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Abstract: The optical spectra of 4,4'-dinitrostilbene (1) and 4,4'-dinitrotolane (27) radical anions show
the narrow band widths and partially resolved vibrational structure exhibited by charge-delocalized
dinitroaromatic radical anions in the solvents THF, HMPA, and DMPU (dimethylpropyleneurea). Both show
the broad, nearly Gaussian-shaped bands found for charge-localized intervalence compounds in DMF,
DMSO, and MeCN, with the transition energy of the band maximum, which equals the vertical reorganization
energy (4) for localized intervalence compounds, increasing in that order. In contrast, 4,4'-dinitroazobenzene
(37) remains delocalized in these solvents, although the line width required to simulate the vibrational
structure increases by 200 cm~! in DMF and 400 cm™! in MeCN compared to HMPA. The change from
localized to delocalized spectra as a function of solvent establishes the transition energy for which
delocalization occurs and demonstrates that, as predicted, the Hush method substantially underestimates
the electronic coupling for compounds that lie near the borderline.

Introduction metrical intermediate is not present on the ground-state sififace.
In the classical two-state model, the shape of the ground-state
energy surface can be described using only two energy
parameters, the vertical reorganization enetggand the off-

'diagonal electronic coupling matrix eleméd, When two nitro
substituents are placed on aromatic rings in the Kekule
substitution pattern that leads to lardé,, values, many
dinitroaromatic radical anions are charge-delocalized, with
symmetrical instantaneous charge distributions. In terminology
developed to describe transition metal-centered examples,
charge -delocalized dinitroaromatic radical anions are Rebin
Day class Il intervalence compound@shat may be usefully
described as having two charge-bearing uts< NO; in this
case) connected by a bridd®)( They are symbolized as having
a~Y2M—-B—M~Y2 charge distribution (ignoring the fact that a

significant amount of the charge will actually be delocalized
onto the aromatic bridge), while the charge-localized compounds
are class Il, havingM —B—M~ == "M —B—M? charge distribu-

tions (also ignoring the smaller amount of charge that is
delocalized onto the bridge). For class 11l compounds, the two

M-centered charge forms are resonance structures instead of

being energy minima for the system. Many class Il dinitroaro-

Dinitroaromatic radical anions have been of particular interest
to ESR spectroscopists since 1960, when Wardblished
spectra of 1,3-dinitrobenzene radical anion in an ether solvent
under conditions where spin was clearly localized on one nitro
group, and Maki and Gesk@ublished spectra in acetonitrile,
where the spin appeared to be delocalized over both nitro groups.
A flurry of activity by several groups for a decade led to general
agreement that the solvent was causing the charge to localize
on one nitro group, and the suggestion was made that electron
transfer between the nitro groups occurred by what is now called
an electron-hopping mechanism, for which a symmetrical
bridge-centered radical anion is an intermedtdore recently
it has been shown that quantum mechanical calculations in fact
obtain charge localization for 1,3-dinitrobenzene radical anion
in the gas phase and that the optical spectrum of 2,7-
dinitronaphthalene radical anion predicts the rate of electron
transfer between the nitro groups using the classical Marcus
Hush two-state mod&? as accurately as the electron-transfer
distance can be estimated, which demonstrates that a sym-

T University of Wisconsin.

*Instituto Superior Tenico. matic radical anions show quite narrow near-IR absorption bands
(1) (a) Ward, R. L.J. Chem. Phys196Q 32, 410. (b) Ward, R. LJ. Am. ihit vi i i
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Sutin, N.Biochim. Biophys. Actd985 811, 265-322. (7) Robin, M. B.; Day, PAdv. Inorg. Radiochem1967, 10, 247—422.
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by Heller? observing vibrational fine structure in an absorption
band requires that there is a minimum in the excited-state surface
near enough the vertical excitation from the ground state that a
wave packet promoted to the excited state will recur to its
original position within femtoseconds. Vibrational fine structure
will not occur for a class Il compound, because when 2H,p
the ground-state and excited-state minima lie at different points the localized spectrum in all solvents examined. We attributed
on the horizontal axis (at 0 and 1 on the electron-transfer this behavior to4™ lying so close to the class ll/class Il
coordinate for the diabatic surfaces), causing the ground-stateborderline that changes in the solvent reorganization energy,
energy minimum to lie directly beneath a steeply sloping “s tip it from being localized in the highs solvent MeCN to
excited-state energy surface. This produces a very broad, nearlypeing delocalized in the lows solvent, HMPA. Considerably
Gaussian-shaped band, which Hush pointed out using a classicamaller electronic coupling is expected fbr than for 4~
analysis and parabolic diabatic states would have a width atPecause of the different pattern ofsystem coefficient signs
half-height of (1&RTIN(2) hwy )2, wherehwy is the intervalence  for the two systems, so it does not lie so close to the class I/
band maximum transition energy and equ?alﬂ the two-state class lll bol'derliﬂé‘.3 The Iarger COUp”ng fod~ arises from
model® The adiabatic surface minima move toward each other through-space interaction of thesystems of paracyclophanes,
asHay/ increases, and a single minimum at 0.5 occurs when Which precludes quantitative use of the simple Maredsish
Hap exceedst/2, and the system becomes class lIl. Vibrational two-state model, that assumes no overlap between the charge-
fine structure can occur for class Ill systems because the groundJearing units. This precludes using Hush's equation to evaluate
state and excited-state minima both occur at 0.5 on the horizontalHas from the class Il absorption spectra, which was derived for
axis of the two-state MarctdHush energy diagraf®.However, compounds having no overlap between the charge-bearing units.
as will be emphasized below, the two-state model does not apply\We now report similar behavior fdr~ and2~, which have more
unaltered to delocalized systems, including dinitroaromatic conventionalz systems having no through-space overlap
radical anions, because the transition being observed is notbetween thevl groups.
between the ground and excited states of a single two-stateggegits
model!1:12 . . )

