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Abstract: Electron transfer (ET) in four symmetrically substituted naphthalene-bridged bis-hydrazine radical
cations (1,4; 1,5; 2,6; and 2,7) is compared within the Marcus—Hush framework. The ET rate constants
(ker) for three of the compounds were measured by ESR; the 2,7-substituted compound has an
intramolecular ET that is too slow to measure by this method. The ket values are significantly dependent
upon the substitution pattern of the hydrazine units on the naphthalene bridge but do not correlate with the
distance between them. This is contrary to an assumption that is frequently made about intervalence
compounds that the bridge serves only as a spacer that fixes the distance between the charge-bearing
units. The internal vibrational and solvent portions (1, and As) of the total reorganization energy (1) have
been separated using solvent effects on the intervalence band maximum, resulting in a 4, that is the same,
9900 cm™%, for the differently substituted naphthalenes. This is in accord with the general assumption that
Av is primarily dependent upon the charge bearing unit and not the bridge. However, the trends in s cannot
be explained by dielectric continuum theory.

Introduction ET, Auan Although the intervalence concept was devised for
transition-metal-centeret¥ units, it can also be applied to
completely organic compounésVe have used bicyclic hydra-
zines as the charge-bearing units for IV radical cations, including
the 4o-bond-bridged.t and2™ "#and 5 and 9¢-bond bridged
3*to 6+,2"13 all of which have ET rates that are measurable by
dynamic ESR excepdt, which has too large a rate constant
for intramolecular ET Ket) to be accurately measured in pure

Symmetrical, localized intervalence (IV) compounds (Robin-
Day Class I} that may be symbolized &4 —B—M ™ provide
the simplest electron transfer (ET) systems to interpret. They
have an accurately known driving force for an EAGQ®) of
zero, the distance between their charge-bearing uMisi$
controlled by the bridgeR), and they exhibit an IV charge-
transfer band in their optical spectra. In the remarkably simple
Marcus-Hush two-state classical analysis of the IV charge-
transfer band;®the transition energy at the band maximugyf
is the separation between the ground- and excited-state energy
surfaces at the ground-state energy minimum. This is the energy ﬁ’:
for transferring an electron without either solvent or internal

solvents. These studies demonstrated that the electronic cou-
geometry relaxation and equals Marcus$® The electronic 1
coupling between th® units at the ground-state geometrigy,

PN
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H ) H
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the transition dipole moment of the IV band (in Debye)

corresponding toM-to-M charge transfer within the IV com-

pound anddy, is the distance (in A) that the electron is ( \ _._._ / >

transferred on the diabatic surfaces. The quantity 4.8(32 (\ >

corresponds to the change in dipole moment that accompanies “
5Bl tBu & NA tBu
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(1) Robin, M.; Day, PAdv. Inorg. Radiochem1967, 10, 247—422.

plings Hay) between the hydrazine units determined from their

(2) Hush, N. SProg. Inorg. Chem1967, 8, 391-444. (6) We believe that Cowan and co-workers first used the term intervalence
(3) Hush, N. SCoord. Chem. Re 1985 64, 135-457. compound for an organic compound in reference to the Class Ill compound
(4) Sutin, N.Prog. Inorg. Chem1983 30, 441—-499. tetrathiofulvalene radical cation: Cowan, D. O.; LeVanda, C.; Park, J.;
(5) Marcus, R. A,; Sutin, NBiochim. Biophys. Actd985 811, 265-322. Kaufman, F.Acc. Chem. Red.973 6, 1-7.
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optical absorption spectra predigtr using classical Marcus for ET than for either théM —B or the more twistedM —B
Hush theory that employs a single reorganization enetygag for the charge-localized ground state, for which the calculations
accurately as the electron-transfer distarzg) (hat is necessary  successfully predict a largén) thangen() twist angle. The

to obtainH,, can be estimated. The free energy barrier obtained HushHgy, eq 1 estimates the electronic coupling at the ground

using the classical two-state model is given by épadH,4A state, where it is far smaller than it would be at the transition
is large enough for these essentially adiabatic ET reactions thatstate. This smaller coupling is clearly the correct one to use
all with eq 2 to calculate the observed rate constant. Thus, although
the classical two-state equation incorrectly assumesHhas
AG* = M4 — H,p+ (Ha)Ih 2 constant as well as that ET reactions proceed through transition

states instead of by the tunneling demanded by modern ET
three terms are needed. These compounds have unusually largéheory, the Hush evaluation éf,, at the ground-state geometry
internal reorganization energies.,) because of the large from which the tunneling occurs neatly finesses this problem.
geometry change between their neutral and cationic hydrazinelt results in a significantly more accurate estimate of the rate
units, which causes problems for more modern electron transferconstant for ET using classical theory than that obtained by using
theory that treatd, effects quantum mechanically. Dynamics the far more complex Golden Rule equation with a single

calculation$* and resonance Raman measureméftindicate averagedw, for these high reorganization energy compounds,
that the single averaged internal vibrational moble,) that because of their largs values?10.12

ought to be employed for an intervalence hydrazine is about In this work we compare three additional naphthalene-bridged
800 cnT?, which would make the HuareRhys factorS= A,/ bis-hydrazine intervalence compounis—9* with the 14NA-

hv, about 12 for3t—6*. The size ofS and the accurate  bridged compounds™. Compounds3—10 have the samé/
separation of the high and low frequency contributions to the

reorganization energy (usually callégd andAs) are crucial in O N >
applying modern ET theoty:18(often referred to as the Golden N ( \N’\{j
Rule equation}?2° It would require that the energy surfaces <§ N O tBu N tB]';l

