
erally necessary to assume isotropic motion. Mole
cules in the liquid state tumble anisotropically,14 in 
most cases, and the dependence of the 2H relaxation 
times on this' anisotropic motion is not the same as 
that of 1H.16 The angular dependence of the 13C-
1H dipole-dipole relaxation is exactly the same as that 
of the C-D quadrupole relaxation,1415 which makes it 
possible to compare values of T1 for 13C and 2H under 
any kind of anisotropic motion. Table I shows the 
observed quadrupole coupling constants and those cal
culated from the 2H and 13C relaxation times. The 
agreement is excellent, within 5-7 %, with the exception 
of phenylacetylene where a substantial contribution to 
13C relaxation from chemical shift anisotropy is ex
pected. Thus, for small organic compounds, a com
parison of the 2H and 13C spin lattice relaxation times 
provides a facile determination of the deuterium quad
rupole coupling constant and mechanism of carbon 
relaxation. 

(14) (a) W. T. Huntress, Jr., Advan, Magn. Resonance, 4, 1 (1970); 
(b) W. T. Huntress, Jr., / . Chem. Phys., 48,3524 (1968). 

(15) Assink and Jonas (R. A. Assink and J. Jonas, J. Magn. Reso
nance, 4, 347 (1971)) employed a selectively deuterated compound of 
geometry conducive to determination of the dependence of 2H and 1H 
relaxation times on the orientation of the rotational axes. This method 
cannot be used generally, however, especially when the rotational axes 
are not known. 

(16) Visiting Scientist, from the Basic Research Laboratories, Toray 
Industries, Inc., Kamakura, Japan 248. 

(17) Visiting Professor, from the Institute of Chemistry, University 
of Cluj, Cluj, Romania. 

(18) Issued as NRCC Publication 13681. 
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Electron Paramagnetic Resonance Study of Free 
Radicals in an Adamantane Matrix. VII. 
Aromatic Hydrogen Addition Radicals 

Sir; 

In past studies of neutral free radicals in an adaman
tane matrix, the radicals have been formed by removal 
of an atom or group of atoms from the precursor mole
cule,1_17 although we had noted previously that X-

(1) D. E. Wood and R. V. Lloyd, / . Chem. Phys., 52, 3840 (1970). 
(2) D. E. Wood and R. V. Lloyd, J. Chem. Phys., S3, 3932 (1970). 
(3) D. E. Wood, R. V. Lloyd, and D. W. Pratt, J. Amer. Chem. Soc, 

92,4115 (1970). 
(4) D. R. Gee and J. K. S. Wan, Can. J. Chem., 49, 20 (1971). 
(5) J. R. Ferrell, G. R. Holdren, Jr., R. V. Lloyd, and D. E. Wood, 

Chem. Phys. Lett., 9, 343 (1971). 
(6) R. V. Lloyd and D. E. Wood, MoI. Phys., 20, 735 (1971). 
(7) D. W. Pratt, J. J. Dillon, R. V. Lloyd, and D. E. Wood, J. Phys. 

Chem., 75, 3486(1971). 
(8) T. Richerzhagen and D. H. Volman, / . Amer. Chem. Soc, 93, 

2062(1971). 
(9) D. E. Wood, R. V. Lloyd, and W. A. Lathan, J. Amer. Chem. 

Soc, 93, 4145 (1971). 
(10) S. W. Kanick, R. E. Linder, and A. C. Ling, / . Chem. Soc. A, 

2971 (1971). 
(11) D. E. Wood, L. F. Williams, R. F. Sprecher, and W. A. Lathan, 

J. Amer. Chem. Soc, 94, 6241 (1972). 
(12) D. M. Camaioni and D. W. Pratt, J. Amer. Chem. Soc, 94, 9258 

(1972). 
(13) D. E. Wood, C. A. Wood, and W. A. Lathan, / . Amer. Chem. 

Soc, 94, 9278 (1972). 
(14) This paper reports the hydrogen addition radical of cyclo-

pentadiene: R. E. Linder and A. C. Ling, Can. J. Chem., 50, 3982 
(1972). 