In this work we report the optical spectra and discuss the  OPtical Absorption Spectra. The optical spectra dof~ and
charge distributions and electronic couplings that they reveal 2~ are exceptionally sensitive to solvent, while thatf is
for three Kekule-substituted dinitroaromatic radical anions that Not as shown in the plots between 5000 and 15 000*¢2000
have the general structure, whereX is a two heavy atom  and 667 nm) forl™ to 3~ shown in Figures 3% The

bridging unit. These compounds are the radical vibrational fine structure that is observed and the small shift in
band maximum with solvent demonstrate tHat (N=N)
0 remains delocalized even in MeCN. In contrdst,(CH=CH)
OZN_Q_X_Q_N% and 2= (C=C) are charge-localized in MeCN but become
A(X) delocalized in HMPA and THF, which presumably cause smaller

Asvalues. The acronyms used here for solvents are shown below:
anions froml—3, which have 11 bonds between their nitrogens,
and are Kekule-substituted o)

(7]

0 0
MezN /—\

J\ .Me Me. J\ .Me _p_
Me-Sme H™ON N~ N-M€ Me,N-P-O Co HN O

Me,N
OzN—Q—\ _ Me l\) 2
\—O—Noz O:N O = NO; DMSO DMF DMPU HMPA THF Mor

1(CH=CH) 2(cc)

Discussion
02"“@"“‘ Class Il Spectra. The absorption spectra for the delocalized
‘N—O—Noz species in THF are directly compared in Figure 4. From Figures
3(N=N) 2 and 4, it seems likely that although the absorption of the

delocalized species predominates in the THF spectrum of the
dinitrostilbene, tolane, and azobenzene, respectively. In previousC=C-bridged2™, it has still not entirely replaced the localized
work we found that pseudpara-dinitro[2.2]para-cyclophane one (which predominates in the top five solvents listed in Figure
radical anion 4~) exhibits the spectrum of a class lll compound 2). There might be ion pairing for the delocalized, localized, or
in hexamethylphosphoramide, HMPA, but that of a localized both species in nonpolar solvents. These spectra were prepared
compound in acetonitrile, and examined its spectrum in several by sodium amalgam reduction in the presence of cryptand[2.2.2]
other solventd3 In contrast, the pseudo-ortho isom&T, shows (6), which minimizes ion pairing effects by converting the
positive counterion to the rather large encapsulated sodium ion

(9) Heller, E. J Acc. Chem. Red.981, 14, 368-375. H i
(10) (2) Brunschwig. B. S Creutz. .. Sutin, Bhem. Soc. Re 2002 31, gnd mcreasgg rate cons.tants for mtrgmolecular electron transfer
168-184. (b) Demadis, K. D.; Hartshorn, C. M.; Meyer, TChem. Re. in class Il dinitroaromatic radical anions by about an order of

2001, 101, 2655-2685. (c) Nelsen, S. Ehem. Eur. J200Q 6, 581-588.
(11) Nelsen, S. F.; Weaver, M. N.; Zink, J. I.; Telo, 3. Am. Chem. Soc.
2005 127, 10611-10622.

magnitude compared to having tetrabutylammonium cation as

(12) Nelsen, S. F.; Weaver, M. N.; Luo, Y.; Lockard, J. V.; Zink, JChem. (14) The spectra in Figures—B are “binomial smoothed, 260 in drawing
Phys.2006 324, 195-201. program IGOR. They have the same general shape as the unsmoothed

(13) Nelsen, S. F.; Konradsson, A. E.; Telo, JJPAmM. Chem. So2005 127, spectra, but are less noisy, and were used to locate the band maxima
920-925. reported.
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Figure 1. Comparison of dinitrostilbene radical anion spectrg) {n seven
solvents.
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Figure 2. Comparison of dinitrotolane radical anion speca)(in eight
solvents.
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the counteriort® Because a charge-localized species would be
favored by ion pairing, perhaps small amounts of ion-paired

charge-localized material are present, even in the rather polar

HMPA, although most of the material is present as delocalized
solvent-solvated radical anion.

