitrobenzenide anion are
essentially the same for all salts irrespective of the polyether
ligands!*d-ewe can now evaluate quantitatively how its electron-
transfer reactivity is modulated by the ion-pair equilibria.

Ill. Dynamic lon-Pair Effects on Dinitrobenzenide in
Intermolecular Electron Transfer. As a mixed-valence an-

(14) (a) Relative concentrations of the separated ion pairs of dinitrobenzenide
anion (determined from the ESR spectrum oBBK)*DNB~ at various
temperatures) lead to the thermodynamic parameters for CIP separation of
AHsgp= —1.4 kcal mol* andASsgp= —13 eu in Table 1. (b) Note that
the line width (0.80 G) of CIpRis significantly larger than those of CIP
(0.35 G) and SIP (0.30 G) owing to the intramolecular spin exchange as
described in ref 10. (c) The complex ESR spectra necessitated the use of
the per-deuterio derivative of dinitrobenzene [i.e.HQ)* p-O,NCsD4-

NO,"] and precluded the measurement of the proton splitfingl) As
indicated, for example, by the ESR and NIR spectra of the dinitrobenzenide
moiety in the separated ion pair ¢t¢ptand) *//DNB~ in THF and of the

free anion in DMF, which are the same. (e) Thus, beyond the interionic
separation ofpa = 6 A, the counterion effect on dinitrobenzenide reactivity

is too small to be evaluated.

J. AM. CHEM. SOC. = VOL. 127, NO. 20, 2005 7413
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Table 2. Observed Rate Constants and Activation Barriers for the
Intermolecular (Electron-Transfer) Self-Exchange with Class S, C,
and M Salts K(L)*DNB™ in the Presence of Added
p-Dinitrobenzene?
L k(M~ts™?) E, (kcal/mol)
cryptand 3.0x 10° 25
C

5.3x 1C8 0.7

HC 45x 10° —-0.3

3380 3384 3388 3 3380 3384 3388 3392 BC 6.5x 107 5.7
1.0x 1C8¢ 6.3

Field, G Field, G

Figure 3. Typical line broadening in the ESR spectrum observed in THF a|n THF, at 20°C. b For CIP. ¢ For CIP..
solution of (a) 0.7 mM K¢ryptand)* DNB** and (b) upon the addition of
DNB (4 mM). 22

ion,1-15dinitrobenzenide is an effective electron donor by virtue
of the reversible oxidation potentiaEy® = —0.64 V versus
SCE! As such, the earliest ESR studies of dinitrobenzéide
revealed the diagnostic hyperfine line broadenifiggsing from 20 1 WQ
the faster rates of intermolecular (self) exchange that accompany
increasing concentrations of the neutpatlinitrobenzene ac- .
ceptor (DNB). This convenient methodology allows the quan- _;8
titative evaluation of the electron-transfer rates, and the observed =
(phenomenological) second-order rate constaapplies to the
self-exchange process:

21 A

19 A

17
. k, .-

DNB®* + DNB — DNB + DNB 4) 16 ]
Class S.Stepwise addition of DNB to the THF solution of

the separated ion-pair salt ¢t¢ptand)*//DNB~ at constant 15 +— : : :

temperature results in increased (general) broadening of the ESR 0.0032 0.0036 0.0040 0.0044 0.0048

spectrum, typically shown in Figure 3. Such a concentration- 1T, K"

dependent line broadening of the ESR spectrum is the same a%lgure 4. Arrhenius plots for DNB/DNB self-exchange of ion pairs

that observed earlier for the free anion (ed4)2and it derives containing cations Kiryptand)* (), K(C)* (O), K(HC)* (<), K(BC)*-

from the intermolecular (self-exchange) electron transfer that (CIPy) (v), and KBC)* (CIPy) (2) as described in the text.

must directly involve only the separated ion pair (in a solvent

of this low polarity), that is,

K(cryptand)*//DNB~ in THF, we are forced to conclude that
the value ofk, in eq 4 is at or very close to the diffusion-

i ksip controlled limit.
K(cryptand) //DNB "~ + DNB —-~ Class C.In contrast to the cryptand-ligated ion pair, the line

DNB + K(cryptand)+//DNB_ (5) width change in the ESR spectrum of thg contact ign pair.d.erived
from dibenzo-18-crown-6 KEC)TDNB™ is rather insensitive
It is to be noted that the observed second-order rate to the addition op-dinitrobenzene, and the broadening becomes
constant:k, = 3.0 x 10° M~* s~ obtained at 20C (Table 2) apparent only at significantly higher concentrations of added
is related to an activation barrieEgp = 2.5+ 0.5 kcal mot?® acceptor (Figure 5). Digital deconvolutions of such broadened
measured from the temperature dependencekyofin the (composite) spectra at various DNB concentrations yield the
temperature range-40 to —20 °C (Figure 4). Such a fast  substantially slower rate constants for self-exchange via the
dynamic process approaches the limit that is characteristic of contact ion pair, that is,
diffusion-controlled processé&8and if due cognizance is taken

in the uncertainty in the measured valueskpf{and Esjp) for K(BC)+DNB_ + DNB Kor DNB + K(BC)'DNB™ (6)

(15) For some other recent examples of organic mixed-valence systems, see; 7 1 o1
(a) Lambert, C.; Nb, G. J. Am. Chem. Sod999 121, 8434. (b) Nelsen, wherek; = 6.5 x 10’ and 1.0x 10* M~* s™* for CIP; and
S.F.Chem-Eur. J.200Q 6, 581. (c) Risko, C.; Barlow, S.; Coropceanu, CIP,, respectively, at 20C (see Experimental and Computa-

\L/myeﬂ:gnMSB\;ede,sgkha “g?’f}f“sﬁhf"? T : Eg&%?g‘o‘m@éﬁéﬂl. tional Methodologies section for details). Moreover, the variation

i)g 21%%% 124, 843. (e) Rak, S. F; Miller, L. LJ. Am. Chem. S0d.992 of the second-ordétcp in the temperature range frof30 to
(16) In DMF, see: Chambert, J. Q.; Adams, R.NElectroanal. Cherml965 —30 °C leads to the activation energieg = 5.7 and 6.3 kcal

9, 400. In THF containing 0.1 M BIN*PFs~ as the supporting electrolyte, mol~! for CIP; and CIB, respectively, which are more
our CV studies showed the reversible 1-electron cathodic wave of DNB/