N

be harmonic to this vibrational level using a single mode {BU

analysis. Instead, many vibrational modes are involved for these Bu 7 "NA 8 *NA
compounds, and although a multimode analysis could in

principle be done, in practice the mathematics would be m @
extremely complex and implementing such an analysis does not N~ N
seem productive, because the far simpler classical Marcus tBu tBu
Hush approach works quite well for calculatiikgr for these 9 2INA

IV dihydrazine radical cations. Although the two-state model

assumes that the electronic couplidg is constant at all points  groups, the Zert-butyl-2,3-diazabicyclo[2.2.2]oct-3-yl that we

on the electron-transfer coordinate, calculations show that thiswill abbreviate asHy. Despite the bridge being the same for

is clearly not the case for these compounds. It is well-known 6*—9*, their electron-transfer rate constants and optical spectra

that Hap is roughly proportional to the overlap between the vary significantly and show no correlation with the distance

charge bearing units and the bridge, which is proportional to between theiHy group, despite the dominance this parameter

the cosine of the twist angle between the nitrogen lone pair has had in discussions of ET through brid§es.

orbital axis and the p orbital at the carbon to which the nitrogen
is attacheddcy) at eachM —B unit. Both semiempirical AM4t

and larger basis set ab intio UHF calculati&rshow thatpcey ESR Measurement of ET Rate ConstantsMonohydrazines

is significantly smaller for the charge-delocalized transition state 10 and11 were also studied as models for the bis-hydrazines.

The neutral compounds were prepared, as in our previous work,

) R\lfései‘rzl'ziéfi;zggghg' H.; Wolff, J. J.; Adamus).Jam. Chem. S0d993 by reaction of mono- or dilithionaphthalene with the diazenium

(8) leegl)%en, S. F.; Adamus, J.; Wolff, J.1J.Am. Chem. So&994 116, 1589~ salt 2tert-butyl-2,3-diazabicyclo[2.2.2]octene iodidé Since

Results

(9) Nelsen, S. F.; Ismagilov, R. F.; Trieber, D. A., Sciencel997, 278 846—
849

(10) Nelsen, S. F.; Ismagilov, R. F.; Powell, D. R.Am. Chem. Sod.996 O E 7

118 6313-6314. -N

(11) Nelsen, S. F.; Ismagilov, R. F.; Powell, D. R.Am. Chem. Sod.997, N Q N

119, 10213-10222. N tBU

(12) Nelsen, S. F.; Ismagilov, R. F.; Gentile, K. E.; Powell, DJRAM. Chem. \

S0c.1999 121, 7108-7114. tBu 10 1
(13) Nelsen, S. F.; Ismagilov, R. B. Phys. Chem. A999 103 5373-5378.

(14) Nelsen, S. FJ. Am. Chem. S0d.996 116, 2047-2058. . . .
(15) wiliams, R. D.; Hupp, J. T.; Ramm, M. T.; Nelsen, SJPhys. Chem.  these are localized IV compounds, their redox potentials are

A 1999 10311172-11180. T . . . . .
(16) In resonance Raman work done in collaboration with J. V. Lockard and J. prlnC|p_aIIy determined by thEHy unl_t' The first oxidation
E. Zink, to be published separately, &t (14DU*), the relative intensities potentials for these compounds are in the range-60182 V

(17 113 Observed resonance enhanced bands prdsue 796 . versus the saturated calomel electrode in acetonitrile and second
(18) Bixon, M.; Jortner, JAdy. Chem. Phys1999 106, 35-202. oxidation potentials for the disubstituted compounds in the range

) hemaont o6 675 sy | 0 Penfield. K W.; Miller, J. R 0.34-0.38 V. TheE°, — E°1 values fall in the order 0.27 V

(20) Closs, G. L.; Miller, J. RSciencel988 240, 440-448.

(21) Nelsen, S. F.; Blomgren, B. Org. Chem2001, 66, 6551-6559. (23) Nelsen, S. F.; Konradsson, A. E.; Weaver, M. N.; Guzei, I'h&oM.;
(22) Blomgren, F.; Larsson, S.; Nelsen, SJFComput. Chen001, 22, 655— Wortmann, R.; Lockard, J. V.; Zink, J. 0. Phys. Chem. A2005 1069,
664. 10854-10861.

J. AM. CHEM. SOC. = VOL. 128, NO. 9, 2006 2903



ARTICLES Nelsen et al.

—r-: T I T 1000 800 60D 500 400 300
® ] LS LR AR | [RARARARAEE AR T

[""lll

[ “NA* [MeCN] PNA" [CH,CL] ] E -

L) 6 [— NA

140 5 : 1.0

[  —
[ 15, .+ —'E ]
- t 4F
E  osl NAT[CICH)] 1 £
£ + m L
St
I “2f
13.0F NA" [Me,CO] U+ ] :
of 2 NA" [Me,CO] ] 1

[, . L. ) L. L L. 1 e I R B
3.0 35 4.0 4.5 5.0 10 15 20 25 30 35 40
. e (107 em™)
1T (10°k’)

. ) o ) ) Figure 2. Absorption spectra for neutral and cationi® (*NA) in
Figure 1. Eyring plots of ESR kinetic data for naphthalene-bridged bis-  5cetonitrile.