(15) R. V. Lloyd and M. T. Rogers, J. Amer. Chem. Soc, 95, 2459 
(1973). 
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Figure 1. Second derivative epr spectra of anilino radical (top) 
and l-aminocyclohexadienyl radical (bottom) in adamantane at 
room temperature. Both samples were from the same batch, but 
the upper one was treated for maximum R • radical and the lower 
one for maximum RH2 • radical as described in the text. 

irradiation of isobutylene in adamantane produced 
some tert-buty\ radical,6 thus at least suggesting that 
hydrogen atom addition to a precursor molecule could 
occur. We have now prepared hydrogen addition radi
cals from several aromatic molecules and have shown 
thereby that this is a general method of radical forma
tion in adamantane. We have found that the details of 
sample preparation are critically important in deter
mining the nature of the predominant radical produced, 
that is, a hydrogen abstraction radical (R-) or a hy
drogen addition radical (RH2-)- The factors in the 
sample preparation which favor R • suggested to us that 
hydrogen atom scavenging by atmospheric oxygen is 
occurring. To confirm this hypothesis we prepared de
gassed samples of adamantane containing molecules 
such as toluene, which can either lose a hydrogen to 
form benzyl radical or add a hydrogen to form methyl-
cyclohexadienyl radicals. The X-irradiation of de
gassed samples produced a large predominance OfRH2-
whereas the samples prepared without the exclusion of 
air produced a predominance of R •. Inclusion of I2, 
which can act as a hydrogen atom trap, in degassed 
preparations then dramatically decreased the yield of 
RH2- but did not noticeably affect the yield of R-. 
Use of adamantane-£?i6 96% D as a matrix for prepara
tion of RH2- resulted in about equal amounts of deu
terium and hydrogen atom incorporation, thus demon
strating that some of the hydrogen atoms are produced 
in the bulk adamantane by the radiolysis and suggesting 
that a very large negative deuterium isotope effect may 
be involved. 

The technique for preparation of R- in cases where 
RH2 • can also be formed involves rapid crystallization 
of the adamantane by cooling a solution of the desired 
precursor saturated with prepurified adamantane6 and 
with air (or even better with oxygen). The recrystal-
lized adamantane is then vacuum filtered almost to 
dryness and X-irradiated directly in air. This usually 
results in >20/l ratio of R-/RH2-. For hygroscopic 

(16) D. M. Camaioni, H. F. Walter, and D. W. Pratt, / . Amer. Chem. 
Soc, 95, 4057(1973). 

(17) D. E. Wood and R. F. Sprecher, MoI. Phys., in press. 
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Table I. Hyperfine Splitting Constants (G) for Aromatic Hydrogen Addition Radicals in Adamantane0 

Radical Temp, K0 
a2 as at a-o 

F 

244 

265 

9.04 2.77 13.25 2.77 9.04 47.85 2.0028 

16.44(F) 2.60 13.80 7.75(F) 9.00(F) 45.66 2.0030 

F F 

F F 

OH 

NH, 

''D 

CH, 

255 

263 

Room 
temp 

18.00(F) 2.70 33.30(F) 2.70 18.00(F) 45.60 

19.35(F) 7.28(F) 13.32 7.28(F) 19.35(F) 45.60 

Room <1.0(H) 2.53 
temp 

13.13 2.53 9.65 

Room 1.96(N) 2.10 13.10 2.10 8.90 
temp 1.85 (H) 

Room 5.10(N) 0.43(D) 13.50 2.80 10.00 
temp 

8.65(CH3) 2.73 12. 0.42(D) 7.15 

44.65 

41.85 

48.81(H) 
7.15(D) 

45.29 

2.0040 

2.0032 

2.0033 

2.0033 

2.0030 

2.0032 

" The hfs quoted are those which give a good fit in computer simulations to the experimental spectra but are thought to be good only to 
±0.1 G in most cases. 

and/or solid substances such as phenol, a vacuum co-
sublimation at ~150° followed by crushing in air was 
found to produce results nearly as good as the above 
method. 