DNB- at 0.69 V vs SCE. than twice that evaluated for the separated ion pair
(17) (a) Miller, T. A.; Adams, R. N.; Richards, P. M. Chem. Phys1966 44, + -
4022. See also: (b) Layoff, T.; Miller, T. A.; Adams, R. N.; Fah, H.; K(cryptand) D.NB ’
Horsfield, A.; Proctor, WNature 1965 205, 4969. Class M. Owing to the presence of both separated and contact
(18) (a) Kivelson, DJ. Chem. Physl957 27, 1087;196Q 33, 1094. (b) Ward, i ire i i _ _ i _
R L.. Weissman, S. D. Am. Che. S6d957 79, 2086. (c) Zandstra P. ion pairs in THF solutions offhe 18-crown-6 and+d|cyclohexano
J.; Weissman, S. U. Chem. Phys1961, 35, 757. 18-crown-6 complexes KY)*™DNB~ and KHC)*DNB™, the
(19) Hosoi, H.; Mori, Y.; Masuda, YChem. Lett1998 178. ; B ; B ~
(20) Evaluated aksy = 1.27 x 100 M- $1 at 20°C. See: Grampp, G.: I_ES_R line broadenings can be examined in the fast-exchange
Jaenicke, WBer. Bunsen-Ges. Phys. Cheb®91, 95, 904. limits. Thus, the ESR spectra of 1 mM solutions of K{DNB~

7414 J. AM. CHEM. SOC. = VOL. 127, NO. 20, 2005
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0mM

35 mM
e
k3t
5}
o
175]
a4
@

65 mM

105 mM|

3375 3380 3385 3390 3395
Field, G

Figure 5. ESR spectral line broadening in THF solutions oBK)"DNB~
in the presence of neutral DNB acceptor (at concentrations indicated).

and KHC)™DNB~ in THF showing resolved hyperfine split-
tings (vide supra) at 20C gradually broaden and then finally

M~1 s71 evaluated from Kgryptand)™//DNB~ (vide supra),
leads to the SIP contribution to the electron-transfer ratekep
= (4.2 + 1.0) x 10® M~ s71. Since this SIP contribution is
within experimental error, the same as the observed rate constant

=(5+1) x 108 M~1slin Table 2, it is easy to calculate
the CIP contribution to be minor, if at &@#. In other words,
despite the preponderant role (with-1 o = 86%) that the
contact ion pair plays in the ion-pair equilibrium, the principal
pathway for the electron-transfer (self-exchange) process pro-
ceeds almost wholly via the separated ion pai€K{/DNB~.23

The same conclusion applies to the minor kinetic role played
by the contact ion pair for K{C)*DNB~ with k, = 4.5 x 10°
M~1 s versus the major role played by its separated ion pair,
despite the minor concentration of HC)*//DNB~ based onx
= 0.16 + 0.4. Moreover, the increase @ upon lowering the
temperature (see Figure 1) leads to the negative (effective)
activation energy in Figure 4 and Tablé*which are somewhat
similar to those observed earlief.

IV. Mechanisms of Electron-Transfer Self-Exchanges with
“Separated” and “Contact” lon Pairs of Dinitrobenzenide.
The predominant presence of the dinitrobenzenide anion solely
as ion-pair assemblies in THF solutions allows the SIP/CIP
reactivities to be separately evaluated. As such, the quantitative
evaluation oksjp andkeip in Table 2 raises two key mechanistic
questions: (1) why is the value &p so close to the diffusion-
controlled limit and (2) why iks)p almost 2 orders of magnitude
faster tharkcp? Before addressing these important questions,
let us first consider the electron-transfer self-exchange of “free”
dinitrobenzenide bereft of its counterion, since these are the
predominant species extant in highly polar solvents in which

coalesce into a single broad envelope at the increased dini-the second-order rate constant is reportekbas 6 x 10° M~
trobenzene concentration 650 mM. Under these conditions, S *'” However, this fast rate process for a conceptually simple
further additions of dinitrobenzene is accompanied by narrowing Self-exchange clearly contradicts the predictiorkgtheor)=
of the broad line, and the line widths measured at constant1 x 10" M~* s™* based on classical Marcus thedpy even
temperature lead to the overall second-order rate constant forwithout a correction for the vibrational component. Moreover,

intermolecular electron transfés = 5.3 x 108 M~ s71 for
K(C)*DNB™, and the temperature dependenc&affords the
limited activation energy oE, = +0.7 kcal mot™. It is thus
noteworthy that the overall second-order rate constant for the
dicyclohexano analogue KC)™DNB~ of k, =4.5x 16 M1
s 1 increases upon lowering the temperature (Figure 4), the
magnitude of which corresponds to the negative activation
energyE, = —0.3 kcal moft.2

Owing to the rapid interconversion of these Class M ion pairs
(vide supra), the observed (phenomenological) rate conistant
is a composite of SIP and CIP contributions normalized by the
ion-pair populations, that i,

ky= (1 — a)kep + 0kg)p (7)

Thus, the fraction of SIP from K)*DNB~ in THF at 20°C is
0.14+ 0.0322 which, together with the value &&p= 3 x 10°

(21) A similar increase in the self-exchange rates at lower temperatures was
also related to equilibria between the different types of aromatic ion pairs.
(22) (a) Equation 7 is based on the fast SIP/CIP equilibration evaluated from
the temperature-dependent ESR spectra in Figure S6 from which the CIP
lifetime of = 109 s is evaluated on the basis of the rate constant for
intramolecular spin exchange of 61,1026 which is much faster than
the characteristic time of intermolecular electron transfer-sfl/(k,]DNB])
~ 1 x 1078s. (b) Since the strong electronic coupling between kéhters
obviates any sizable intrinsic barrier for electron-density redistribution
within the dinitrobenzenide moiety, the intramolecular spin-exchange rate
is governed by counterion switching, with ion-pair dissociation being the
rate-determining step.

the inclusion of the solvent-reorganization energy would result
in a barrier too high for the observed electron transfer.
Accordingly, we initially consider the self-exchange process to
be strongly adiabati€® in which case the activation barrier must
include an electronic term for the donor/acceptor coupling in
the transition staté’ that is,

(23) (a) The alternative evaluation of the rate data basekon 5.3 x 10°
“1standa = 0.14 leads to the value ¢tp~ 1 x 10° M~ s, (b)

A relatively minor value ok, for the contact ion pairs derived fro@and
HC can be estimated &P < 1 x 108 M~1s1. The uncertainty derives
from the difference between two larger ternis &nd ok;S'F), and this
precludes a more accurate and meaningful analysis.