hydrazine radical cations.
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(NA), 0.20 V #5NA), and 0.16 V I°NA and2’NA). Details T
appear in the Supporting Information.
The cations were prepared by oxidation with silver salts. The _ 1or
rate constants for intramolecular exchange within the bis- "'E
hydrazine radical cations were determined by simulating their "
ESR spectra. In the smalkkr limit the unpaired electron is
localized on one hydrazine unit on the ESR time scale,
producing a 1:2:3:2:1 pattern for coupling to two equivalent
nitrogens. Although the nitrogens of each hydrazine are not quite
the same, their hyperfine splitting constants are too close to "o 15 20 25 30 35 a0
resolve by ESR. In the large:t limit a nine-line pattern for hv (10° em™)
coupling to all four nitrogens is observed, and wiepis near Figure 3. Absorption spectra for neutral and catiomld (2NA) in
10° s71, an alternating line width effect is seen and a very acetonitrile.
accurate measurementlafr results.8* 26NA showed only the
nine-line pattern down to the temperature where acetonitrile Of activation are much more certain than the entropies, so we
(AN) froze, so it was too fast to measure by ESR in this solvent. compare the rate constants at 215 K, which is within the
Its ET kinetics were determined in the lower melting and lower temperature range studied for four of the five data sets available
Js solvents methylene chloride (MC) and acetone. The temper- for naphthalene-bridged hydrazine-centered systemskddie
atures available are all above the temperature of maximum values are quite close f6fNA* and?°NA™, but “NA* has a
broadening so the rate constant data are not as accurate as the32 times larger rate constant in acetone at 213°KA* has
would have been if lower temperatures could also have beenabout a 100-fold largefer value than thé°NA™ in comparable
investigated. ET rate constants for bis-hydrazines are signifi- Solvents, methylene chloride and dichloroethane, respectively.
cantly larger (on the order of a factor of 5) in MC than they are ~ Solvent Effects on Optical Absorption Spectra andis
in AN. Nevertheless, ion pairing in MC makes them slower Determination. The absorption spectra of the neutral and radical
than they would be for the free ion, as has been demonstratedcation oxidation levels of the monohydrazines are compared in
for 4t, 57, and other examplé$.6t 14NA was also studied  Figures 2 and 310" (:NA*) shows two bands at lower energy
here in acetone; its kinetics in acetonitrile were reported than the lowest energy band for the neutral compound, at
previously?2 7+ 15NA showed such slow ET that it could only ~ ~18 000 cn7* (555 nm) and 24 500 cnt (408 nm), whilel1*
be studied at relatively high temperatures in laysolvents, so ~ (?NA™) has bands at18 000 cn* and 25 700 cm* (389 nm).
it was studied in 1,2-dichloroethane (which is similar in its We assign the visible bands to charge transfer from the aryl
properties to methylene chloride but less volatil@). 2’NA ring to the hydrazine radical cation group, which is largely
showed only the five-line pattern in all solvents, so its localized at the NN 3ewr bond, and will refer to such bands
intramolecular ET is too slow to measure by ESR. The rate as aryl oxidation (AO) bands.
constants determined by spectral simulation are listed in the The biset and bisg-substituted radical cations are compared
Supporting Information and shown as Eyring plots in Figure 1, with their monohydrazine analogues in Figures 4 and 5. Three
and the activation parameters are listed in Table 1. The rangesof the four bis-hydrazines show a Hush-type superexchange
quoted in Table 1 include statistical error only. The enthalpies band (which we will refer to as SE bands and their band

e (10’
o
T

Table 1. Eyring Activation Parameters from the ESR Data for Naphthalene-Bridged Bis-hydrazines

7TNO;™ 5NA 8"NO;~ 2NA 87NO;~ #NA 67SbFs~ “NA 67SbFs~ “NA
in (CICH,), in CH,Cl, in Me,CO in Me,CO in MeCN?
R? 0.997 0.978 0.997 0.994 0.999
AH# 47+0.3 1.8+ 0.4 2.8+0.2 1.7+ 0.14 2.7£0.7
ASF —6.6+£ 0.9 —10.94+ 2.1 —9.0+£ 0.8 —12.6+0.7 —8.0£3.0
kesr(215 K) 2.7x 108 2.8x 1C° 6.9 x 107 1.5x 108 1.4x 10°

apData from ref 12° Unit: kcal/mol. < Unit: cal/mol deg.
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Figure 4. Optical absorption spectra for the-substituted naphthalene
radical cationsl0" (!NAT), 67 (*NA™), and7* (15NAT).
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Figure 5. Optical absorption spectra for th&substituted naphthalene
radical cationsl1t (2NAT), 87 (2NA™), and9* (2'NA™).

maxima, which correspond fbvalues in MarcusHush theory,
asEqp) at distinctly lower energy than that of the AO band of
the monohydrazineg®NA*+ andNA* clearly have larger SE
bands thart®NA™, as expected from their largéesg values.
The non-Kekulesubstitution pattern compounéNA™, does
not show a detectable SE band, which is consistent with the
much slower ET indicated by its ESR.

lon pairing occurs for bis-hydrazine radical cations in
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Figure 6. lon pairing studies for methylene chloride solution§6{NO3"™).
Dashed lines are fits to the ion pairing equilibrid?*
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Figure 7. lon pairing studies for methylene chloride solution86{NO3™).
Dashed lines are fits to the ion pairing equilibrid?*

Table 2. lon Pairing Parameters for NA-Bridged Bis-hydrazine
Radical Cation Nitrates and Tetrabutylammonium Chloride in
Methylene Chloride

compound 7*NO3~ 8+*NO;~ Bu,N*
bridge INAT 26NAT
Kip, M~1 ca. 9700 ca. 3200 ca. 6300
AG°p, kcal mol? —-5.3 —4.7 —5.1
Eopf'ee, cmt 12 460 11 269
Eop®, cmrt 13510 12190
AG°|p'ET, kcal m0|>1 3.0 2.7

methylene chloride, as has been established by concentration

studies of the SE band maximum for three aromatic bridged
compounds, including™ and 6,13 and two saturated-bridged

ture available in this series is one feA"(BPh,)2,26 which has
the counterions positioned away from the bridge, instead of over

ones?* The results of fits of dilution studies similar to those of o bridge as it is foB*BPh,~, 4"BPh4~, and the 2,5-dimethyl-
the previous work are shown in Figures 6 and 7 and establish 1,4-phenylene-bridged bis(BPH) saltl® Although a range of

the free ion and ion paireH,p values shown in Table 2. The
ion pairing equilibrium constantK; obtained have large
standard errors#4350 M for 7*NOz~ and +-204 M1 for
8"NO3"), but the ion pairing free energy valuesi°p = —RT