The properties of the intervalence band for the class Il spectra
are summarized in Table 1. If the two-state model is applied to
the class Ill spectraiatwo-state)= Yhw. We addl—, 2-,
and 3~ to a plot of In{/;hwyy) from the more planar of the
previously studied delocalized dinitroaromatic radical anfibns
in Figure 5. Compounds may be selected that make,lfifvo-
state)) nearly linear with the number of bonds between the nitro
groups (and hence the distance between the charge-bearin

units). These bridges include the 1,4-phenylene, and combina-

tions of 1,4-phenylene, double, and triple bonds, and the Kekule
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Figure 3. Comparison of dinitroazobenzene radical anion spe&traif
three solvents.
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Figure 4. Comparison of the first two absorption bands forto 3~ in

THF, where all are delocalized.

pattern 2,6-substituted naphthalene and anthracene rings. These
are bridges that have typically been chosen for studies of the
distance effect on electronic coupling and have allowed us to
continue to believe that the two-state model gives reasonable
Hap values for class Ill compounds. However, the huge
deviations for others of the compounds shown, especially the
1,5-naphthalene, 2,7-biphenylene, and azobenzene-bridged ones,
make it clear that the distance between the nitro groups is not
the only factor that is determiningv,, for these class Il
intervalence compounds, which is consistent witly not being
simply related to the electronic coupling in these syst&ms.

The (N=N) bridged systenB~ remains delocalized in all
solvents studied, so it does not lie as near the class II/lll
borderline as the hydrocarbon-bridged systemshiltg value
is 1.48 times that fod ™. Introduction of the nitrogens in the
bridge lowers the reduction potential for the bridge relative to
that of the hydrocarbon bridges &f and2~. The importance
of lowering the energy gap to the bridge radical ion for
increasing electronic coupling of radical anionic intervalence
compounds has been discussed in detail by Newton.

Class Il spectra are not observed in the solvents studied for
37, but increased spectral broadening is obvious in DMF and
&/IeCN compared to HMPA (see Figure 3). The HMPA spectrum
could be fit reasonably well by the Abs/emiss/Raman program
developed by Zink that is based on a time-dependent Hamil-

(15) Hosoi, H.; Mori, Y.; Masuda, YChem. Lett1998 177.
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Figure 5. Plot of In(/2hwyy) = In(Ha(two-state) for delocalized dinitroaro-
matic radical anions.

Table 1. First Band Maximum [and Second Vibrational Maximum]
Positions (cm~1) for the Class Ill Spectra of 1~ to 3= 2

compd THF HMPA DMPU
X vy, em™ (€max) vy, em™ (€max) vy, em™ (€max)

1~ 6530 (15 300) 6360 (9900) 6310 (10 400)
CH=CH [8000 (7520)] [7760 (4830)] [7760 (6600)]
2- 5860 (11 700) 5860 (5470) 5760 (3200)
C=C [~8000 (5600)] £-8000 (3580 [~8000 (3000)]

3 9460 (22 200) 9390 (22 500) 9360 (17 000)
N=N [10 710 (18 900)] [10640 (18 500)] [10 430 (14 260)]

2y = 0 band maxima for delocalized species [in brackets: 1 band
maxima of delocalized specie$§]The bump at~8000 cnT! probably
includes both localized and delocalized material.

tonian spectral analysis!® using the four modes listedhw/
cm! (dimensionless distortion) 1470 (0.82), 1280 (0.68), 860
(0.81), 320 (0.94), with a line-broadening paramdtesf 914
cm~1. The spectra in DMF and in MeCN were fit by increasing
T" by 200 and 400 cm, respectively, indicating that larger
interactions with solvent are involved. The order of increased
broadening is the same as that for increakddr the localized
species (see below).

Dependence of on Solvent.Although dielectric continuum
theory has been widely used to estimaehanges for class I
intervalence compoundsts assumptions that the only function
of the bridge is to set the electron-transfer distance andithat
is proportional to the Marcus solvent parameter ™2 — g1
(n is the solvent refractive index and the static dielectric
constant)
hydrazine-centered intervalence radical cati#8.i(MeCN)

values at the same N, N distance vary widely depending upon
d

whether the bridge is saturated or aromatic and also depen
upon the structure of the charge-bearing unit. Furthernfare,
is higher for the high donor number solvents DMSO and DMF
than it is in MeCN, althougly for DMSO and DMF is lower.
The values of were shown to fit the double-parameter equation

(17) Zink, J. 1.; Shin, K.-S. KAdv. Photochem1991, 16, 119.

