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Abstract: Analysis of optical spectra of a pseudo-para-dinitro[2.2]paracyclophane radical anion using
Marcus—Hush theory reveals that its off diagonal coupling element, Hap, is large enough, relative to its
reorganization energy, to change it from a localized class || compound to a delocalized class Ill compound
by changing solvents. The optical spectra, along with frontier orbital analysis, show that the assumption
that Eop = 2Hap for class Il compounds is not true in this case.

Introduction a. Class Il b. Class lli

Symmetrical mixed-valence compounds may be formulated
as M —B—M]" systems, wherd is a charge-bearing unig
is a bridge to which thé/1 groups are symmetrically attached,
and the overall charge allows the charges ol to differ by
one unit. When th groups actually do have different charges,
they are called RobinDay Class Il compoundswhich are the
simplest electron-transfer (ET) systems ever devisegishown
in the Marcus-Hush diagram of Figure 1a, intervalence
compounds may be modeled as having parabolic diabatic energy
wells, the dashed lines in Figure 1, corresponding to the odd
electron being on the left (shown &) or the right Hyp) M ‘M-B-M  M-B-M- [M-B-M]
unit. They are written displaced from each other (at 0 and 1 on Figure 1. Marcus-Hush diagrams for localized (Class Il, a) and delocalized
the horizontal, electron-transfer axis). The relative sizes of the (Class IlI, b) intervalence compounds.
vertical displacement between the parabolas at their energy
minima, called the reorganization enerdyand the electronic
interaction energy between the diabatic energy surfddgs,
determine the shape of the ground-state adiabatic energy surfac
(the solid line E;). WhenHy, is smaller thart/,A, the compound
is localized (Class Il) ané; has a double potential minimum . . -
and a transition state between the minima at 0.5 on the horizontalWhICh electrons hop simultaneously to and from the bridge, so

. : that the overall transition is equivalent to an electron moving
axis. Class Il mixed-valence compounds have a lowest energy o oneM unit to the other. and charge never builds up on

absorption band (often called the intervalence band) that IS the bridge. Hush developed a remarkably simple Gaussian

nearly G aussmn-shapeq, mugh .broader than mpst c’p“calapproximation analysis of the optical spectrum of Class I
absorption bandsand typically lies in the near-IR region. The compounds. The vertical reorganization energy @ the
vertical energy gap between the adiabatic as well as the diabati G ansition energy of the band maximuriof = 4), and the

electronic couplingHap is obtained from the bandwidth at
half-height Av1/2), band maximum extinction coefficientq(ay,

surfaces isi, and energy absorption excites the system to a
steeply sloping region of the excited-state adiabatic surtage,
which as Heller explained using time-dependent concepts, causes
e broad shape of the bahd@he electron-transfer mechanism
assumed using two-state theory is called superexchange,

T University of Wisconsin.
* Instituto Superior Tenico.

(1) Robin, M.; Day, PAdw. Inorg. Radiochem1967, 10, 247-422. and Egp. Hap(cm™) = [0.0206ay] (AvizemaEop)t, Where

(2) For reviews of electron transfer, see (a) Bixon, M.; Jornefdd. Chem. H H i i i
Phys.1999 106 35-202. (b) Marcus, R. A.: Sutin, NBiochim. Biophys. dap is the ET distance on the diabatic surfaces in A, usually
Acta 1985 811, 265-322.

(3) (a) Bandwidth at half-height larger than (16 IZ)E.p)Y? (see ref 3b, (4) Heller, E. J.Acc. Chem. Red.981 14, 368-375.
which is 3406-4800 cnt? in the 5006-10000 cn! Eqp range of the (5) (a) Kosloff, R.; Ratner, M. Alsr. J. Chem199Q 30, 45-58. (b) Barbara,
compounds discussed here). (b) Hush, NPf&g. Inorg. Chem1967 8, P. F.; Meyer, T. J.; Ratner, M. Al. Phys. Chem1996 100, 13148~
391-444., 13168.
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Figure 2. Comparison of the optical spectra in DMF for the Class Il 2,6- and the Class Il 2,7-dinitronaphthalene radical anions.

assumed from the structure. The optical method of determining 2,6-dinitronaphthalene radical anion in DMF. In contrast, when
the ET barrier using classical two-state theory, especially with the substitution pattern is changed from one causing large
a slight modification to allow fitting the absorption spectrum coupling between the charge-bearing units (a “Kekule” substitu-
instead of assuming that the diabatic surfaces are perfecttion pattern);2to a “non-Kekule” one that causes small coupling,
parabolas, has been shown to be remarkably successful bycharge localization occufd.The intervalence band then takes
measuring the ET rate constant for several unusually large the familiar much broader and nearly Gaussian shape shown in
Class Il dinitrogen-centered radical cations that have small Figure 1 for a 2,7-dinitronaphthalene radical anion.