In Kip, are notably insensitive to structure, as shown by the value
obtained for tetrabutylammonium chloride (last column, Table

counterion placements is obviously sampled in solution, a
preponderance of the placement shown, which may be the most
stable for the cation as well as the dication, would be consistent
with the Kip value found, which is the largest of the seven
compounds studied.

lon pairing is exoenergetic, SO more ion pairs are present at

2), which is comparable to the values for the seven bis-hydrazine higher concentration, and the values observed are consistent with

radical cations studied (total ranget.5 to—5.3 kcal mof?1).13:24
There is little correlation of these values with structure, and we
suggested that the principal determinat&gfis how different

significant amounts of ion pairing at the approximately milli-
molar concentrations of the ESR measurements. lon pairing
raises the reorganization energy for ET, because the electron

the distances are between the counterion and the neutral ang, s sfer produces material with the ion next to the neutral

cationic charge-bearing hydrazine units. This view was borne
out by study of crystallin@* and4*, where the distances have
been determined crystallographical}The only crystal struc-

(24) Nelsen, S. F.; Trieber, D. A., Il; Ismagilov, R. F.; Teki, ¥.Am. Chem.
Soc.200], 123 5684-5694.

(25) Nelsen, S. F.; Konradsson, A. E.; Clennan, E. L.; Singleto@rg. Lett.
2004 6, 285-287.

hydrazine unit. We estimate the free energy difference as
AG°etp = Eop” — Eod™® and also include these numbers in
Table 2. Although detectable, the increasd imas a relatively
small effect onkgsg!®

(26) Nelsen, S. F.; Konradsson, A. E.; Ismagilov, R. F.; Guzei, |Chyst.
Growth Des.2005 5, 2344-2347.
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Figure 8. Plots ofEqp versusy for 7* (NA*), circles, and* (NA®),  Figure 9. Eop (Circles) ancExfcalcd] (diamonds) versysplots for7NO;-
squares. Thé&g™e and EqpP values for the nonpolar solvents (the only NAT.
one in this series expected to show detectable ion pairing) are shown as , — : .
filled symbols. F 2% ° 3
b + i
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Table 3. Eop, v, and DN Values for the Solvents Used u“r °p E
solvent y DN El(7) E,(87) —~ Ot . E
acetonitrile (MeCN) 0.528 14.1 14 340 13 260 mg 13F L4 * E
acetone (MgCO) 0.495 17.0 13320 2 :
butyronitrile (PrCN) 0.483 16.6 14 250 13140 oF E 3
DMF (Me;NC(=0)H) 0.463 26.6 14 640 14 080 b ]
DMSO (MeSO) 0.437 29.8 14 800 14 510 12 F B
DCE ((CICH)2) 0.382 0.0 13060 11 690 b E,plcalc] ]
MC (CHxCly) 0.383 0.0 12 850 11 490 : * 3
Eog™¢in MC 12 460 11 260 L 0‘"0 A 0"‘5 e 0;0 —
EqpP in MC 13510 12190 ’ : !
Y= - 1/gg

. . . . Figure 10. Egp (circles) andEgpcalcd] (diamonds) versug plots for
We shall next consider separating the vibrational and solvent 8+gNO3- 2oNAS ( ) wrtcalcd] ) P

componentsi, and4s, of the total reorganization energy,= » N o

Eop We recently discussed this in detail for previously studied @b/ 4 Fitting Parameters (in cm™) for Aromatic Bridged
e . . . . Bis-hydrazine Radical Cations

dinitrogen-centered radical catioffsAlthough dielectric con-

tinuum theory assumes thawill be proportional to the solvent compd bridge A=4 B b RMS?
parametery = lles — 1/n2, this is clearly not the case for g ;zm 33(2)8 gggi 1%8 gg
dlnltro.gen-centered_ radical catlons, including those studleq here; 4, Lippa 9810 5600 32 21
see Figure 8. As discussed previously, a better correlation for 4+ 14pya 10 100 5800 69 65
the solvents we have studied is actually seen plotEggersus 5* 4Bla 9500 9100 70 55

Gutmann donor number (DN, see Table?B3)and a linear ap f 245The RMS (error) is E(Devy/n]¥2 where “Dev” |

. . . . . . rom re . e error) Is evy/n|-'<, wnere ev' Is
correlation is seen using eq 3, which includes different slopes g_jcaicd] (eq 3)— (regression line value) andis the number of solvents
for additive terms correlating the data withand DN (see used.

Figur nd 10).
gures 9 and 10) Table 5. As Values (cm~1) for Five Aromatic-Bridged

Bis-hydrazines

Eglcalcd]= A+ By + DDN 3)
bridge  dN.N) A5 (AN) A5 (PrCN) A (DMF) A (DMSO) s (Me,CO) 2 (MC)
It should be noted that because BND for methylene chloride, ﬁgﬂz g; %‘88 23000 3;‘%%% 4500 32380 12?80
the Eop and Eop[cal_cd] ppints lie on top of each_ qthe_r forthis  1sya 616 4400 4300 4700 4900 2500
solvent. The relative sizes of the solvent donicity increments 26naA  7.86 3400 3200 4200 4600 3400 1400
are given by the vertical deviations in these plots. The fitting *“BI* 10.0 5700 5600 6000 6100 5800 3500
parameters obtained are compared with those for other aromatic
bis-hydrazines in Table 4. We equdigthe solvent independent