(18) Heller, E. JAcc. Chem. Red981, 14, 368-375.

(19) Nelsen, S. F.; Trieber, D. A., Il; Ismagilov, R. F.; Teki, ¥.Am. Chem.
So0c.2001, 123 5684-5694.

(20) Nelsen, S. F.; Konradsson, A. E.; Teki, ¥.Am. Chem. So2006 128
2902-2910.

A=A+ By + C(DN) 1)

where DN is the Gutmann donor numbBeand the intercep
was interpreted ag,. The sign of the charge is also important
in determiningls. It is clear from previous wofR as well as
this that for nitro-centered intervalence radical aniohsis
significantly smaller for the extremely high donor number
HMPA than it is for MeCN and thats(CH,Cl,) for 2~ lies
between those for DMSO and MeCN. These trends obviously
have nothing to do with the dielectric continuum theory
parameters or € and appear to principally reflect the electron-
accepting ability of the solvents. Therefore, IV band maxima
hvy = A values for the class Il dinitro radical anions (sum-
marized in Table 3) as a function of solvent were fit using the
two-parameter eq 2,

A=A+ By + C(AN) @)

where AN is the Gutmann acceptor number. With the use of
the solvent parameters shown in Table 2, the correlations
obtained for these compounds are:

A = 2150+ 4830y + 240AN for1~ (CH=CH),

r=0.90 (2a)
1 = 1990+ 5920y + 320AN for2” (C=C),
r=0.98 (2b)

The solvent-sensitiv€(AN)/(By + C(AN)) ratios for I~ and

27 in acetonitrile are 0.64 and 0.66, so these dinitro radical
anions are much more sensitive to the solvent electron-accepting
ability than dihydrazine radical cations are to solvent donor
ability (for a dozen systems, tH&(DN)/(By + C(DN)) ratios

in acetonitrile varied from 0.19 to 0.2%.Figure 6 displays

the correlations and observady data graphically. Fit to eq 1

is poorer forl~ (CH=CH) than for2~ (C=C). The presence

of significant amounts of delocalized material in the spectra of
1~ may compromise the accuracy on the determination of the
localized band maximum, because the second vibrational feature
of the delocalized spectrum overlaps badly with the localized
band maximum. Both compounds are clearly delocalized in
HMPA, implying thatHa, must be greater than half of the 7100
extrapolatechvy value for1~ and about 8000 cni for 2-.

We estimated, for these systems using the calculated value
of 1'y,28 the enthalpy contribution to the vertical reorganization
energy obtained from (U)B3LYP/6-31G* calculations on 4-ni-
trostilbene, (3022 cmt) and 4-nitrotolane (3067 cn). We
initially planned to use nitrobenzené'{ = 4850 cn1l) as a

have been shown to be inadequate for class jymodel for both of these compounds, but th'e calculated

decreases as the size of thsystem increases, and we believe
that these estimates are more realistic. We have shown that
calculations ofl', for monohydrazin®!* intermolecular electron-
transfer reactions givé'y values that are only slightly larger
than those calculated for intramolecular electron transfer within
localized intervalence compounds having the same hydrazines
as their charge-bearing unis.The size of the difference

(21) (a) Gutmann, VCoord. Chem. Re 1976 28, 225-255. (b) Gutmann, V.
The Donor-Acceptor Approach to Molecular Interactigridlenum: New
York, 1980.

(22) Reichardt, CSokbents and Salent Effects in Organic Chemistrgnd ed.;
VCH: Weinheim, Germany, 1988.

(23) Nelsen, S. F.; Blackstock, S. C.; Kim, ¥. Am. Chem. Sod.987 109
677—682.