enough ET rate constants to allow their measurement by electron

spin resonance. Results

Another possibility is that an intervalence compound would e report here the optical spectra of the radical anions from
be charge_-delocallzed, having fractional charges at aghoup two dinitro[2.2]para-cyclophanes, the pseudo-pat} &nd
that are instantaneously the same. Such systems are calle¢seudo-ortho3) isomers, which were first correctly identified

Robin-Day Class Il compound$As can be seen in Figure  py Reich and Crar¥ Harriman and Maki demonstrated in
1b, when M, is large compared td, the ground-state surface

only has a single minimum, at 0.5 on the ET coordinate, so the
optical transition would be from one minimum to another if

the two-state model is employed, providing the possibility for

narrower optical absorption bands. The current great interest in
exceptionally fast ET systems that lie near the Class Il, Class
Il borderline has resulted in three reviews on the subject since
20008-10 Our present paper concerns a radical anionic system

havingM = NO, that is so finely balanced at the borderline pioneering ESR studies of electron-transfer that linking ni-

that c_han_ging solvent tips i.t betweer_l Class 1l and CI?SS . trobenzenes by a dimethylene (gFH,) bridge caused slow
resulting in a Igrge change in the optical spectrum, WhICh. ON€ ET on the ESR time scalébut the [2.2]paracyclophane system
of us ha_1d prefjlpted not tq occur upon passing t_he bordefline. has significant through-space and through-bond interactions
pelocahzed d|n|troaromat|c.rad|cal anions gxh|b|t rather Narmow ot enhance electronic interactions between the aromatic
intervalence bands that typically show patrtially resolved vibra- fings16 The spectra ofl~ in five solvents are compared in
tional fine structuré! such as that illustrated in Figure 2 for a

(11) Nelsen, S. F.; Telo, J. P.; Konradsson, A. E.; Weaver, M. Mm. Chem.

(6) (a) Nelsen, S. F.; Ismagilov, R. F.; Trieber, D. A., Hiciencel997, 278, Soc 2003 125, 12493-12501.
846-849. (b) Nelsen, S. F.; Ismagilov, R. F.; Gentile, K. E.; Powell, D. R.  (12) Rajca, A.Chem. Re. 1994 94, 871—-893.
J. Am. Chem. S0d.999 121, 7108-7114. (13) Among many others, see: (a) Gutch, J. W.; Waters, W. A.; Symons, M.
(7) Class | was reserved for systems in which the bridge prevented any C. R.J. Chem. Soc. B97Q 1261-1267. (b) Grampp, G.; Shohoji, M. C.
communication between the charge-bearing uhits. B. L.; Herold, B. JBer. Bunsen-Ges. Phys. Chelf889 93, 580-585. (c)
(8) Brunschwig, B. S.; Creutz, C.; Sutin, Bhem. Soc. Re 2002 31, 168— Hosoi, H.; Mori, Y.; Masuda, YChem. Lett1998 177—-178. (d) Nelsen,
184. S. F.; Weaver, M. N.; Konradsson, A. E.; Telo, J. P.; Clark JTAm.
(9) Demadis, K. D.; Hartshorn, C. M. Meyer, T. Chem. Re. 2001, 101, Chem. Soc2004 126, 15431-15438.
2655-2685. (14) Reich, H. J.; Cram, D. J. Am. Chem. S0d.968 91, 3527-3533.
(10) Nelsen, S. FChem. Eur. J200Q 6, 581-588. (15) Harriman, J. E.; Maki, A. HJ. Chem. Phys1963 39, 778-786.
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Figure 3. Spectra ofl™ in five solvents.
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Figure 4. Spectra of2™ in acetonitrile, dimethylformamide, dimethyl sulfoxide, and hexamethylphosphoramide.