portion, withA,, which makesl, 9900 cn1? for the NA-bridged

compounds. To a first approximatiof, should only depend  affects 1, is the distance between the charge-bearing units,
on the charge-bearing unit, and the average value is 9858,cm  our data clearly show that this is not the case. Not only is the
with a total range of 600 crt (6% of the smallest value), which  golvent donicity important (it has nothing to do with dielectric
is consistent with the separation #f and 4, by the above  continuum theory) but also saturated bridges produce sub-
method being successful. Equatibgin each solvent withEqp stantially largeris values for a given distance than do the
— Ay gives the data in Table 5, which are presented in order of 5,omatic ones studied heteFor both aromatic and saturated
increasing closest N,N distance. Although dielectric continuum bridges, there is indeed a trend to higheas the N,N distance
theory assumes that the only factor caused by the bridge thatincreases, but methylation of the ring without changing the

i A 14 i i 0,
(27) Gutmann, V.The Donor-Acceptor Approach to Molecular Interactions dIStance{ DU versus“PH brldges) mcre_ase’@ (by _20—704’ i
Plenum: New York, 1980. depending upon solvent) and decreasing the distance with a

a Previously unpublished numbers from the Ph.D. thesis of Dwight A.
Trieber I, University of Wisconsin, Madison, 2000.
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naphthalene bridge in going froASNA to 1NA increasesls Table 6. Calculated ET Distances (A) Derived from Dipole
0 f : . Moments for Hy,NA* Isomers
by (by 10 to 80%, depending upon solvent) instead of decreasing
it AM1 UHF/6-31G*
: calculation calculation

Prediction of ET Rate Constants from the Optical Spectra.
The optical spectra were studied between about 255 and 325 K

bridge NNsyn? tBu AAH’ d, dw ratio d, dw ratio  Ogsp  Oopt®

; : : YpH 23  syn 447 570 0.78 4.81 565 0.85

to aIIc_)w calculapon of the optlf:ally determined rate con_stants. uyd 36 anti 471 571 0.82 471 564 084 525

As discussed in detail previously for other aromatic and wpy 23 syn 458 5.70 0.80 4.71 5.65 083 5.66

saturated-bridged hydrazin®¥;1?classical MarcusHush theory “NA 23 syn 0 463 572 081 457 566 081 4.61
: - 23 anti 0.08 4.64 572 0.81

works considerably better for predicting rate constants fromthe ., 55 syn 0 543 622 0.87 539 616 0.88 6.49 649

optical spectra for these high compounds than does the 2,6 anti 007 543 6.22 0.87

Bixon—Jortner implementation of vibronic coupling theory, also *NA 15 syn 0 635 7.95 0.80 6.29 7.86 0.80 6.40

called the Golden Rule equatidhl828Because the vibrational 35 anti 005 587 7.93 0.74 633 7.86 081

- ) 37 syn 011 6.26 7.91 0.79
reorganization energyl{) is about 9900 cm' for these ZNA 1,8 syn 0 585 7.41 0.79

compounds and the averaged barrier-crossing frequéngy ( 16 syn 028 6.06 7.42 0.82

appropriate for hydrazines is about 800 @i*15 the ET 36 syn 060 639 7.34 0.94 .31 13t
surfaces for these compounds would have to remain harmonic  a conformation with NN group syn to the carbon numbers shown.
pastS = A,/hw, = 12 for this approach to work quantitatively, P Difference in heat of formation from that of the most stable diastereomeric
and they rather clearly do ot. We instead use a classical UELOT SISt iang U1 ML et v e
Marcus-Hush type analysis, but the IV band shape shows that prigge is 2,5-dimethyl-1,4-phenylefg.

the diabatic surfaces are not always perfect parabolas, because

the SE bands are mostly broader than the RTaN(2) Eqp)*? surface, to that on the diabatic surface, dhgthat is necessary
value that Hush pointed out would occur for parabolic diabatic for use in eq 1. The difference betwedy, and d;, is rather
surfaces using classical thedriffhe bands may be fit as well  small for all of these compounds. Estimatimlg, requires
using onlyl and a quatrtic fitting parameter (call€lhere) by consideration of the conformational complexity of these com-
adding a quartic term to the Marcublush parabolas by using  pounds®? a-Hy-substituted naphthalenes (toepositions are
the three parameters required using the Golden Rule equationl, 4, 5, and 8) are significantly more stable when the NN bond
(Av, 4s, andhwy). We also include the refractive index correction is syn to the adjacerft carbon § positions are 2, 3, 6, and 7),
to emax that was introduced for extracting electronic couplings so the NN bond is more stable syn to position 2 for a
from optical spectra by the Kodak gro&fwhich has the effect  1-substituted compound than syn to the bridgehead carbons, for
of inserting a factor oN = 3n¥%/(n2 4+ 2) into the equation obvious steric reasong-Hy-substituted naphthalenes, on the
Liptay used for calculating the transition dipole moment),

eq 4, and also into Hush'’s formula for calculating the electronic —8

1000 In(10) &c e 12
gl = # ﬁ,and% d?_/) = <g N 1 4 N OO
A ) " tNBI tBu 3
0.09584( ﬁamd? dv) (4) u
other hand, have sterically almost equivalent conformations with
couplingHan eq 1. AlthoughN is a rather small correction (&  the NN bond syn tax and 8 carbons. As shown in Table 6,
factor of 0.914 in acetonitrile and 0.890 for methylene chloride Apm1 calculations get the conformations having the NN bond
at room temperature), it improves the agreement of the optical syn to the adjacent. carbon to be slightly more stable than
with the ESR rate constants. Liptay’'s eq 4 gives results very ipose syn to the adjacefitcarbon. For each of the NN bond
similar to those using Hush’s familiar Gaussian approximation, otation conformations there are energy minima with tive:
about 2% higher for the compounds studied here, leading to pytyls syn and anti. The four diastereomeric conformations for
only about a 0.250.35% change in they, that is obtained;  14yA+ are calculated by AML1 to lie within 0.1 keal/mol of each
we certainly do not knowda to this accuracy® We follow Hush other, so all will contribute to the observed experiments, but
in using Auap = € chy in €q 1 and use Cave and Newton's thejr dipole moments and hende values are calculated to lie
Generalized Mulliker-Hush eq 8t within 0.01 A of being the same. We calculade; from the
dipole moment calculated for localized IV compounds, which
we call d, to distinguish them frond;, estimated by other
means, asl,(A) = 2u4(D)/4.8032, whereu; is the dipole
moment in the electron-transfer direction (calculated here using