(24) Blomgren, F.; Nelsen, S. B. Org. Chem2001, 66, 6551-6559.
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Table 2. Solvent Parameters Used in the Correlations? solvent for these radical cations) and the tolane-bridged one as
solvent y AN localized even in methylene chloride (a lowky solvent for
MeCN 0.528 18.9 cations):”28
DMSO 0.437 19.3 Application of the Hush Two-state Model to the Class Il
DMF 0.463 16.0 Spectra. The Hush two-state model with parabolic diabatic
mz'rzﬁ %23377 11%% surfaces, which predicts the intramolecular electron-transfer rate
PhCN 0.390 155 constant surprisingly well for the localized 2,7-dinitronaphtha-
PhNG, 0.387 14.8 lene radical aniofi,has been applied to the localized spectra of
CHCl, 0.383 20.4 1~ and 2~. The transition dipole moment;, was calculated
THF 0.375 8.0 . , - )
using Hush’s Gaussian approximati®® (eq 3)
aReferences 22 and 24. 12
. . B U= ncor0'09584émaxAV1/2/hVIV) (3)
Table 3. Two-State Analysis of the Localized Spectra of 1~ and
2 except that the Chacko refractive index correctiginhas been
compd (X)  solvent  A=fwy  émx  Avip gz Hw  2Ha2 included3! This correctionner = 3nY3(n2 + 2), has a value
1 MeCN 9680 2580 4630 3.08 545 0.11 of 0.914 for MeCN, 0.890 for CkCl,, 0.872 for DMSO, 0.887
CH=CH for DMF, 0.856 for PhCN, and 0.860 for DMPU. It is necessary
r'?q'(\)/'r?)ﬁ 88%% ?’,}%57% %%% 3257 Eé%% %'.111 to estimate 'the eIec’Fron-transfer distance on the diabetic surfaces,
DMF ~7900 3260 5190 393 565 0.14 dan, to obtainHgp using Hush’s eq 4. Although hybrid density
PhNQ;  ~7810 functional
2" MeCN 11300 3810 5050 3.61 750 0.14
=C Hap = (u1/dphwyy, 4)

CHCl, 10800 3720 6230 3.95 780 0.14

DMSO 10400 3570 5560 3.65 700 0.13  theory/Hartree-Fock UB3LYP calculations do an excellent job
gr':/lcFN %5263% "’70353% %%%% ‘;‘:361 7;3% %12% of calculating the optical spectra of class Il intervalence
PhNG,  ~9090 ' ’ compounds, including dinitroaromatic radical anions using
Koopmans-based methotisthey overestimate the effects of
electron delocalization and incorrectly delocalize many inter-
increases ablyp increases, because electronic coupling mixes valence compounds that are localiZééHartree-Fock calcula-

the neutral and cation character of the hydrazine units. This tions, which include no electron correlation, underestimate the
calculation corresponds to an estimate of the maximiiyn effects of electron delocalization, and localize systems that are
values for localized versions of the intervalence compounds known to be delocalized. They incorrectly localize charge for
studied here. The effect of increasing basis set size on calculatedyas-phase calculations an and give smaller dipole moments
Ay for neutral, radical cation couples has been shown to be ratherthan seem likely to us. For this work, tlig, required for (4)
small?> Comparing the unambiguously localized (because they was calculated frontd;x(dm) using the semiempirical AM1
show the broad Gaussian-shaped class Il intervalence bandsinethod for estimation of the dipole moment usingd;2 (dm)

1~ and 2~ pair in MeCN, hv(C=C) — hyy (CH=CH)] = = 2u1/4.8032, as previously discuss&dlrhe small correction
1520 cnt?, indicating thatls is about that much larger for the to convert the distance on the adiabatic surface which is
tolane-bridged system, because the calculdtedalues only calculated to that on the diabatic surface that is required for eq
differ by 45 cnt for these compounds. The high&y value 4 was employed? Both 1~ and2™ give charge delocalization
for the G=C-bridged compound is another effect anthat is for AM1 calculations in the gas phasgi(= 0), which is

not predicted by dielectric continuum theory. Presumably, qualitatively correct, as demonstrated by their spectra showing
solvent can solvate the charge-bearing unit (including #é,C  the vibrational fine structure that is associated with charge
ring attached to the reduced nitro group) of theCbridged delocalization in HMPA. The use of the conductor-like screening
compound more effectively than the €#CH-bridged one, ~ Model (COSMOJ* that is implemented in VAMP caused
possibly because of less hindered approach. Rosokha et al. foungharge localization accompanied by a rapid increasesias

a 1730 cm? higherhwyy for the C=C-bridged dimethoxyben-  the dielectric constant is increased; we used the values=at
zene-centered radical cation than for the<€EH-bridged on&? 30, which produceh, = 11.22 A for1~ and 11.28 A for2",

a trend in the same direction for an opp05|tely Charged (27) Barlow, S.; Risko, C.; Coropceanu, V.; Tucker, N. M.; Jones, S. C.; Levi,

compound. The unambiguously delocalized (because they show ° Z,; Khrustalev, V. N.; Antipin, M. Y.; Kinnibrugh, T. L.; Timofeeva, T.;
Marder, S. R.; Brdas, J.-L.Chem. Commur2005 764—766.