(24) (a) For KHC)*DNB™, the calculated contribution of the separated ion pair
to the overall self-exchange ratedgsj, = (5 + 1) x 10° M~* s7%, which
is the same (within the accuracy limit) as the observed rate coristdhb)
By taking into accountk, ~ ak;>'F for K(C)*DNB~ and KHC)"DNB-,
we determine the activation energy from temperature dependehge@asf
Ea~ RA(IN akxSF)/A(LIT) = RA(In kSP)/A(LIT) + RA(In o)/ A(L/T), which
leads toE, = ESP + AHsep3P SinceESP = 2.5+ 0.5 kcal/mol andAHsgp
= —2.2+ 0.5 kcal/mol, the observed activation energy of intermolecular
self-exchange in solutions of dinitrobenzenide withCiK{ or K(HC)"
counterions is calculated to be essentially nil. Experimental valués, of
in Table 2, which agree with such a prediction (within the error margins),
confirm the validity of this analysis.

(25) (a) Marcus, R. ADiscuss. Faraday Sod.96Q 29, 21. (b) Marcus, R. A.
J. Phys Chem.1963 67, 853. (c) Marcus, R. A.; Sutin, NBiochim.
Biophys. Actal985 811, 265. (d) Hush, N. STrans. Faraday Sacl961,
57, 557. (e) Hush, N. SProg. Inorg. Chem1967, 8, 391. (f) Hush, N. S.
Electrochim. Actal968 13, 1005.

(26) According to classical Marcus thedtyk, = Z exp(—A/4RT) = 1 x 107
M-1s1 whereZ = 10 M~ st and1 = 21.4 kcal mott.27

(27) (a) The reorganization energ@yfor the DNB/DNB redox dyad based on
the Born model for solvation has been calculatedas 21.4 kcal mot?
(not including the intramolecular vibrational contribution) in DN/ (b)
Eberson, L.; Shaik, S. §. Am. Chem. S0d.990 112, 4484.
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Scheme 1

DNB i Key

DNB" +

[DNB/DNB] [DNB/DNB] etc

A. Self-Exchange of Dinitrobenzenide as the “Free”
Anion/“Separated” lon Pair. In the context of the planar
DNB~/DNB dyad of interest here, previous investigat®#8
have considered the incursion of the [1:1] precursor complex

in the two-step electron-transfer mechanism (Scheme 1). Thus,

Chart 1

(Is)

for Scheme 1, the second-order rate constant corrected for

diffusion (kgitr) is given as:

ko = Kaitr KerKis/ (Kisker + Kiigr) (8)

and

ker = v exp(—AG*/RT) 9)
whereker is the first-order rate constant for the inner-sphere
complex andKs is its formation constant in eq 8. For the
inclusion of such a precursor complex, the activation barrier
(AG*) must be corrected by the significant donor/acceptor
electronic coupling?2° as well as the partial loss of solvation
energy accompanying the donor/acceptor associétitiat is,

AG* = (1' — 2Hp,)/(4A") (10)
whereHpa is the electronic coupling element and the modified
A" is the reorganization energy from classical Marcus th&ory
that includes the partial solvent extrusion accompanying the
formation of the inner-sphere (precursor) compiex.

The critical precursor complex in Scheme 1 has been
previously characterized structurally for various donor/acceptor
dyads pertinent to analogous electron-transfer self-exchafges,
and Mairanovsky et &0 have presented it most recently as the
face-to-face juxtaposition of the intimate DNEONB pair
depicted as that shown in Charf4.

Experimentally, such an inner-sphere complex (IS) can

transition of the dinitrobenzenide moiety witljax = 915 nm
andemax= 22 000 Mt cm~1in THF solution (see Figure S3).
As a result of this ambiguity, we turn now to theoretical
calculations to evaluate the activation energy for the self-
exchange mechanism according to Scheme 1 in terms of (i) the
electronic coupling elemenHpEa) from the structure of precur-
sor complex in Chart 1 and (ii) the modified reorganization
energy A' in eq 10. Thus, the coupling elementfs) is
evaluated for the transition state (TS) structure obtained by
adopting the face-to-face precursor structure with interplanar
separation rpa) set to 3.5 &4 (see Chart S1 in Supporting
Information) and then averaging over the precursor and suc-
cessor geometries so as to yield a symmetric TS complex with
overall C; point-group symmetry. In the case of symmetry-
equivalent donor and acceptor (DNB) moieties, it is convenient
to evaluateHpa as one-half the energy splitting of the pair of
low-lying delocalized state®,?A4 and?A,, that are composed
primarily of symmetric and antisymmetric linear combinations
of the localized (monomer) LUMOs, that is,
Hpa = 'LIECA) — ECA] (11)

Various calculations at the ab initio HartreBock (HF) level
(restricted or unrestricted and with either 6-31G* or 6-311G*
basis setsy yield Hpa = 2600+ 80 cnTl, which is employed
in the kinetic analysis reported beld.

For the reorganization energy, the HF calculations lead to

usually be spectrally observed as a new absorption band in thelis = 24 + 1.5 kcal/mol, while inclusion of the electron

NIR region when the acceptor (DNB) is added to the solution
of the donor (DNB), but in this study, the NIR absorption
appears to be partially obscured by the strongly allowed local

(28) (a) Despite the appreciable suppression of the activation barrier as a result

of strong electronic coupling, the resulting adiabatic rate conskants(
still slow enough so that solvent dynan®ss not expected to contribute
to the rate-determining step. (b) Calef, D. F.; Wolynes, R1.®@hys. Chem.
1983 87, 3387.

(29) (a) Sutin, N.Prog. Inorg. Chem1983 30, 441. (b) Brunschwig, B. S.;
Sutin, N.Coord. Chem. Re 1999 187, 233. (c) Brunschwig, B. S.; Sutin,

N. In Electron Transfer in ChemistryBalzani, V., Ed.; Wiley: New York,
2001; Vol. 2, p 583. (d) Compare Figure 9b in ref 10.

(30) (a) Vener, M. V.; loffe, N. T.; Cheprakov, A. V.; Mairanovsky, V. G.
Electroanal. Chem1994 370, 33. (b) Rauhut, G.; Clark, . Am. Chem.

Soc 1993 115 9127. (c) Note that the strongly bound (inner-sphere)
precursor complex as presented in Chart 1 (Scheme 1) merely differs
quantitatvely from the weakly bound encounter complexes previously
considered in classical electron-transfer thed&?.As such, we envisage

a wide spectrum of noncovalently bound dyads to encompass the range of
adiabatic ET rate processes.