(28) Jortner, J.; Bixon, MJ. Chem. Phys1988 88, 167-170. the in-plane components of the dipole vect&i§® Table 7

(29) (a) Gould, I. R.; Noukakis, D.; Gomez-Jahn, L.; Young, R. H.; Goodman, i i i iri
5L Rarid. SChem. Phys1993 176 430-456. (b) Gould, I. R+ Young. contains values calculated using both AM1 semiempirical and

dyy’ = dyy” + 4(lug,lle)’ (%)

to related;,, the electron-transfer distance on the adiabatic

R. H.; Albrecht, A. C.: Mueller, J. L.; Farid, Sl. Am. Chem. S0d.994 UHF/6-31G* ab initio calculations. As we have noted elsewhere,
116, 8188-8199. ; ;

(30) For further discussion, see the thesis of Ageir E. Konradsson, University DFT calculations such as BsLYP are _useless for this purpose,
of Wisconsin, 2004, p 84. because although they partially localize charge, they get the

(31) (a) Newton, M. D.; Cave, R. Molecular ElectronicsJortner, J.; Ratner, i i ;
M., Eds.; Blackwell Science: Oxford, 1997; p 73. (b) Cave, R. J.; Newton, geomemes nearly the same for oxidized and nelhll_;aUnlts,

M. D. Chem. Phys. Lettl996 249 15-19. (c) Cave, R. J.; Newton, M.
D. J. Chem. Physl997, 106, 9213-9226. (d) Newton, M. DAdv. Chem. (32) Nelsen, S. F.; Newton, M. 0. Phys. Chem. 200Q 104, 10023-10031.
Phys.1999 106, Pt. 1, 303-375. (33) Johnson, R. C.; Hupp, J. 7. Am. Chem. So001, 123 2053-2057.
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Table 7. Room Temperature Optical Simulation Parameters for ARAALARAALAARALAARAL AAARLASAR] RAMLARAME RAMRARAMI AARAAARAL AARMLAARI RARRARAR
NA-Bridged Hydrazine Radical Cations 17F 14+, 3
: E o NA" in MeCN

compd  bridge solvent Q Eqp? u®  Hap?® Kopt® E ]
6t  1“NAT MeCN 0.008 12640 3.05 1510 32 16k 3
7t BNAT (CICHy), 0.070 13060 1.71 620 0.9 _F ]
8" 2NAT Me,CO —0.018 13300 3.29 1300 5.2 E Optical ]
8" 2NAT CH,Cl, 0.125 11490 4.46 1410 220 E 3
9t 2ZINA MeCN [0] 14186 0.62 230 0.004 150 e
ayUnit: cmL. P Unit: Debye.¢ Calculated using the, values of Table — ESR _

7 asdhp. 9 At 25 °C, Unit: 16 s7. € Maximum of the simulated SE band. 14F '\.\.\'\. E
which is known from X-ray crystal structures not to be corféct. Lt bbb b b

3.0 3.2 34 3.6 3.8 4.0 4.2 4.4

The UHF/6-31G*d, values for¥PH®, 14XY *, and1“DU* do T (0% K

not show the anomaly of the middle value being the higher than

the AML1 values, but it is still not obvious that they are correct.

A quite different and experimental way of estimatidg is to

use the triplet diradical dication as a modeMWe suggested T T T T T T T T T T

that the average distance between the odd electrons in the  ,54F “NA"in (CICH,),

dication (which we calbesg) is very similar to the concept of ;

the average distance for electron transfer in the radical cation. 13.01

The triplet dication dipolar ESR splitting constab, (cm™1), '

can be converted tdesg using desg (A) = 1.3747(1D"3).
Unfortunately the dication diradicals are too unstable to make 12.0f

the measurement fdfPH2", 14NA2", and26NA2*, but these _

measurements have been made in Osaka for the other com- 1151

pounds of Table 7. The ESR spectrum of trigh&tA2+(SbFs ), E ]

was studied in a 1:1:1 GIEN/nPrCN/CHCI, glass between H T T T ST PO T

20 and 80 K, and simulation of the 60 K spectrum géve= .

0.0095 cml, E = 0.0005 cml. The ESR signal became 1T oK)

stronger at lower temperature, indicating that the ground state Figure 12. Comparison of optically determinekby with kesr for 7*

is a triplet, in contrast t&*DU?", which has a highelfl,, value, (FNAT).

and is a ground-state singfétThe temperature dependence of T T T ' '

the magnetic susceptibility measured by SQUID was analyzed 1 At

using the dimer model &= 1 species, giving an intermolecular 18} CH.Cl, E

antiferromagnetic interaction afk = —19.8 K. The SQUID

measurement indicated a 4% impurity of radical cation. The

ESR spectrum of’NA%"(SbR ™), was studied in a 1:1:1 CH Optical

CN/nPrCN/CHCI; glass between 10 and 80 K, and simulation 1 CH,CI,

of the 10 K spectrum gav® = 0.0065 cm’, E = 0.0 cnT. 1k L-M ]

The ESR signal intensity increased as the temperature was b Me,CO ’“‘**\.\‘\N ESR

lowered, showing that the triplet state is the ground state, as Me,CO

expected for this non-Kekulgubstitution pattern compouriél. 30 35 20 25 5.0

The temperature dependence of the magnetic susceptibility 1T (10°K™)

measured by SQUID was well analyzed using the tripatglet Figure 13. Comparison of optically determinekby with kesg for 8*

model (triplet ground state) witd/k = 33.4 K and a weak  (*NAY).

intermolecular antiferromagnetic interaction ©0.33 K. As

discussed previoushf, better agreement betwe&gsgr andkopt

is obtained using the largedgsg than by usingd,, and we

therefore also use thaksg values for9t and 107,

Figure 11. Comparison of optically determinekhy with kesg for 6%
(MNAT).