the narrow spectra that exhibit vibrational fine structdreand (28) Barlow. S.: Risko, C.. Chung, S.-J.. Tucker, N. M.. Coropceanu, V.; Jones
2~ pair in HMPA hashwy, (CH=CH) 500 cnt* larger thartwy- i‘;&;&%}; lZl.; Bfelas, J.- L.; Marder, S. R. Am. Chem. So@005 127,
(C=C). This is consistent with a largeta, for A(CH=CH) (29) Hush, N. SProg. Inorg. Chem1967, 8, 391-444.

than A(C=C) using the two-state model, which that is the (30) Hush, N. SCoord. Chem. Re 1985 64, 135-157.
. .. (31) (a) Gould, I. R.; Noukakis, D.; Gomez-Jahn, L.; Young, R. H.; Goodman,
conclusion of Barlow and co-workers for the related dianisy- J.L.; Farid, SChem. Phys1993 176, 439-456. (b) Gould, I. R.; Young,

lamine-centered radical cations. They assign the stilbene-bridged R, H fibrechs, A. C.. Mueller, J. L; Farid, 5. Am. Chem. Sod994

radical cation as delocalized, even in acetonitrile (a higher (32 Blomgren F.; Larsson, S.; Nelsen, SJFComput. Chen2001, 22, 655~

33) Nelsen S. F.; Newton, M. 3. Phys. Chem. 200Q 104, 10023-10031.
(25) Nelsen, S. F.; Weaver, M. N.; Pladziewicz, J. R.; Ausman, L.; Jentzsch, T. (34) Klamt, A Schurmann G.J. Chem. Soc., Perkin Trans.1®93 799.
L.; OKonneck J. JJ. Phys Chem. R006 110, 11665-11676. (35) Clark, T.; Alex A Beck B.; Burkhardt, F Chandrasekhar, J.; Gedeck,
(26) Rosokha, S. V.; Sun, D. L.; Kochi, J. K. Phys. Chem. 2002 106, P.; Horn, A H. C Hutter M.; Martm B.; Rauhut G.; Sauer, W.; Schmdler
2283-2292. T.; Steinke, T.VAMP 9.0 Erlangen, 2003.
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Figure 6. Plots of fits of band maxima fot~ and2~ to eq 2 showing the experimental data as circles.

Table 4. Koopmans-Based Band Positions and Intensities for the Radical Anions

obsd type B type B type A
THF calcd relative caled — calcd relative caled —
compd X cm™t hv [f] calcd hv ofod hv [f] calcd hv ofod
1~ CH=CH 6530 7110[0.37] =0 +580 18920 [0.32] =0 +3760
2= =C 5860 6050 [0.37] —1060 +190 21170[0.34] +2250 +6010
3 N=N 9460 10670 [0.32] +3560 +1210 18800 [0.29] —120 +430

which are 90% and 91% of the N, N distances, respectiffely. obviously quite close to the class II/lll borderline because
The band widths at half-height for use in eq 3 were estimated solvent changes cause them to delocalize, are not being handled
for cases in which there is overlap with other bands. We properly using the simple model. As the borderline is ap-
summarize the two-state analysislof and2~ in Table 3. proached, the classical analysis Hush used requires that the band
We included nitrobenzene as a quite easily reduced solventbecomes increasingly cut off on the low-energy side because
when we discovered the rather highin methylene chloride  the band transition energy will not be less thd@.37-4° The
for 2-, because we wanted to see if the low reduction potential present data provide experimental confirmation thip is
for nitrobenzene would lead to anomalously highvalues for significantly underestimated near the class Il/lll borderline.
it. It does not, andwyy in nitrobenzene is near the lower limit  Kubiak and co-workers have also reported much smaller optical
of the localized spectra observed for bdthand2~. The Hyp electronic couplings than are consistent with the very large rate
values obtained using eqgs 3 and 4 are all somewhat larger tharconstant measurements using IR line broadening for their oxo-
the 305+ 15 cnt! obtained from a similar analysis of the non-  bridge triruthenium cluster intervalence compoufids.
Kekule-bridged 2,7-dinitronaphthalene radical anion, which has ~ Assignment of the Low-Energy Transitions.With the use
hvyy = A values of 9360 in MeCN, 8100 in DMF, and 8040 in  of the two-state model for the delocalized spectra in HMPA,
PrCN® The last column of Table 3 shows the values Hf2A, Hap in this solvent ishvy/2, or 3180 cm? for 1~ and 2930
which is 1.0 at the point at which the barrier to electron transfer cm™* for 2-, which is the opposite trend as that suggested from
disappears and delocalization occurs. As can be seen in Figurghe solvent dependence of the spectra of these compounds in
1, the sharper, lower energy spectral features associated withsolvents in which localized material is observed, for wiefy
the delocalized species are clearly present in nitrobenzene,= 4 is significantly greater fo2~ than for1~. As pointed out
especially forl~, implying that the energy difference between previously for other dinitroaromatic radical anidhsnd dis-
localized and delocalized material is so small that both are cussed for the cases considered here immediately below, the
detectable in these solutions. Since according to the two-statelowest energy transition observed in the type Ill spectra of these