(31) (a) For the face-to-face arrangement of the aromatic pairs, Mairanovsky et
al30 calculatedi, via the Kirkwood model, which relates the solvent
reorganization energy for the charge redistribution accompanying electron
transfer within the precursor complex (considered as a single entity
surrounded by the polarizable medium). (b) We relate inner-sphere
complexes in organic redox systems (of the type described herein) to the
direct overlap of donor/acceptor orbitals without the intervention of solvent,
in harmony with the classical description of inner-sphere complexes in
inorganic systems that involve metal centers bridged by ligands in the first
coordination sphere. See, for example: Taube,Aldv. Inorg. Chem.
Radiochem1959 1, 1, and Fukuzumi, S.; Wong, C. L.; Kochi, J. K.

Am. Chem. Socd98Q 102 2928 and references therein.

7416 J. AM. CHEM. SOC. = VOL. 127, NO. 20, 2005

correlation at the density functional theory (DFT) level (B3LYP)

(32) (a) Precursor complexes of planar donor/acceptor dyads have been
structurally (X-ray) characterized as [1:1] complexes of tetracyanoquin-
odimethane with its anion radic&®? dichlorodicyanobenzoquinone with

its anion radicab? tetrathiafulvalene and its cation radié&!naphthalene

and its cation radic@?e octamethylbiphenylene and its cation radi€él.

(b) Goldstein, P.; Seff, K.; Trueblood, K. Mcta Cryst 1968 B24, 778;
Hanson, A. WActa Cryst 1968 B24, 773. (c) Ganesan, V.; Rosokha, S.

V.; Kochi, J. KJ. Am. Chem. So003 125, 2559. (d) Nagayoshi, K.;
Kabir, M. K.; Tobita, H.; Honda, K.; Kawahara, M.; Katada, M.; Adachi,

K.; Nishikawa, H.; lkemoto, I.; Kumagai, H.; Hosokoshi, Y.; Inoue, K;
Kitagawa, S.; Kawata, Sl. Am. Chem. So2003 125, 221. (e) Fritz, H.

P.; Gebauer, H.; Friedrich, P.; Ecker, P.; Artes, R.; SchubertZU.
Naturforsch 1978 33b, 498. (f) Le Magueres, P.; Lindeman, S.; Kochi, J.
K.; Org. Lett.2000Q 2, 3567; Kochi, J. K.; Rathore, R, Le MagueresJP.

Org. Chem.200Q 65, 6826.

For the role of such precursor complexes in the quantitative kinetics for
other electron-transfer self-exchanges, see (a) Ganesan et al. in ref 32c
and (b) Sun, D. L.; Rosokha, S. V.; Kochi, J. K.Am. Chem. So2004

126, 1388.

(34) (a) The cofacial structure of the precursor complex is taken as a pair of
juxtaposed DNB moieties separated tyy = 3.5 A (Chart 1), which
represents the global (average) structure of (planar) donor/acceptor dyads
previously established in refs 32 Related structures withpa = 3.3

and 3.8 A as well as those with “slipped” and rotated DNB moieties were
also considered as discussed in the Experimental and Computational
Methodologies section. (b) Despite numerous and varied attempts, we have
as yet been unable to isolate crystallind_IK( salts (with different ligands)

of DNB/DNB™ associates suitable for X-ray crystallography.

Note that the NIR absorption in the 1660200 nm range (Figure S3) could
represent the low-energy tail of the precursor complex since neither DNB
nor DNB alone absorb there.

(36) Newton, M. D.Chem. Re. 1991, 91, 767.

(33)

(35
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yields an appreciably reduced value/gf ~ 13.5 kcal/mol, a
result similar to those obtained in previous theoretical stulfies.
In view of the range of calculated values, we adopt an estimate
of 1is = 19 + 5 kcal/mol in the following kinetic analysis.

The solvent reorganization energy/f = 8 & 1 kcal mol?
is obtained from the same precursor complex (Chait Gy
applying the dielectric constant ef= 7.6 for the THF solveri?
The overall reorganization enerdy = 27 & 5 kcal moi® 40
together with Hpp = 2600 cnt! predicts the rather low
activation barrier oAG* = 1.3 kcal moftin eq 10, as well as
the fast rate constant ¢t = 1 x 10" s % in eq 9, when the
pre-exponential termy(= 102 s71) is taken as previously
described! As a result, the observed second-order rate constant

Table 3. Experimental and Theoretical Comparison of SIP and
CIP Pathways in the Dinitrobenzenide Electron-Transfer
Self-Exchange

experimental theoretical

kgip? Kep? ky(dissoc) ky(assoc)®
L (M-1sY (M-1s7Y) M-tsY (M-1s7Y)

cryptand  3.0x 10° 0 (3-10)x 10° —
C (4+1)x10° <1x 1C® 4 x 108f 5 x 107
HC (5+1)x 10° <1x 1C® 5x 108f 5 x 107
BC (CIPy)) —¢ 6 x 10'¢ - 6 x 107
BC(CIP) (5+1)x10'9 ~5x 1079 5x10f 6 x 107

a Calculated asiksip unless noted otherwise Calculated aske — oksip)/
(1 — a) unless noted otherwisé Since CIR dissociation is too slow to be
involved in the intermolecular electron transféthe SIP contribution is
neglected and its estimate basedod@p = (5 &+ 1) x 10’ M~* s tis not

for self-exchange in Scheme 1 is calculated to lie in the range valid in this case® Since the rate of CiPdissociation is comparable to

Kisker = 5 x 10° to 5 x 101 M~ s71 for this type of
intermolecularr-association of planar donor/acceptor dyads that
are evaluated witl;s = 0.05 M™* at one extreme ank;s =
5 M1 at the othef? Such fast second-order rates are indeed
close to the diffusion-controlled limit, and the predicted self-
exchange rate constants that lie in the range.ef 3 x 10° to
1 x 10 M~! s! are consistent with the experimentally
determined value digp= 3 x 10° M1 s 1in Table 243 Since
the latter pertains to electron-transfer measurements involving
only the separated ion pair in eq 5, we conclude that the anionic
reactivity of dinitrobenzenide is kinetically insensitive to the
cationic environment that is separatedrgy > 6 A. In other
words, spectral (U¥NIR, ESR) and kinetics comparisons
cannot distinguish the “free” dinitrobenzenide anion in eq 4 from
the “separated” ion pair in eq8¢

B. Self-Exchange of Dinitrobenzenide in “Contact” lon
Pairs. By way of contrast, the X-ray structures and spectral
(UV—NIR, ESR¥10 as well as kinetic comparisons of the
contact ion pairs: K()*DNB~ in Tables 1 and 2 consistently
reveal the importance of the intimate binding of the ligated
cations KBC)™, K(C)™, and KHC)™ to only a single N@
group of the anionic dinitrobenzenide moiety. As a result, the
cationic moiety can no longer be considered an innocent

that of intermolecular electron transférthe use of steady-state approxima-
tion (eq 7) to calculate SIP contribution aksp= (54 1) x 10/’ M~1s1
is questionable? Calculated as (1— o)kcip(theor). Note that in the
calculation ofkcip, the values oK;s = 0.05 andHpa= 2450 cn! were
used to equate the calculated and experimental values for the separated
pathway, that isksp= 3 x 10° M~1 s71, T Calculated as(3 x 10°) M~
s L
into account for the participation and involvement of the
counterion.

