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The ESR Spectrum of a New Radical UCRL-19007
Produced by the Reduction of SyNy and -Its
Identlficatlon as the Radical Anion of Suﬁhl

Richard A. Meinzer, David W. Pratt and Rollie J. Myers

Department of Chemistry, University of California
-and Inerganic Materials Research Division,. ..
: Lawrence Radiation Laboratory,
Berkeley, California 94720

' Abstract
- At temperatures ‘below 0°C, chemlcal or electrolytic reductlon of
h ly in tetrahjdrofuran produces a n1ne 11ne ESR spectrum characterlstlcv
of'a‘radlcal'w1th!four equlyalent nltrogens. The isotropic spln- '
Hauiltonian paremeters obtained from the observedﬂspectrum, A(luN) =zi.185 G
‘and g = 2.0006, are significeutly-differeﬁt.from those fouud by Chapman
‘fehd Massey, who produced a nine-line speotrum by room tempersture
reduction of S)+ L and a331gned it to the radical anion SMNL Theoretical
comparison of the g—values-and'luN hyperfine coupllng constants of both
nine—line radicals shows thst only the low temperature_specles has .the
‘ chdracteristics expected for ShNh—. This interpretation is Supported‘
by the-observed chemical behavior of the low temperature redical, which

‘ decomposes at hlgner temperatures with a serles of products which appear

~ to be Pprecursors of the radlcal found by Chapman and Nassey
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Inﬁroduction

" When tetrasulfur tetranitride'(ShNh) is reduced by alkali metals

in dimethoxyethang at.room temperature, a séries_of color changes oécur.
These cbloréd products were first investigéted with'electnbn spin.resonance
by Chapman and M’a.ssey2 (CM). They observed a weak ESR spectrum,ﬁith nine
well—résolved hyperfine components. . From the number and,relative intensity
.of these lines, the‘spectrum could be assigned to a radical containing |
four equivalent.nitrogenSQ It was sﬁggested by CM that this radiéal was
déiived from the cyclic SHNﬁ byﬁa simpie one-electron reductioﬁ. Since
aromatic’hydrocarbéns readily form radical anions, it seemed reasorable
that ShNL would also, and CM assignéd their spectrum to ShNn'.‘ |

OCur attenﬁion was drawn to this problemﬁwhen Jolly and Ray supplied
us with several sémples of ShNL ﬁhich had been reduced byithe.addition
of sodium.naphthalenide in tetrahydrofuran (THF)vat'robm tempeiatuié..%
" Instead of a single ﬁine-lihe radicai, Wé bbsérvéd3 a variefy §f radicals.
With fhe controlled reduction which was.ﬁade éoséible by the‘usg of
sodium naphthalenide, we firét'obServed three-line and‘five-line radicals..
Such‘speétra indicate apprQCiable hyperfiné interaqtion‘with only‘one or
tﬁo_nitrogéns. " Only after considerably more than one équivaleﬁf éléctron
rwaS‘added did we dbservé the nine-line species feported b& CM, and in “'
:addition, this speétrui'was significantly Weaker'ﬁhan those described
abo?e. | | | . ’ |

In fhis work, the applicétioh of the contfolléd'reduction tecﬁniqﬁe

to THFsolutions of SHNL at temperatuies below 0°C is described..
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" A new nine-line species has been detected under these conditions, and at

temperatures above 0°, it decomposes into a number of radicals including '

those previously described. On the basis of this behevior and supporting
theoretical arguments, the l@w-temperature'spectfum‘has:been éssigned to
the radical anion of ShNL. It is further concluded that the CM radical

is a different species which is formed following the decbmpoSitibn of

;'ShNﬁ uhdervreducing conditions.

- Experimental

The.iE‘EEEE electroiytic reduction'experiments #ere pérformed using

a cellAﬁhich has been breviously described;h Tt was cooled with a

étream of cold nitrogén gas, and several volts ﬁere applied'ﬁétween the

platinﬁm'electrodés during electrolysis. .Cérefully pﬁrifiedband‘degasséd

THE was used as a solvent;loflM tetrabutylammonium perchloraté'was ﬁsed
 ‘és the electrolyte; ‘The potgssium reductions were cérried ouﬁ iﬁ'a

vééﬁum apparatus which allowed smali amdunts of potassium metai dissolved
* in THF to react.with’SuNh- During this rééction, the sample«waé ke?t

below room temperature. ESR measurements were performed at 9 GHz using

100 kHz field modulation; all spectra were displayed as first derivatives.

Results ,..