model, delocalization occurs wheéhy, exceedd/2, this implies compounds is not from the ground state to excited state of a
that Hap is actually about 3900 foi~ and somewhat less than  single two-state model, so the class Ill transition energy should
4500 for2~. There is obviously a discrepancy betweenlthg not be interpreted as twice an electronic coupling, despite the

values determined from the optical spectra and the point at whichfact that this interpretation has been common in the literature.
delocalization occurs, because the ratios are over a factor of 5We shall employ Hoijtink’s classification of optical bands of
too small to be consistent with the appearance of the spectrumradical ions?? which designates filled orbital to singly occupied
of delocalized material. Overestimation of the electron-transfer orbital (somo) transitions as type A, and somo to virtual orbital
distance and radical anion decomposition would leadHip transitions as type B. More properly, type A transitions @re
values estimated from the class Il spectra that are too small,(homo—n) to f(homo) and type B transitions arghomo) to

but we doubt that our errors in these quantities would be that (37) Lambert, C.; N, G. . Am. Chem. S0d.999 121, 8434-8442.

large. These results suggest to us thatand 2-, which are (383 Nelsen, S. FChem. Eur. J200Q 6, 581-588.
)

(39) Demadis, K. D.; Hartshorn, C. M.; Meyer, T.Ghem. Re. 2001, 101,
2655-2685.

(36) The COSMO model uses only the solvent dielectric constgrt describe (40) Brunschwig, B. S.; Creutz, C.; Sutin, 8hem. Soc. Re2002 31, 168—
solvent effects. It makes the solvent effect directly proportional to the 184.
Kirkwood parameter, ¢ — 1)/(2¢s + 1), as discussed previously for (41) (a) Ito, T.; Hamaguchi, T.; Nagino, H.; Yamaguchi, T.; Kido, H.; Zavarine,
calculations on 2,7-dinitronaphthalene radical anion (reé&jlependence 1. S.; Richmond, T.; Washington, J.; Kubiak, C.J?Am. Chem. So4999
is obviously is not sufficient to describe the solvent effects observed, 121, 4625-4632. (b) Lonergan, C. H.; Salsman, J. C.; Lear, B. J.; Kubiak,
becauses is 29 for HMPA, but it clearly causes a lowgt than DMSO C. P.Chem. Phys2006 324, 57—62.
(es 45), DMF (es 37), and methylene chloride(8.9) for the compounds (42) Bally, T. InRadical lonic System&und, A., Shiotani, M., Eds.; Kluwer:
under discussion. Dordrecht, The Netherlands, 1991; pp34.
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a(homotn), because an unpaired electron splits the degeneracy
of all the orbitals and the “unpaired” electron is in @mrbital. Figure 8. Comparison of Koopmans-based calculationslon(type A
Calculated orbital energies can only meaningfully be compared Ersmsv'\f:]o?ns ;;ecihmﬂ QSZ!;ﬁ,iZﬂfsy)pfﬁ'ﬂgi(?ei?ﬁﬂTTcﬁchmamns
for orbitals of the same occupancy. We have found that B3LYP ' '
calculations at the geometry of the radical ion with the somo T 1.0
filled (for the present compounds, dianion at anion geometry) I . 1
produces filled orbital energy gaps that correlate with type A oan Q = O 2
transitions rather well, and a calculation with the somo emptied in THF
(neutral at anion geometry) correlate with the type B transitions.
Such Koopmans-based calculations have been carried out to~,
consider the optical spectra of delocalized dinitroaromatic radical =
anionst! p-phenylene-bridged radical cations and anitrend
hydrocarbon radical catiorfé. These calculations can only 5
consider delocalized, type Il systems. The intervalence band I
for a type Il system involves simultaneous promotion of an
electron to and from the bridge (that is, overall transfer of an

10+

£(10'M'em™)
ybuans 10IPs0

N

electron from one charge-bearing unit to the other), so its o | e b g0
position cannot be estimated by a method that considers single- 5 10 15 20 25
electron promotions. hy (10°em™)

The calculated band positions and oscillator strengjresré Figure 9. Same as Figure 8, except far.