In the dissociatve mechanism, the critical (inner-sphere)
precursor complex is attained in two steps via prior CIP

separation to SIP, as shown in Scheme 2.

Scheme 2
+- - + - DNB + -
K(L)DNB® «— K(L)/DNB" <— K(L) [DNB’, DNB]

(CIP) (SIP) (ISswp)

The associatie mechanism, on the other hand, achieves the
critical precursor complex with its counterion intact via direct
CIP interaction in a single step, as shown in Scheme 3.

Scheme 3

K(L)'DNB’ —

+ DNB <= [K(L)'DNB’,DNB]

(CIP) (IScip)

Thus the essential distinction between the associative and

bystander, and at least two (principal) mechanisms must be takerdissociative pathways lies in the ion-pairing description of the

(37) Pople, J. A. et alGaussian 98revision A.11.3; Gaussian, Inc.: Pittsburgh,
PA, 2001.

(38) Additional calculations based on DFT yielded a smaller estimatel6D0
cmL. Further details of thélpa calculation are given in the Experimental
and Computational Methodologies section.

(39) (a) Klimkans, A.; Larsson, SChem. Phys1994 189, 25. (b) Blomgren,

F.; Larsson, S.; Nelsen, S. B. Comput. Chen001, 22, 655.

(40) (a) Note thaf' = 27 kcal mol ! predicts the intervalence absorption band
at A,y = 1050+ 150 nm (or roughly 9000 cni) that is easily within the
experimental limits of our tentative spectral assignni@host importantly,
the value ofHpa < 1'/2 assigns the precursor complex to a class Il mixed-
valence aniori% according to the RobinDay formalism3®° See: (b) Robin,

M. B.; Day, P.Adv. Inorg. Chem. Radiochenm967, 10, 247. (c) Also see
Brunschwig and Sutin in ref 29.

(41) Since such electron-transfer self-exchanges involve numerous molecular
(~500-3000 cnt!) and solvent £10—100 cnt?) vibrational modes, the
pre-exponential factor = (Zv24;/24;)Y2 s difficult to rigorously calculate
from the available data. Thus we have taker 10'2 s1, which is the
same value as previously used for the description of electron transfer in
the intermolecular anion-radical self-exchangés.

(42) (@) Such limits were chosen because the formation constants of most anion-

radical complexes with their parent acceptdas well as those of more
conventional charge-transfer comple®8lie in the 0.05-5 M~! range.
See, for example: (b) Foster, Rrganic Charge-Transfer Complexes
Academic: New York, 1969. (c) Mulliken, R. S.; Person, W NBolecular
ComplexesWiley: New York, 1969. (d) Andrews, L. J.; Keefer, R. M.
Molecular Complexes in Organic Chemistiyolden-Day: San Francisco,
CA, 1964.

(43) If we consider such a kinetic equivalence between free DIEBd its
separated ion pair, we evaluate the pre-equilibrium constafisas 0.05
M~ from the experimentally determined valuekgfp=3 x 1(® M~1s™L

precursor complex as either the “separated” ionic assembly
(ISsip) or the “contact” ionic assembly (k) prior to the
electron-transfer transition stafte.

According to the dissociative mechanism in Scheme 2, the
intermolecular rate of electron transfer is controlled by the pre-
equilibrium CIP/SIP separation, so that the observed rate
constants is simplk, = oksjp, Wwhereksp =3 x 1® M~1s71
as expressed by eqs 8 and 9. The rate constants evaluated with
the aid of the fractioro in Table 1 are listed aky(dissoc) in
Table 3 (column 4). Analogously, the experimental measure of
the intermolecular rate constant according to the associative
mechanism considers the precursor complex as the “contact”
ionic assembly (I1§p) in Scheme 3, so that the observed rate
constant is given b, = (1 — a)kcip where the values dicip
are evaluated from the experimental rate data according to eq
7 and listed akz(assoc) in Table 3 (column 5).

(44) (a) Associative and dissociative mechanisms correspond to earlier Marcus
classificationg’? (b) Note that the inner-sphere precursor complex is the
intermolecular analogue to the intramolecular electron transfer for the
bridged systems considered by Marétszor equivalency of such an
intermolecular precursor complex with electron transfer in bridged mixed-
valence systems, see: (c) Sun, D. L.; Rosokha, S. V.; Lindeman, S. V.;
Kochi, J. K.J. Am. Chem. So@003 125 15950 and Sun et al. in ref 33.
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Scheme 4
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Comparisons of the values kf(dissoc) andk(assoc) in Table 5 x 102 s1, and«, = 5 x 10 s7! as described in the
3 with the observed second-order rate constti Table 2 Experimental and Computational Methodologies section, and
indicate that the relevant ion-pair pathway for intermolecular these values lead tar = 1.5 x 10° s7* according to eq 13.
electron transfer is notably dependent on the ligation of the The inclusion of the pre-equilibrium constant for the formation
potassium cation, that is, Kj*. For the ligand. = cryptand, of inner-sphere complex d&s = 5 x 1072 M~ leads to the
ionic dissociation is clearly irrelevant, and the electron-transfer calculated value of intermolecular rate constant for the contact
pathway proceeds solely via the inner-sphere (precursor)ion pair askcip™®'=7 x 10" M~ s™%, which is rather close to
complex in Chart 1. Likewise fot = 18-crown-6 C) and the  the experimental value d = 6 x 10" M~! s™* in Table 3.
dicyclohexano analogueH(C), the principal pathway for the Finally, on the basis of the relative magnitudes of the rate
electron-transfer involves prior ion-pair separation to the constants in eq 13, we judge that the cationic migration
separated ion pairs K)*//DNB~ and KHC)*//DNB~, respec- component of Scheme 4 contributes roughly half the electron-
tively. However, the same rate comparison attendant upon K transfer component to the overall kinetics. Such a conclusion
ligation by dibenzo-18-crown-6 in HC)*DNB~ favors the underscores the need to explicitly consider ionic mobility for
associative pathways for both GIBnd CIR. This conclusion moderating redox reactivities in the design of new contact ion
is strongly reinforced for CIPby independent ESR measure- pairs, which we hope will be the subject of further studies.
ments for therate of CIP/SIP interconversion dfsgp < 10°
s71, which is clearly too slow to accommodate the observed
electron-transfer rate ¢¢ = 6 x 10' M~* s™.% For CIR, the The three distinctive ion pairs composed of Classes S, C,
separation rate (estimated to kgp~ 10" s7%) is comparable  and M allow the complex ion-pair kinetics of KY*DNB~ salts
to the rate of intermolecular electron transféand associative  in THE solutions to be unambiguously dissected by the
and dissociative pathways are likely to be competitit/e. combination of X-ray crystallography and spectral (UNIR,