~ The ESR spethum of the radical forned byvelectrolytic reduction of

ShNﬁ at -25° is shown in Fig. 1. Thisvspectrum was recorded using the

part
W
},_I

digital method described by Bauder and BWers.s Smoothed experiment
- points are shown as crosses in Fig. 1. . Also shown is a solid-line

{
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'1east-squares fit‘which assumes four eguivalent th nuclei in the
rédicéi, each with nuclear spin I = 1. This fit follows the.experimental_
data very accurately as is illusﬁratea by the error curve (on an expandea
‘scale) in the lower.portion of Fig. 1. A similar spectrum can be
préduced Ey careful low~temp§rature"chemical reduction.

Because of the low conductivity of the solutiéns, only one or two
uA of current are passed through thé ¢ell. The nine-line spectrum can
‘ first be clearly observed, with norinal spectrometer sensitiviﬁy, aftei
about three minutes of electrolysis at -25°; Sinqe the nominal spectrometer

sensitivity is approximately 10710

to 1072 moles of radicals, these
" results are consistent with about one radical per electrén of reduction.
After about 30 minutes of'electrolysis at -25°, the radical

‘concentration appears to reach a steady-staté; At higher temperatures
the radical decomposes.rapidly,‘and above O°;rvery little of this species
can bé deteéted. In the chemical redﬁctionféxperiments near.-25°, othéf
radicals préviousl& observed at room témperature3'are also detected
qullowing the appearanée of the nine-line spectrum ﬁhen more potassium
isiédded. Observed first is the superposition of the nine-line spectrum
with a three-line spectrum; with further reduction the ﬁhree-line
spectrum'disappears and is réplaced with a five-line spectruﬁ; bfhis~is
'_exactly‘the ordér of appearance observed at réom'temperature;.except
'that fhe nine;liné_spectrum shown in Fig. 1 cannot be detéctea. This.is
:to be expected f;om its absence during electrol&sis above 0°.

- The gévalue, hyperfiné splitting constant and lineyidth of the
nev nine-line radical chanse little with temperature over the:rangc -25°

to -~90°. However, the addition of souwe excess Shnh to the solution
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. produced an increase in the linewidth of the spectrﬁm, and a linewidth
of 0.8 G wvas oﬁtaineds This result is indicéﬁivé of rgéid electfon
'..éxéhange between the ?adiéal‘and the parent SuNh{ -Sgch exéhanée re%ctigﬁé
“have been observed betwéen arométic fadical anidné and théir diamagnetic
precursors and it is.generally assumeq_that faéﬁ exchangé is possible i

. ‘ ' N :
~only if the anion and the parent species have similar gedmetries. The
:existénce of this concentration broédéning of‘thé nine—line:radiéal is

therefore good evidence that the radical is SMNL_ in which the ring

:structuré of SHNL is kept intact.
Discussion

- Table I lists the ESR parameters 'of the nine-line radical observed

. in this work together with thése Qbserved,for ﬁhé room temperature species'
by :CM. It is useful fo‘comparé_thevresults'for'the two radicals with .
-‘-ehose,observed for related species; Considering first'the Aévalues;'

if the unpaired electron in the CM radical were localized on‘bnly one

i ofithe four:nitrogens,'fhe th coupling éoﬁstant'would be fou¥ times .

as large oriébouf 13 G. Similarly; for our low temperature radical iﬁ

.. would be about SIG. Coupling constants close to 13 G have been observed -
o : -
2 7

ON(SO3)2“2 and a number of organic nitroxides.

. : : L - .. 6. -
for many other nitrogen-containing inorganic radicals such as NO

. . =D - '
Aﬂ.N(so3)2,., NH(so3)2 ,
On the other hand, the NO, radical has an A-value of about 50 G.

' L) ' o

Smaller values of the lFN coupling constants can be expected for those

. radicals whose odd electron occupies a molecular orbital. _The isotrépic'

coupling constant depends almost entirely on the extent of the s orbital

"Participétion invthé'luN'wave function and this is necessarily small
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TABIE I.

A COMPARTSON OF THE

TWO NINE-LINE RADICALS FROM SN

‘Radical Produced by Reduction EE:

Room Teniperature Low Tempersture
(Chapman and Massey) (-25°, our work)
Hyperfine coupling- - 3.22 0 1.185
A(luN) in gauss o " +0.0L .7 40.001
Line width-AH in gauss ~0.3 : 0.46
g-value | o 2.006 2.0006

$0.001 £0.0001
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for a“n'radical} " In contrast, for o radicals like NOQ, largerfluN

caiculétiqns.by Cramer and Dra.go7 support thisiview for N02 and othér
‘g radicéls; If the odd electron is in é % orbital, some s character will -
“.'be;mixed into_the wave fﬁnétionvby éleétroﬁ—électrbn repuisiqn,vénd,the
_ :esuifing s orbital épinbdenéity bréduces ajnon&zeré isotrépic cQupling
éonstant. Tﬁisvmechanism'hé;.béen discussed-in detail*by_Karblué and
:Fraénkelsg‘ As‘a result;of thé bélancing effects of thié'spin polarization,
a th A;vélue iﬁ the range 5-15 G is 6ftén_dbserVed in such cases. On
‘ thé.basis of ﬁypérfine coﬁpling, it appears tbaﬁvboth nine—line_radicals
;have their unpaired electrons in n molecular orbiﬁals.with only a small
vamounﬁ'of.s orbital'participa%ion. | : L h S
The g—#alue of thé room femperatureﬁspecieé is slightly laréer than