The easiest method for preparation of RH2- in cases 
where R • can also be formed is to place the recrystal-
lized or sublimed adamantane powder, prepared as 
above, in an evacuated die (M). 1 mm) for ~ 1 min and 
press to ~50,000 psi. The resulting pellet is ap
parently impervious to rediffusion of atmospheric oxy
gen and can be handled and irradiated in air. This 
technique usually results in > 10/1 ratio of R H 2 / R - . 
Figure 1 shows the room temperature epr spectra of X-
irradiated adamantane recrystallized from aniline; the 
upper trace belongs to a sample treated for maximum 
R • and the lower trace to a sample treated for maximum 
RH2- as described above. The epr spectrum of the 
anilino radical in the upper trace exhibits a vanishingly 
small amount of RH2 • as evidenced by the lack of lines 
in the wings, whereas the lower epr spectrum is pri
marily of the radical formed by hydrogen addition ortho 
to the amino group, with lesser amounts of para addi
tion radical causing the small outer lines. It is clear 
from an examination of this figure that the relative 
yield of R- and RH2- can be changed sufficiently to en
able separate study of each. 

Benzene, toluene, aniline, phenol, and pyridine can 
all add a hydrogen atom under appropriate conditions 
to form cyclohexadienyl and substituted cyclohexa
dienyl radicals. The hydrogen attaches preferentially 
ortho to the substituent with smaller amounts of para 

addition. The ortho/para ratio is apparently inde
pendent of the amount of hydrogen atom scavenger 
present but is affected considerably by the presence of 
deuterium on the ring. For example, 2,6-dideuterio-
pyridine yields more para addition than normal pyri
dine and toluene-4-d shows less para addition than nor
mal toluene. 

FIuorinated benzenes also add hydrogen to form 
fluorinated cyclohexadienyl radicals. These are ordi
nary 7r-type radicals (the fluorine hfs is about twice the 
proton hfs that it replaces) in contrast to the anion radi
cals of some of the precursors which have recently been 
reported to be cr-radicals with extremely large fluorine 
hfs.18 The hydrogen is not observed to add to a posi
tion occupied by fluorine except in the case of hexa-
fluorobenzene. 

Table I summarizes the hfs of several of the RH2-
radicals that we have studied. The cyclohexadienyl 
radical in adamantane-rfu has the same hfs, within ex
perimental error, as those found by Fessenden and 
Schuler19 in liquid 1,4-cyclohexadiene during continuous 
electron irradiation. The hfs of the other radicals in 
the table, reported here for the first time, show remark
able similarity to the unsubstituted cyclohexadienyl 
radical. A detailed analysis of the rather complicated 
overlapping epr spectra obtained for many of these radi
cals will be published later. 

(18) L. F. Williams, M. B. Yim, and D. E. Wood, /. Amer. Chem. 
Soc, 95, 6475 (1973). 

(19) R. W, Fessenden and R. H. Schuler, /. Chem. Phys., 39, 2147 
(1963). 
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Mixed Valence Spectrum and Cyclic Voltammetry of 
Binuclear Iron Cyano Complexes 

Sir: 

The vast majority of mixed valence compounds is 
represented by polynuclear crystalline compounds.1 

Complexes with only two metallic centers exhibiting in-
tervalence electron transfer spectra have been recently 
studied by Taube and by Cowan.2 In our search for 
simple systems showing intervalence electronic transi
tions, we investigated the reaction of Fe11^(CN)5NH3

2-

with Fe11CCN)6
4-. Job's method3 has been applied to 

solutions containing the two mononuclear complexes 
showing that a binuclear species is formed. Since the 
hexacyano complex of low-spin iron(II) is extremely 
unlikely to undergo ligand substitution, it is assumed 
that the ammonia molecule of the prusside species is re
placed by one nitrogen end of the hexacyanoferrate(II). 
Thus the binuclear ion [(CN)5Fe111NC) Fen(CN)5]6-
is formed, abbreviated as [HI-II]. For preparative 
purposes equivalent solutions of the two mononuclear 
constituents (1 mmol) were passed over an ion-ex
change column (Dowex 50) in the acid form. The re
sulting solution was titrated with an appropriate base to 
pH 7 and evaporated to dryness under reduced pres
sure. Anal Calcd for Na6[Fe2(CN)n] -2H2O: Fe, 
19.5; C, 23.1; H, 0.7; N, 27. Found: Fe, 19.4; 
C, 23.1; H, 1.4; N, 29.1. Identical results were ob
tained by the combination of Fen(CN)5NH3