ESR
1250

In(k/T)

Optical

16

In(kIT)

from the solvent studies was used for all three compounds, and
as previously discuss€dAG* may be calculated including the
quartic correctiorQ using eq 7.

We used the semiclassical adiabatic rate eq 6 2
1+ Q4 Hap
o AGr=—"2— 4 4= 7)
Kopt = ko240 x 10°%(1,/4) “exp(-AGH/RT)  (6) 1+Q4 A
to calculate rate constants from our optical data. The constant 1€ Optical data as a function of temperature for the solvents
2.40 x 10" corresponds to ahw, of 800 cnTl. 4NA* and used for the ESR rate constant studies are tabulated in the

26NA* have large enough electronic transmission coefficients SUPPOrting Informatiori? and Figures 1313 compare the data
(ke)%d 36that they are indistinguishable from 1.0, and even 9draphically. Agreement is remarkably good for #8A- and

Ts ) .
15NA* has ake Of 0.9 or larger. The 9900 cr /, obtained NA-bridged compounds (a .factor.of 2 in rate .constant
corresponds to 0.69 on the vertical axis). Agreement is also not

(34) Nelsen, S. F.; Ismagilov, R. F.; Teki, ¥. Am. Chem. Sod 998 120,

2200-2201. (36) Similar calculations for all temperatures using the other solvents included
(35) Teki, Y.; Ismagilov, R. F.; Nelsen, S. Mol. Cryst. Lig. Cryst. Sci. Technol., in Table 4 appear in the thesis of Ageir E. Konradsson, University of
Sect. A1999 334, 313-322. Wisconsin, 2004, pp 86127.
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Figure 14. Multiple Gaussian fit (yellow dots) to the optical spectrum
(black) for9™ (3’NA™) in acetonitrile. The red Gaussian is assigned as the
SE band.

bad for the?®NA-bridged compound in methylene chloridis,/

units attached 1,4 on a durene bridge, which led to two types
of pathways that do not involve superexchafg®athways
involving bridge-localized intermediates were calculated to lead
to the lowest electron-transfer barriers. They occur when rotation
about the NN bonds can occur, even using semiempirical
calculations®® Such pathways are excluded by the bicyclic rings
of the Hy charge-bearing unit, which do not allow substantial
NN bond twisting, making bridge-centered cations rather high-
lying excited states. The other pathway calculated involves a
nonadiabatic crossing in which the NN units are almost
perpendicular to the aromatic ring. This is experimentally not
the case forHy-centered compounds and leads to predicted
barriers far higher than those observed experimentally. Our
experiments support a superexchange mechanism for the
electron transfer in which the positive charge is never localized
on the bridge.

kesris 0.93 at 259 K but drops to 0.25 at 324 K because of the Conclusions

difference in slopes. Théesr slopes in Eyring plots are
uniformly smaller than those fdd: It is not obvious that the

ET rates estimated for four naphthalene bridged bis-hydrazine
radical cations vary significantly and show no correlation with

kesr slopes are more accurate; there are significant problemsthe distance between the charge-bearing UtA * has a 100-
in fitting the complex ESR spectra, and although the rate g|g largerkesgthan doedNA* in comparable solvents, while
constant at the temperature of maximum broadening is probablyi4yaA+ has a 2.2 times larger rate constant tHANA* in

rather accurate, problems can occur as fits at increasingly higheracetone. 1 clearly does not correlate witly as it should

and lower temperatures are used. The dat8®A* in acetone

according to dielectric continuum theory (DCT), but for the

give the worst agreement between the optical and ESR ratesglvents studied, it does correlate with a linear combination of
constant for any compound we have studied. This cation is alsothe Gutmann donicity number, DN, and This allows the

by far the least stable of any for which we have attempted to getermination ofl,, which is evaluated to be 9900 cénfor all

measure the rate constant. Optical studies indicate?that "

the naphthalene-bridged radical catiohsdoes not correlate

is less stable in DMSO, DMF, and acetone than in methylene 5t 3|l with the distance between the charge-bearing units as

chloride. We suspect, however, that the ESR rate constantsyyould be expected if dielectric continuum theory worked for
determined at lower temperature where decomposition is lessthese compounds.

of a problem, are likely to be more accurate than the optical
data, which deviate in the direction expected if partial decom-

position had occurre#l. An optical rate ratio obtained fGPNA™

The non-Kekule2’NA™ shows no clear superexchange
transition, consistent with the small rate constant for intermo-
lecular ET which is implied by the lack of broadening

in methylene chloride to that in acetone of 42 (Table 7) is corresponding to ET by ESR, but simulations of the optical
anomalously high; we would expect it to be closer to a ratio of gpectrum demonstrate that there is a weak band where a

4 found by ESR (Table 1).

We were unable to detect broadening corresponding to ET

by ESR for the2’NA-bridged compound, and the optical

spectrum shows why. The optical absorption in the region

expected for the SE band 6f is small, but we suggest that

superexchange transition should be.