Figure 3. The abbreviations used here for solvents are shown The spectra of the pseudo-ortho isonter, in four solvents

below. appear in Figure 4. In contrast fo, the spectrum o~ in
DMSO, DMF, and HMPA as well as in MeCN is that of a
Q '.é M 95 ('(31 Q localized species, and no low energy band develops inllow
—C= _S. C-Me “n-Me Me<y 7Oy -M P~ ’ . .
Me=CEN e me H N O NN e P\NNN""];ZZ solvents. The band maxima become lower in DMSO and DMF
MeCN DMSO  DMF NMP DMPU HMPA (see Table 1), and the band maximum in HMPA is about 3000

) _ _ . cm ! lower than that in MeCN.
The single nearly Gaussian bandlofin acetonitrile moves

to lower energy and develops a lower energy component in Discussion

DMSO and DMF, and in NMP, DMPU, and HPMA, the low ) )
energy component is completely dominant and appears to show _ Solvent Effects.We postulate that, despite the aryl rings of
partially resolved vibrational fine structure resembling that of [2-2]paracyclophane being formally unconjugated, there is
the 2,6-dinitronaphthalene radical anion. The MeCN spectrum €nough electronic interaction between theniinto causeHan
thus appears to be that of a localized system, but the NMP, 0 be large enough to allow delocalization in HMPA, NMP,
DMPU, and HMPA spectra appear to be those of a delocalized @d DMPU, that is, thaltla, > /2 in these solvents. The total

species, and the spectra in DMSO and DMF have intermediate Vertical reorganization energiep = 4, is the sum of its internal
vibrational ¢,) and solvent4s) components. Althoughs is often

charactef’

(16) (a) Heilbronner and Yang estimate the through-spasgstem interaction (17) The spectrum iN,N'-dimethytrimethyleneurea, DMPU, is not shown. It
parameter for [2.2]paracyclophane from photoelectron spectroscopic spectra is noisy and rather weak, presumably from radical anion decomposition,
of a series with different bridge sizes at 76002 (b) Heilbronner, E.; but resembles that in HMPA. JPT was unable to obtain spectra in acetone
Yang, Z.Top. Curr. Chem1983 115 1—-55. or propylene carbonate.
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Table 1. Solvent “Polarity” Parameters and Observed Band calculations on these systems. The nodal patterns for the SOMO
Maxima of these two compounds differ significantly; see Figufé She
band maxima (cm ~*) 1~ orbitals have positive overlap between the CN bonds and
solvent g E+(30) 1 2" the pseudo-geminal carbons on the opposite rings, as shown
MeCN 0.528 45.6 9160 9660 by the dashed lines on ter SOMO structure below, while
DMSO 0.437 45.1 ~8200; sh~5760 ~8500 the signs are opposite f@r, causing less cross-ring interaction,
DMF 0.463 438  ~7580/~5550 ~8200 as is clear in the orbital density drawings of Figure 6 (left and
DMPU 0.449 42.1 ~5000
NMP 0.433 422 ~4950 center).
HMPA 0.437 40.9 4850 ~6600

assumed to be directly proportional to the Pekar fagtor
1/n? + 1/es, wheren is the solvent refractive index ard s its

static dielectric constant, the spectra forindicate that itsls 1 SOMO
does not tracky. The spectrum in DMSO is clearly closer to
that in the highy MeCN, while the spectrum in DMF is closer We have used simple Koopmans’ theorem-based calculations

to that of the lowery solvents. Plots of band maximum versus to estimate the transition energies for these systems. Optical
y for dinitrogen-centered Class |l radical cations are also not transitions in doublet systems are often discussed in terms of a
linear withy,'8 but they show a significant increase in solvents restricted open shell (also called half-electron) model, where
of higher Gutmann solvent donicity.For 10 bis(hydrazine)-  all the orbitals are doubly occupied except for one singly
centered R4N22*) and bis(diazenium)-centereB{N,**+) com- occupied (which we will call the SOMO o). This leads to
pounds, the intervalence band transition energy maximum is orbital diagrams such as those shown in Figur® 6table
300 to 600 cm? larger in DMF than in MeCN, despite the lower  neutral compounds typically have a bigger gap between their
y for DMF.18> Not surprisingly, the intervalence radical anions highest occupied molecular orbital (HOMO Hi) and lowest
studied here show no evidence of an increasg @s the solvent ~ unoccupied one (LUMO ot) than between either filled or
gets more donating, but instedd for these radical anions virtual orbitals. Removal of an electron then gives a cation
appears to increase as the DimreReichart=r(30) parameté? radical with SOMO closer to the filled orbitals than the virtual
increases.E1(30) is the transition energy for pyridinium ones, as shown at the left of Figure 6, and the smallest excitation
energies correspond to filled orbital ®transitions, Type A,
Ph Ph indicated as Ain Figure 6. Addition of an electron populates
—O‘QJNQ% theL of the neutral species, and as indicated on the right of the
diagram, then the smallest excitation energies correspond to
PR Ph SOMO to virtual orbital transitions, type B, indicated asitB
Figure 6. Because alternate aromatic hydrocarbons have virtual