Let us now briefly consider why the rate of intermolecular ESR) analyses. For intermolecular electron transfer between the
(self-exchange) electron transfer for the contact ion pair is p-dinitrobenzene acceptor (DNB) and its radical anion (DINB
roughly 2 orders of magnitude slower than that of the separatedthe observed second-order rate constés)ti§ essentially the
ion pair. Although the theoretical formulation of electron transfer Same as thakge) in the separated ion pair with Kfyptand)*/
within the precursor complex () in Scheme 2 is well DNB~. Thus, for the second-order processes with either the
accommodated by eqgs 9 and 10, that for the associative pathwayfree” nitrobenzenide anion or the “separated” ion pajr~

must recognize the attendant movement of the counterion within Ksip = 3 x 10° M™% s74, which is close to the diffusion-
IScie, which for clarity is pictorially presented as: controlled limit and too fast to be accommodated by classical

Marcus theory. However, the inclusion of the discrete [1:1]

Summary and Conclusion

+ intermediate [DNB/DNB] as the critical precursor complex in
K < C>N<O ON—~<T>N<0 !
~~o~N NSo ke g ~o (12) the two-step mechanism for self-exchange (Scheme 1) leads to
> 4 the correct prediction of the observed rate constathen it
O~ @—N/O IS \N'—N© <0 . p . -
o =0 0~ ~o is included in the two-state Marcu$utin formulation by the

theoretical computation of the electronic coupling elemEelghj
To deal with this theoretical complexity, Mardaslissected and reorganization energy') from the inner-sphere complex
the problem into two discrete processes (Scheme 4), in whichaccording to Chart 1.
the first step is conceptually akin to the intramolecular electron  To accommodate the significantly slower self-exchange rates
transfer in a (unsymmetrical) mixed-valence compgxand with the contact ion pairkcp = 6 x 10" M1 s71, the two-
the second step represents cationic migration under similarstate calculation of the precursor complex invokes the direct
circumstances. As such, the kinetics formulation for the overall (associative) mechanism in Scheme 3. As such, the formation

(CIP) process in Scheme 4 is: of the precursor complex (kp) can be conveniently dissected
into two discrete steps in which the electron-transfer component
Ker = Kgieol (kg + 15) (13) is separately evaluated from the cationic migration within the

inner-sphere complex (Scheme 4).
Following the traditional approach to the solution of these  Dinitrobenzenide as a mixed-valence anion thus offers a

(standard) problenf§&we calculatec; = 1.6 x 101051, k1 = unigue opportunity to examine quantitatively the roles of both
(45) The lifetime of CIR: 7 > 107 s is evaluated from the rate constant of ~ (47) The slightly different kinetic behavior of Cjind CIR follows from their
intramolecular spin exchange {0 s71),20.220which is much longer than distinctive interionic bindings, that is:
the characteristic time for intermolecular electron transfer, that #s,1/ QL o
(G[DNB]) ~ 1 x 10-7 s. K(Lﬁ.,g;n—@—noz KLt ;\@—woz
(46) The CIB lifetime of ¢ ~ 1077 s is evaluated from the rate constant for RY
intramolecular spin exchange: (10’ s71),10.22bwhich is comparable to the (CIPy) (CIPy)
characteristic time of intermolecular electron transfer, thatriss 1/
(ko[DNB]) ~ 1 x 107 s. previously described as bidentate and monodentate, respecfively.
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“separated” and “contact” ion pairs in donor and acceptor observed at high~100 mM) concentrations of DNB. Under these
reactivities. Whereas the redox properties of free anions andconditions, the SIP component of the ESR spectrum coalesces into one
their separated ion pairs are not expected to differ significantly line, indicating that the self-exchange of SIP reached the fast-exchange
if the interionic separation exceeds6 A a more complex limit (Figure S4). Note that, in the presence of DNB, the SIP fraction

) . . + . .
picture emerges for the reactivity of contact ion pairs. Therefore, ' 1HF solution of the pure K(e5)"DNB" salt increased by roughly

. R . 3—5%, which was attributed to the additional channel for ion-pair
we believe that ionic ligation of the type described here for . L : o
dissociation associated with intermolecular electron transfer.

}_<(L)Jr offers a prom|5|_ng_approa_cr_1 to further examine how the (c) For K(C)* DNB* and KHC)*DNB*", the THF solutions of
ligand actually tunes ionic reactivity. anion radicals were characterized by nearly identical ESR spectra, with
hyperfine-splitting patterns assigned to fast intramolecular spin exchange
between their nonequivalent NQ@roupst® Addition of ~10 mM

Solvents, neutrap-dinitrobenzene, and its anion-radical salts (with ~ dinitrobenzene led to the broadening of spectra (Figure S5), and at
potassium ligated with macrocyclic polyethers) were prepared and [DNB] ~50 mM, the lines coalesce into a single broad line. Since the
handled as described earlféf Electronic spectra were measured on alternating line broadening (Figure S6) complicated the ESR spectral
either a Hewlett-Packard 8453 diode array or a Varian Cary 5 behavior of KC)*DNB*~ and KHC)*DNB*~ in the slow exchange
spectrometer, ESR measurements were performed on a Bruker ESPlimit (where individual lines were observed), the kinetics of their
300 X-band spectrometer, and structural studies were carried out with intermolecular ET processes were studied in the fast-exchange limit at
a Bruker SMART APEX diffractomete¥l® The hyperfine splitting concentrations of neutral DNB of approximately +&00 mM. (Note
constants were determined via computer simulation of the ESR spectrathat the kinetics correspondence at the fast and slow exchange limits
of pure anion-radical salts using Bruker WINEPR Simfonia program. was established earlier for other anion-radical Systgyﬂsnder such
The equilibrium constants between different forms of ion pairs of conditions, the increase in the concentration of neutral DNB was
dinitrobenzenide were determined by simulation of the electronic and accompanied by the narrowing of the single (broad) line. Line widths
ESR spectra as the superposition of CIP and SIP components (withmeasured at constant temperature led to the self-exchange rate constant
double integration of each ESR constituent), as described previfusly. as’ ke = 2.05x 10" V/IAH[c], where AH is the corrected line width
Thermodynamic parameters for CIP isomerization (eq 2) were deter- (G), which was obtained by subtracting the intrinsic line width in the
mined from the linear temperature dependence df v with T2 absence of exchange from the line width in the presence of exchange,
(see Figure S2 in Supporting Information). Thermodynamic parameters and V is the second moment of the unbroadened spect(@in The
for the CIP/SIP equilibria according to eq 1 (eq 3) were determined temperature dependencelefafforded the activation barriers listed in
from the dependence @ with In Ksgp WhereKsep= [SIP}/[CIP] as Table 2.
shown in the inset of Figure . Theoretical Evaluation of the Electronic Coupling in the Inner-