summarized in Table 4. The orbitals involved in the lowest
energy allowed type A and type B transitions for the (€€H
CH)-bridged1~ are shown in Figure 7 (the others are very

similar; see the Supporting Information), and the calculated :;::2
transition energies are compared visually with the observed [ 08(axType ).
20 .01B,

spectra forl™ to 3~ in Figures 8-10. Although TD-DFT
calculations get significant configuration interaction for these T
low-energy transitions, both the transition energies and the —°
relative band intensities are calculated better using the simple 2 2
Koopmans-based model for these compounds. The first bands &  1o]
are type B, as for their analogues with smaller bridgeBhe i 1
B, bands ofl~ to 3~ are predicted an average of 660 Thtoo ]
high (range 1020 cnt), close to what is obtained for the other ]
delocalized dinitroaromatic radical anions studi&dError [ P
increases as the transition energy increases, but the calculatec ~ ° T I
order is the same as the observed onre(¥C < CH=CH < hy (10%cm™)

N=N. In contrast, TD-DFT calculations predict the first ;e 10 Same as Figure 8, except fer.

absorption band an average of 3830 ¢moo high (see the
Supporting Information). The region of the second absorption
bands is more complex than calculated by either method, which
might be caused by the presence of decomposition proéficts.
Type C bands usually become more important as transition
energy increases, but FEDFT calculations, which include such

|
=
in
buens 10R1PSO

transitions, do not predict other bands with significant intensity
for in the region below 25 000 cm.

Since the Hush method for determinilg, values from class
Il spectra in highls solvents gives values that are significantly
too small for these compounds, we instead tried to estimate
values from calculations of their class Il transitions in law

(43) Nelsen, S. F.; Weaver, M. N.; Telo, J. P.; Lucht, B. L.; BarlowJ.Srg. solvents, using a neighboring orbital (NO) analysis. The details
Chem 2005 70, 9326-9333. ; : - - ; ;

(44) Nelsen, S. F.; Weaver, M. N.; Bally, T.; Yamazaki, D.; Komatsu, K.; of this a_nalySIS forl” to 3 only_ap_pear in the Supportlng
Rathore, RJ. Phys. Chem. 8007, 111, 1667-1676. Information, because the analysis is rather complex and our
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conclusion is that the couplings obtained using it are not useful Molecular orbital calculations show that the intervalence band

for predicting when delocalization will occur. for delocalized dinitroaromatic intervalence radical anions is

not caused by a transition between the upper and lower states

of a single two-state model, so the band maximum for
Both the dinitrostilbene and dinitrotolane radical aniobs ( delocalized intervalence compound should not be assumed to

and2”) show the spectra of delocalized intervalence compounds pe twice the electronic coupling.

in HMPA and THF, but principally spectra of localized

compounds in DMF, DMSO, and MeCN, with the transition Experimental Section

energy at the band maximum (whichlis= s + 1,) increasing

in that order. Noncontinuum effects incredsén better electron-

accepting solvents for these intervalence radical anions, which

Is the opposite _dir_ection as _the trends for int_ervalence radical concentration of the samples (6-0.8 mM) was determined spectro-
cations, yvherds '_S increased |r1 eIeCtron-donqtlng solvgnts. The photometrically before reduction. Reduction was achieved by contact
electronic couplingsHan) obtained by analysis of the interva-  yjth 0.296 Na-Hg amalgam in the presence of an excess of [2.2.2]-
lence bands for the localized spectra using Hush theory are farcryptand 6).

smaller than required for observation of charge localization in  the koopmans-based spectral calculations used structures optimized
low s solvents. The electronic couplings fbr and2™ obtained using Spartaf’ and the intensities were calculated using Gaussiai 98.
from solvent effects on the spectra, assuming that the interva-

lence band maximum is the reorganization energy, which must  Acknowledgment. We are thankful for the financial support
be close to twice the electronic coupling when the energy of this work from the National Science Foundation under Grant
difference between them is so small that significant amounts CHE-0240197 (SFN) and from Fundiac Para a Ciecia e

of both localized and delocalized material are observed, are Tecnologia through its Centro de Quica Estrutural (J.P.T.).
~3900 cn1? for 1~ and somewhat less than 4500 cnfor 2.

Conclusions

Compoundsl,*® 2,45 and 3* were prepared according to known
procedures. Their radical anions were prepared in vacuum-sealed glass
cells equipped with an ESR tube and a quartz optical cell. The

Supporting Information Available: TD—DFT and neighbor-

(45) Ruggli, P.; Lang, FHelv. Chim. Actal938 21, 38-50. ing orbital analysis fofl~ to 37; complete ref 48. This material
(46) Pausacker, K. H.; Scroggie, J. &.Chem. Soc1954 4003-4006. . . . X
(47) Spartan '02 Wavefunction, Inc.: Irvine, CA. is available free of charge via the Internet at http://pubs.acs.org.
(48) Frisch, M. J.; et. alGaussian 98revision A.9; Gaussian, Inc.: Pittsburgh

PA, 1998. JA067088M
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