phenoxide Er(30) in kcal/mol and roughly correlates with ~orbitals that are nearly mirror images of their filled orbitals,
acceptor ability of the solvent, presumably because of specific the absorption spectra of their radical cations and radical anions
solvation effects of the phenoxide oxyg&nwhich might be ~ are quite similar, as already pointed by Hoijtink in 1957,
thought to reasonably correlate with specific solvation effects discussing the spectrum from perylene in concentrated sulfuric
of the nitro oxygens irl . acid as the radical cation because of its resemblance to that of
Calculations. If As has decreased enough in DMF fbr to the known radical anioft Type A transitions are between
start showing a low energy optical component, why does the Koopmans’ configurations of the type H.(— 1(H)*9 —
spectrum o2~ not have the same behavior? As discussed above, ---(H — 1)H)X(S? shown as Ain the diagram and are also
delocalization occurs whetis, exceedst/2. Hay is significantly called K (for Koopmans), while the lowest energy type B
larger for1~ than for2-, as shown by their relativen.values  transition is between non-Koopmans’ configurationst.=( 1)>-
(see Figures 3 and 4). The ratio of transition dipole moments (H)AS)! — ...(H — 1(H)XS(L)*, also called NK. However,
(u12) for 17/2- obtained by integrating Gaussian fits to the there are no two electron orbitals in a doublet species. All of
MeCN absorption spectra is about 1.8. Although it is not obvious the orbitals of a radical ion are actually split by varying amounts
what thed,, values actually are for these systems, the nitro Of energy intoa. and 8 spin sets, and electronic excitation
groups are clearly further apart fdr (the calculated N,N typically does not flip spins, so the type A transitions are actually
distances are 6.16 A it~ and 4.55 A in27) soHa, must be  A(H) — B(L), B(H — 1) — B(L) etc., and the type B transitions

larger for1~. The reason for the lowe, of 2~ is clear from area(H) — o(L), o(H) — a(L + 1), etc. More complex non-
Koopmans' transitions also occur, such as tghei(H — n) —
(18) (a) Nelsen, S. F.; Trieber, D. A., Il.; Ismagilov, R. F.; Teki, X.Am. (X(L + n) Orﬁ(H — n) —>ﬁ(|_ + n)’ as well as mu|t|p|e electron

Chem. Soc2001, 123 5684-5694. (b) An eleventh compound shows the o i .
opposite trend, but it is anomalous in several ways and appears likely to €XCitations such as the superexchange transition of localized

have an unsymmetrical solution structure. i i i i i i i
(19) () Gutmant, VCoord. Chem. Re 1076 28, 225-255. (b) Gutmann, B, intervalence radical cations, which we believe is most simply

The Donor-Acceptor Approach to Molecular InteractionBlenum: New

Er(30)

York, 1980. (22) The calculations and drawings were carried out using Spartan’02, Wave-
(20) (a) Reichardt, CAngew. Chem., Int. Ed. Endl965 4, 29. (b) Reichardt, function Inc., Irvine, CA.
C. Sobents and Soelent Effects in Organic Chemistrnd ed.; VCH: (23) (a) Bally, T. InRadical lonic Systemd.und, A., Shiotani, M., Eds.;
Weinheim, 1988. Kluwer: Dortrecht, 1991; pp 354. (b) Garsky, P.; Zahradi, R. Top.
(21) Reichardt has noted a general correlation betvigé30) and Gutmann’s Curr. Chem.1973 43, 1-55.
acceptor number (ANY2 but the order of MeCN and DMSO is inverted (24) (a) Hoijtink, G. J.; Weijland, W. PRecl. Tra.. Chim. Pays-Bas 1957,
between these two scales, and the observed spectral treridsfiidkieCN 76, 836-838. (b) Buschow, K. J. J.; Dieleman, J.; Hoijtink, G.Mol.
being a better acceptor than DMSO. Phys.1963-1964 7, 1-9.
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Figure 5. Two views of thea-homo (“SOMQ”) orbitals of the pseudo-ortt®y and pseudo-para~, compared with the LUMO (NAG lume- 1) of 1~
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Figure 6. ROHF models of the orbital energies of a doublet radicals.