ESR Study of Self-ExchangeKinetic parameters for intermolecular ~ SPhere Complex of DinitrobenzeneThe structure of the precursor
(DNB-/DNB) electron transfer were determined from the (general) ESR complex was based on the structures of isolated complexes of other
line broadening op-dinitrobenzene anion radical in the presence of anion and cation radicals with their neutral precursors, as well as the
added (neutral) acceptor as follows. structures of conventional charge-transfer compléx&sThe charac-

(a) For K(cryptand)*DNB-, the ESR line width &H ~ 0.3 G) of teristic fea?ur_e of such_ assoma.tes is the parallel arrangement of_two
the THF solution of the pure salt was essentially independent of planar m0|et!es that lie cof.aually. atop one anothgr (and possibly
concentration (within the practicable concentration range-2.51M). somewhat shifted laterally) with an interplanar separatigg) ©f about
Addition of 3-5 mM of neutral acceptor resulted in the significant 3.3-3.5 A. The structures of the neutral and anion-radical components
broadening of all the lines (Figure 3), and line widths were measured of the precursor (and successor) complexes were based on the X?ray
at various concentrations of the neutral acceptor by computer simulation C'yStal data for the neutral DNB and the separated ion pair,
(Simfonia program) in the slow-exchange limit (i.e., with individual K_(cryptand)f/_/DNB‘,_ respect!velyl.o These structures were then
lines). Line width increase relative to that of solution of the pure anion slightly moQ|f|eq to y.|eld precise; pomt-group .symmetry for each
radical (A\AH) was proportional (at constant temperature) to the monomer (|.e.,|nver3|on_ symmetry). The traqsﬁmn-state ;tructure (TS,
concentration of the added neutral DNB, indicating that broadening d€noted as structure A in Chart S1, Supporting Information) was then
was related to the electron-transfer self-exchange préttdsne width obtained by averaging over the precursor and successor structures, so
measurements at various concentrations of DNB (at constant temper-2S (0 Yield a TS with overall; symmetry (approximatBz, symmetry)
ature) led to the second-order rate constait@k, = 1.52 x 107 and adopting a mean value ofa = 3.5 A. Application of the two-
AAH/(1 — P)[DNB], where AAH is the increment in peak-to-peak state electronic moo@!ls expected to be ree}sonable for such direct
line width (in gauss) due to the electron self-exchange, [DNB] is the ((rough-space) coupling between the cofacial (donor/acceptor) dyads
concentration (in mol/L) of the parent acceptor, and the correction (1 in Chart l _Addltlonal precursor structu_res were generated to assess
— P) takes into account the hyperfine line used (W= 0.2 for the the sensitivity ofHDA’ to intermolecular displacements. The electron-
ESR spectrum of Kfryptand)'DNB-). Such measurements were exchange process |nvolyed the LU_MO of the r_1e_utra| DNB and .the
performed at several temperatures, and the dependencécosnL/T correspondlng SQMO (singly occupled_ MO) of dlnltropenzene radical
afforded the activation energies listed Bs anion. These orbitals hangymmgtry in the locaC; point group of

(b) For KBC)*DNB*~, the ESR spectrum of THF solutions of the _eac_h monomer @ schem_atlc deplctlon_ of t_he monomer LUMO(SOMO)
pure salt was successfully represented as the superposition of ES s given in Chart S1). Slnce_ all contributions to the LUMO(SOMO)
spectra of three components: viz. a pair of “localized” species; CIP rom atoms along .the NN axis have .the same phase, good gverlap was
and CIB, and the small{1—2%) fraction of SIP (Figure 2). Addition expected for this juxtaposed (cofacial) TS geometry, and it was also

of neutral DNB resulted in the broadening of the ESR spectrum (Figure likely to be maintained for lateral displacement of the monomers in
5), which could be simulated (see Figure S4) as broadened 2Dl (48) (a) Braga, PChem. Phys. Let1991 213 159. (b) Braga, M.; Larsson, S.

Experimental and Computational Methodologies

CIP, components and a single line corresponding to the SIP fraction Chem. Phys. LetlL991, 213 217. (c) Curtiss, L. A.; Naleway, C. A.; Miller,
ide i i i i J. R.Chem. Physl1993 176, 387. (d) Curtiss, L. A.; Naleway, C. A.; Miller,
(vide infra). The ESR line widths for CLFan_d CIF_§ were measured in 3 R.J. Phys. Cheml 993 97, 4050. (e) Kim, K.. Jordan. K. D.. Paddon-

the presence of various DNB concentrations in slow exchange limit Row, M. N. J. Phys. Chem1994 98, 11053.

leading (as described above for (¢ryptrand )DNB~ salt) to the rate (49) ((g)) gai, Z--k; aent(ijt,é.;dReim'\t/eursAJ. Réﬁhem.SP%%iO(l)% 61%’05754(35
. reuw, A.; Head-Gordon, Ml. Am. Chem. So . (c
constantk;, and temperature dependencekphfforded the activation Tozer, D. 1.J. Chem. Phys2003 119, 12697. (d) Lappe, J.; Cave, R. J.;

energiesE.. Measurable broadening of GIRind CIB lines was Newton, M. D.; Rostov, 1. V.J. Phys. Chem2005 109, 6610.
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the direction of the NN axes (e.g., structure B, with the relative resulted in high electron-transfer rate constants (calculated via eq 9) in
displacement of 4.2 A). On the other hand, the monomer displacementthe range from 8« 10° to 6 x 10** s~1. Such a fast first-order electron

in the direction perpendicular to the NN (and interplanar) axis was transfer led (via eq 8) to second-order rate constants in agreement with
expected to yield some destructive interference (and hence, somewhaexperiment. Thus, despite possible structural variations of the precursor
poorer overlap) due to the nodal structure of the orbitals (see Chart complex, the strong electronic coupling assured low barriers and high
S1). As an example, we generated structure C, based on lateralrates of electron transfer (for reasonable geometries).