Experimental Section

Preparation of the neutral compounds appears elsewhere.
Solvent Preparation: Diethyl ether was predried over KOH and

the tailing of the band at low energy is consistent with a weak used freshly distilled from sodium benzophenone ketyl. Methylene
band. The multiple Gaussian fit shown in Figure 14 produces a chloride and 1,2-dichloroethane were distilled from Gadhd aceto-

weak band of appropriate shape and positigg, = 14 180
cml e =110 M cm?, [Q = 0 because it is a Gaussian] at
323 K in acetonitrile. Analysis of this band produdgs values
of 0.03 x 10® st in actonitrile at 323 K and 0.06& 10* s tin

methylene chloride at 322 K, which are consistent with not being

able to detect any line broadening by ESR.
Discussion

The above analyses have assumed a MarElush type

nitrile was predried using MgSQthen distilled from BOs, and finally
passed over activated basic alumina prior to use.

ESR spectra were recorded using a Bruker ESP 300 E apparatus,
and optical spectra that were recorded were obtained using a Perkin-
Elmer PE lambda 20 double beam grating spectrometer, the concentra-
tion typically being 104 M. Sample preparation for the ESR spectra
was as follows: A long-necked Pasteur pipet was closed at the narrow
end with a Bunsen burner and sealed at the wide end with a septum.
A solution containing the radical cation to be studied was transferred
to the pipet using a syringe, the amount of which was sufficient to fill

superexchange mechanism for the electron transfer, which leadsnly the narrow portion of the pipet. The upper level of the solution
to a surprisingly accurate prediction of the rate constants was marked so as to be able to readjust the solvent amount. The solution
observed using the electronic coupling predicted by the optical was degassed using as gentle a streamzods\possible for 10 min
spectrum. Robb and co-workers have discussed CASSCFexcept when the solvent was methylene chloride, which then was for

calculations on electron transfer within an intervalence bis-

hydrazine radical cation havinggNCH3zNH, charge-bearing

(37) See Konradsson'’s thesis, pp +14L5, for further discussion.

only 5 min to limit evaporation. Following the degassing, the solvent

(38) Fefadez, E.; Blancfort, L.; Olivucci, M.; Robb, M. Al. Am. Chem. Soc.
200Q 122 7528-7533.
(39) Unpublished results of S. F. Nelsen.
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level was readjusted by adding the appropriate degassed solvent to theemperature spectra, the sample compartment was purged with a stream
pipet and mixing slightly with M and the sample then used. of N2 for 0.5 h, following which the spectrometer was connected to a
Preparation of Radical Cations: Variable temperature UV experi-  temperature controller and the samples were cooled to the lowest
ments were run as follows: Suitable Aghl@rystals were weighed temperature used. Two spectra were run at each temperature, and the
out in a flame-dried test tube, equipped with a stirbar. After that, the spectrometer allowed 0.5 h for temperature equilibration between
neutral form of the compound to be studied was weighed out so that temperatures.
the AgNG; amounted to 0.95 equiv of the neutral form which was Calculations: AM1 calculationg® were carried out using Clark’s
then placed in the same test tube as the oxidizer, and the tube thenVAMP program?* The (U)B3LYP calculations were carried out using
was sealed with a septum and purged with The tube was cooled to Spartan’02%?

—78°C, and MC was added slowly so as to allow it to cool before it Ack led Thi K d ible b t
reached the solids. The resulting solution was then stirred overnight at,Acknowledgment. This work was made possible by a gran
full speed to thoroughly break up the Ag@rystals. The following ~ [Tom the National Science Foundation, CHE0240197.

morning, the solution was centrifuged, and the liquid was filtered Supporting Information Available: Cyclic voltammetry data,

throﬂgz ;e"teti.mo an ove?lotl;]ied VOI;.metriC flask. IThle te?} tube \;\;]as intramolecular rate constants obtained by ESR (data plotted in
washe ree imes (OI’ unti € wasnings were coloriess It more than F|gure l), |On palrll’lg Optlcal data fWNO?’_ and 8+NO3_ in

three washings were necessary) with MC, centrifuging, and filtering thvl hloride. simulati ters for th tical ¢
each time into the same volumetric flask. When a different solvent ME!YIENE CNiONCE, Simulation parameters 1or the optical spectra

was desired, a solvent exchange was performed by adding some of thea§ a function ?rf ) temperature & in acetonltrllg, 77 in
desired solvent and blowing ;Nthrough the solution, occasionally Q'ChlorothfaneS n aceto_ne_ and r_nethylene chloride, e@fd
adding the second solvent until at least (usually more than) the total in acetonitrile. This material is available free of charge via the
volume of the volumetric flask had been added. Oxidations performed Internet at http://pubs.acs.org.
in AN were run at 0°C but also allowed to run overnight. JAO54639K
Optical spectra were run on a Perkin-Elmer Lambda 20 double beam

gr_ating spectrometer, samples were pre_pared using oven- or fIame'(40) (a) AM1 calculations: Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F,;
dried glassware, and all solvents were dried and freshly distilled prior Stewart, J. J. Rl. Am. Chem. So¢985 107, 3902. (b) Holder, A. J. AM1.

i i Encyclopedia of Computational Chemisti§chleyer, P. v. R., Allinger,
to use..The cuvettes were a mz’?\tched palr. of quartz cuvettes, and prior N. L., Clark, T., Gasteiger, J., Kollman, P. A., Schaefer, H. F., lll, Schreiner,
to running any samples a baseline correction (autozero) was performed P. R, Eds.; Wiley: Chichester, 1998; p 8.
using the cuvettes with the appropriate solvent in them. After the (41) g'_aﬁk, T';AAEX(':A'Q Btttack,MB:;h/?uikhaéchF.;hC{l%wq?sekh% JS ﬁeccijclack,
appropriate dilutions had been made (typical sample concentrations were T sgainie. TVAMP 9.0 Eriangen, 2003, oo
104 M) the spectrometer was loaded with the cuvettes, and for variable (42) Spartan’02 Wavefunction, Inc.: Irvine, CA.
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