considered as a concerted double excitaBorr M+, M?— B,
but TD-DFT calculation® indicate that the lower energy

transitions for many delocalized intervalence compounds,

including the lower transitions of the dinitroaromatic radical

occupancy allows Koopmans’ theoréfrthat ionization poten-
tials may be equated with the negative of orbital energjits
work quite well. The orbital separation in an NCG radical cation
calculation is a good approximation to the transition energy that
would be calculated by a more sophisticated method, and even
simple semiempirical calculations proved useful for understand-
ing experimental data. We also showed previously that the
calculated energies for the first transition obtained by the NCG
method using AM1 semiempirical calculations give rather good
correlations with experimental data for symmetrical diamino-
substituted aromatic intervalence radical cations, although the
calculated transition energies were high, by 2650 tror

a N,N,N',N'-tetramethylp-phenylenediamine radical cation,
TMPD*, 3700 cn1? for the corresponding bis[9-(9-azabicyclo-
[3.3.1]nonane]-protected species, and 800 tifior a tetram-
ethylbenzidine radical catioff. Not surprisingly, single-point
NCG calculations using UB3LYP/6-31G* geometry (which we
will call DFT for brevity) structures give answers closer to
experiment than do the AM1 calculatiotfsand we will only

use numbers obtained from DFT-optimized radical ion geom-
etries here.

As expected, the lowest energy transitions for dinitroaromatic
radical anions are not type A but type B transitions. We suggest
that the correspondingly simple estimate of type B transition
energies is to use orbital energy separations for the neutral at
anion geometry (NAG) for the radical anions studied here. This

anions studied here, are quite predominately either type A or B results in no electrons in either orbital for the B transitions, so

transitions.
We introduced a simple method for estimating the Hoijtink

Koopmans’ theorem might work as well as it does for type A
transitions. In a separate study of nine dinitro radical anions

type A transition energies for radical cations using the “neutral Pridged by planar aromatic rings, the lowest energy transitions

in cation geometry” (NCG) method, in which a single point at

gave an excellent correlation with NAG B3LYP; Bnergies,

the geometry of the radical cation is calculated with a neutral With the calculated values averaging 600 ¢rfower than the
charge, so the system is closed-shell, and the orbitals involvedobserved transition energies in DMFindicating that NAG

in the transitions each have two electréf3he equal orbital

(25) (a) Burke, K.; Gross, E. K. U. A Guided Tour of Time-Dependent Density
Functional Theory. InDensity Functionals: Theory and Applications
Joubert, D., Ed.; Springer: Berlin, 1998; pp H546. (b) Casida, M. E.;
Jamorski, C.; Casida, K. C.; Salhub, D.RChem. Phys1998 108 4439~
4449, (c) Stratmann, R. E.; Scuseria, G. E.; Frisch, M. Lhem. Phys.
Chem.1998 109 8218-8224.

(26) (a) Nelsen, S. F.; Blackstock, S. C.; Yumibe, N. P.; Frigo, T. B.; Carpenter,
J. E.; Weinhold, FJ. Am. Chem. S0d985 107, 143-149. (b) Clark, T.;
Teasley, M. F.; Nelsen, S. F.; Wynberg, H.Am. Chem. S0d.987, 109,
5719-5724.
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calculations work rather well for dinitro radical anions. The
transition energy for the intervalence bandlofis calculated
by NAG to occur at 3430 cmi, which is 1430 cm?® lower
than the observed value of 4850 thin HMPA. This low

(27) Koopmans, TPhysical934 1, 104-113.

(28) Nelsen, S. F.; Tran, H. @. Am. Chem. S0d.998 120, 298-304.

(29) Nelsen, S. F.; Luo, Y.; Weaver, M. N.; Zink, J.Beyond the Two-State
model: Optical Spectra of Protected Diamine Ini@lence Radical Cations
Related to N,N,NN'-Tetraalkylbenzidingto be published.

(30) Nelsen, S. F.; Weaver, M. N.; Zink, J. |.; Telo, J. P. To be published.
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energy transition is between the orbitals shown as SOMO and DMSO and DMF is unexpected, and we propose no explanation
LUMO in Figure 4. These orbitals differ by being the symmetric for seeing them. The optical transition in loW solvents is

and antisymmetric “stacking” combinations of otherwise similar clearly not caused by electron transfer between the nitro groups,
bonding NQ-aryl orbitals in each ring, so the transition between and its transition energy cannot be equated with tHg, Zor

them measures the size of this inter-rimgr interaction. electron transfer that is shown in Figure 1b. Insteadgqp2
presumably is close to the energy at which special effects appear
in the optical spectrum, somewhat unee¥000 cnt?. It would

We rationalize the much greater change in spectral shape forclearly be important to examine the vibrational spectra for these

1~ than 2~ as s is decreased by lowering solvent polarity/ compounds, and we hope to be able to do so soon.
acceptor ability to crossing the Class Il/Class Il borderline for

1-. The appearance of two bands in the intermediate solventsJA0441920

Conclusion

J. AM. CHEM. SOC. = VOL. 127, NO. 3, 2005 925