displacements of 2.1 and 1.2 A, respectively, along the NN axis and  Calculation of the Electron-Transfer Rate Constants for Contact
perpendicular to it. Finally, we have generated two variants of structure lon Pairs. According to Marcug? the overall electron transfer for a

A by assigningpa = 3.3 A (structure D) andps = 3.8 A (structure precursor complex involving a contact ion pair in eq 12 (i.e., for the
E) summarized in Chart S1. For such complexes, the following values systems in which electron transfer precedes counterion migration) is
of Hpa (in cm™) were obtained: 2600 (A), 1676 (B), 1213 (C), 3350 presented in Scheme 4, with rate constasit expressed in terms of

(D), and 1616 (E). Note that the variation b, in structures A, D, the rate constant for unsymmetrical electron transfer (endergonic for
and E (withrpa varying from 3.3 to 3.8 A) gave a value ¢f (3.1 k1 and exergonic fok-1) and the rate constant for cation migration
A-1), which is quite reasonable for through-space coupling, wiere in eq 13. The calculation of the rate constamts and x_; for
is the mean exponential decay coefficient|ldba|?> with rpa.36 unsymmetrical electron transfer was based on eq 9, with the barrier

The coupling termHpa has often been viewed as an effective one- AG* calculated according Sutin et al. 8&8AG* = /4 + AG°/2 +
electron matrix (or resonance) element, which when expressed as anAG°)%4/(A — 2Hpa) — Hpa + Hpa?(A + AG®) — Hpa®AG®/ (A +
energy gap (according to eqg 11) involves the cancellation of the AG°®) In this expression, the values bf= 27 kcal mot! andHpa =
electron-correlation terms that contribute to the individual state ener- 2600 cnt! were taken to be the same as those used in the calculation
gies®® Nevertheless, the influence of the electron correlation on the of electron transfer with the separated dinitrobenzenide. Free-energy
magnitude oHpa has been considered in the literatéi&eusing post- changes for electron transf&iG® = 2.1 and—2.1 kcal mot* for the
Hartree-Fock or DFT methods. For bridge-mediated coupling, electron- forward and back electron transfer, respectively, within thg-iSere
correlation effects have been frequently found to be modest, although calculated as the electrostatic interaction of potassium cation with the
cases of systematic reduction in the magnitudeHgf have been electron residing on the coordinated and uncoordinated dinitrobenzene
observed (see, for example, Larsson et al. in ref 39b). In the presentwithin the 1Sp as: AG® = (11 — 1/ry) x e withr; =5.0 A, r, =
case of direct (through-space) coupling, DFT calculations based on the6.9 A, ande = 7.5. These led to the values of the activation barriers
B3LYP functionat’ yielded an energy splitting (and hendépa for the forward and back electron transfer&&* = 2.5 and 0.4 kcall
magnitude) that was roughly 60% of the HF vafieAn artifactual mol~?, respectively, and to the rate constants= 1.6 x 10° and«_1
tendency to underestimate charge-transfer energy gaps by DFT methods= 5 x 10" s™*. The rate constant for cation migration was calculated
has been notetf,and thus the present DFT results were considered to according to Marcu$ as k; = kgrr/(16a°R) = 5 x 10'° s71, where
give a lower limit for the gap. ket = 1.27 x 10 M~! 571 is the diffusion rate constan® = 5 A is

Theoretical Evaluation of 4. Using isolated neutral (n) and radical-  the reaction radius, and = 3.5 A is the distance for potassium
anion (a) monomers, we evaluatégat both the HF and DFT levels. migration within the precursor complex. On the basis of the values of
Defining the total monomer energy Bgr), wherei = n or a, and is k1, k-1, andky, the overall (first-order) electron-transfer rate constant
the set of internal molecular coordinates, we can express the vibrationalwithin 1Scip was calculated from eq 13. The valuekgf' together with
componentls of the reorganization energy as the following sum of kg andKs (which was taken to be the same as that for the separated
values for the neutral and anionic monomers, respecti?efy: ion pair) allowed the calculation of the second-order (self-exchange)

rate constant according to eq 8.

Ais= (M) + Ai(@) (14) Acknowledgment. S.V.R., J.-M.L., and J.K K. thank the R.
where A. Welch Foundation and National Science Foundation for
financial support, and M.D.N. was supported by the Division
Ai(n)=E(r) — Er,) (15) of Chemical Sciences, U.S. Department of Energy, under Grant
DE-AC02-98CH10886.
Ais(@) = Eorn) — E{ra) (16) Supporting Information Available: UV —NIR spectra (in

THF and solid-state) of Class S, M, and C ion-pair salts
(Figure S1); thermodynamics of the GICIP, isomerization
for K(BC)™DNB~ in THF (Figure S2); NIR spectrum of
K(cryptand)*DNB™ in the presence of neutral DNB (Figure

Ais(n) = 4i(@) a7) S3); simulation of ESR spectrum of BC)"DNB~ (measured

in the presence of neutral DNB) as superposition of broadened

The HF calculations (with 6-31G* and 6-311G* basis sets, and either spectra of CI CIP,, and SIP (Figure S4); ESR line broadening
restricted or unrestricted open shell anidhgjeldedis = 24 + 1.5 upon addition of DNB to THF solution of K§)*"DNB~ (Figure
kcal/mol. The unrestr_icted DFT level (using the same 6-31G* basis S5): dynamic ESR simulation of alternating line broadening for
and the B3LYP functionaly yielded a smaller estlmat@lis_ = 135 K(C)*DNB~ (Figure S6); simulation of ESR spectrum of
kcal/mol. In all casesiis(n) andlis(a) were the same to within 3%. K(HC)*DNB- as superposition of CIP and SIP (Figure S7):

On the basis of the calculated values of the electronic coupling .
element Hpa in the range from 1600 to 3200 ci vide supra) and shape of LUMO of DNB and hypothetical structures of

with A = 27 kcal mot, the barrier for electron transfer was calculated Precursor complex (Chart S1); and complete ref 37. This
from eq 10 to lie in the range from 0.6 to 2.9 kcal miolLow barriers material is available free of charge via the Internet at
http://pubs.acs.org.

andr, andr, are the optimized coordinates of the neutral and anion
monomer, respectively. For perfect harmonic behavior, where neutral
and anion species have the same force constants, we would have:

(50) Perng, B.-C.; Newton, M. D.; Raineri, F. O.; Friedman, H.JL Chem.
Phys 1996 104, 7153. JA051063Q
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