3- and 
Fe I n(CN)6

3-. 
Aqueous solutions of [III-II] show a moderately 

intense (log e ~3) band at 1300 nm (7.7 kK). This 
band obeys Beer's law at concentrations higher than 
1O-2 M. Small deviations at lower concentrations are 
attributed to partial dissociation of the [III-II] dimer. 
We assign this low energy band to an intervalence charge 
transfer [III-II] -*• [H-III]*. This band is observed at 
the same wavelength in solution as well as in KBr 
pellets of the solid binuclear compound. The assign
ment as charge transfer band is supported by the fact 
that there is no loss of intensity observed upon cooling 
a KBr pellet of [III-II] to liquid nitrogen temperature. 
Evidence for a bridge assisted charge-transfer mecha
nism is furnished by comparing the spectrum of [III-II] 
with the one of a solution containing a 1:1 mixture of 
Fe(CN)6

3- and Fe(CN)6
4-. The extension of earlier 

work4 into the near-infrared part of the spectrum did 
not reveal any band in the 700-1500 nm range. 

(1) M. B. Robin and P. Day, Advan. Inorg. Chem. Radiochem., 10, 
247(1967). 

(2) C. Creutz and H. Taube, / . Amer. Chem. Soc, 95, 1086 (1973); 
D. O. Cowan, C. LeVanda, J. Park, and F. Kaufman, Accounts Chem. 
Res., 6,1 (1973). 

(3) W. C. Vosburgh and G. R. Cooper, / . Amer. Chem. Soc, 63, 437 
(1941). 

(4) J. A. Ibers and N. Davidson, J. Amer. Chem. Soc, 73, 476 (1951). 
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Figure 1. (A) Cyclic voltammogram of 4.5 X 1O-4 M Na6[Fe2-
(CN)n] in 1 M NaClO4, scan rate 0.1 V/min. (B) Extinction coeffi
cient of the 1300-nm intervalence band of Na6[Fe2(CN)n] (4.5 X 
1O-4 M in 1 MNaClO4) as function of the minigrid potential. 

When the asymmetry of the bridging cyanide is 
neglected the results derived by Hush6 for symmetrical 
binuclear mixed valence complexes can be applied. 
The parameters of the intervalence band (v, 7.7 kK; 
e, 3180 M~l cm-1, half-width, 5.1 kK) lead to a de-
localization of the optical electron of only about 3 %. 
In fair agreement with the observed value the calculated 
half-width of the band is 4.2 kK. The small degree of 
derealization shows class II behavior1 of [III-II]. 
Evidence for trapped valences is also furnished by the 
infrared spectrum. Two distinct frequencies are ob
served for the CN stretching vibration at 2060 and 
2130 cm-1 (KBr pellet of Na6Fe2(CN)n). These values 
are to be considered as characteristic for cyano com
plexes of a two- and three-valent metal.6 

The electronic spectrum of [III-II] is very similar to 
that reported for the oxidized form of the dimer of 
Fe(CN)5H2O3-.7 The resulting binuclear species, how
ever, was formulated with two bridging cyanide ligands. 

In order to elucidate the optical and electrochemical 
properties of [III-II], a controlled potential experiment 
was performed by means of a transparent thin-layer 
cell.8 A 0.2-mm flow cell was equipped with a gold 
minigrid9 having an optical transparency of 60 % (500 
lines per in.). The minigrid operates as the working 
electrode in a potentiostatic circuit used for cyclic 
voltammetry within the sample compartment (thermo-
stated to 25 ± 0.1°) of a Cary 17 spectrophotometer. 

Repeated potential cycling from —400 to +700 mV 
(vs. see) showed the binuclear species to be readily 
oxidized and reduced. The overall charge stoichiom-
etry corresponds to 

2Fe3+ + 2e~ : ; 2Fe2+ 

the complex [III-II] being formed as an intermediate 
at potentials near +200 mV/sce (Figure 1). This re

ts) N. S. Hush, Progr. Inorg. Chem., 8, 391 (1967). 
(6) D. A. Dows, A. Haim, and W. K. Wilmarth, J. Inorg. Nucl. Chem., 

21,33(1961). 
(7) G. Emschwiller and C. K. Jprgensen, Chem. Phys. Lett., 5, 561 

(1970). 
(8) A. T. Hubbard and F. C. Anson in "Electroanalytical Chem

istry," Vol. 4, A. J. Bard, Ed., Marcel Dekker, New York, N. Y„ 1970, 
p 129; R. W. Murray, W. R. Heineman, and G. W. O'Dom, Anal. 
Chem., 39,1666 (1967). 

(9) Buckbee Mears Co., St. Paul, Minn. 
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