?3'that of the free electron, 2.0023. The isotropic g-valueS»fof NOQQ_

gnd the other radicals listed above are also 2.006 * 0.001, whereas
.}for N02 it isvless than the free electron value and close to 2.000. The
difference between these two cases is of particular importance for a
similarvg-Value change ié one of the major diffefénces betweén.the two
radicais in Tabié I. | | :
A lineér 0-N-0 moiécule woula beua 2H radica], and the oq&‘electron
would be in a % orbital ﬁith two-fold orbital degeneracy. When the

 {molecu1e bends, to form its lowest electronic staﬁe,;this cyiihdrical

9

fiﬁ orbital splits into onevof a., symmetry and one of b, symmetry.

1 1

~The odd electron has a lower energy if it étays in the a, orbital and

1

1 While the al orbifal is derived from

-& cylindrical n orbital in the linear case, it has no node in the

-the ground state of N02 is 2A

“A-values can be expected;beéaﬁse of large s orbital participafion. Recent
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molecular plane, and it becomes a 0 orbital when the molecule bends.
The result is that N02, as we indicateq‘previously, is a 0 radical. In

NO e- on the other hand, the ﬂwo additional electrons fill the a. and

2 1
'the odd electron is in the bl orbital. This orbital has a node in
the molecular plane and NO 2- is a w radical.

2
The shift of the g-value from 2.00%3 depends upon matrix elements

of the electronic orbital angular ﬁomentum between the odd electron_
orbital and all the other orbitals in.the molecule. If the more
.important terms.a;e to orbitals of‘lower energy, the g-value will be
| greater than 2.0023, and if they are to higher energy orbitals the

“g-value will be less than 2.0023. In NO the g-value is less than the

2
.free electron value primariiy because of a matrix element of the orbital
“angular momentum betweén the ay and bl orbitals. The séme matrix element
also s;rves to insure that NOQQA has & g-value greater than that of the
~free electron.

This comparison can now be extended to the two nine-line radicals
derived from SuNh‘ Both the g- and A-valugs obtained for thé robm
temperature radical are consistent with it being a fypical  radical.

- As iong gs the stoichiometry is unknown, it is meaningless to propése

an actual structure'for.this radical. The ESR parameters do suggest,
hdwever, that the bonding in the room temperatire species is not greatly
-different from that found in ordinary nitroxide radicals. It is interesting

.to note that the other radicals formed3 by the room temperature reduction

of ShNh also seem to be of this type.
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The low temoerauure rad:cal has botn a small hypeﬂxlne coupling
) I

constant and a g-value which is less than that of the free electrou. If
this radical is derlved from Sh L by t%e sinmple addltlon of .one elechou:
l, then these two propertles snould be coTslstent w1th the falrly well
'establlshed electronlc structure of Sh h ‘Turner andeorulmerlo have.
idone an extended Hﬂckel molecular orbltal (HMO) calculaulon for Sh R
‘These calculatlous 1nd1cate that w1th a ng pornt group, the lOHeSu
unoccupled orbltal has E symgpetry; in Sh h , this 1s presumably the
orpital occupiedvby the unpaired electron, Assuming‘that the :E orbital
is made up of,a linearvcombination of 2s and 2p orbitals, the orbital
coefficients obtained by Turner end.Morﬁimerl;‘showvthau'the contribution
. of the 2s nitrogen orbital. is small, but non-zero. This'suggests thaﬁ
‘o the_isotropic th coupling constant in SuNﬁ- erises from a mlxture of
directland‘spin polerizatioh contributions.' The small Afuslue_observed :
for the low_teﬁéerature species‘would require a partiallcancellatioo of
fhese.cwo coutributions; this is_quite possible since fhey nay be opposite
in signr The HMO calculation aISO'iudicates that the E—orbital iS'larGely
:delocallzed w1th about equal contrlbutvon from the sulfur and nltrogen
i orbltals. Consequently, spln polarization of the JhN 25 orbital by the
‘_adjacent sulfur spin density should be importaﬁt and it 1svall the more
probable fhat some cancellation could,occur for the spin uensity.

Slnce the 0dd electron in S)+ 4- would occupy an E orbltal the
ﬁJahn~Teller tneoryle should require the: radlcal to hdve a symmeury
lower toen fhat of the or1g1n1] Shli. Symmetry con51derat10ns sugaeét
that the D2d poin symmctly be reduced by a dlstortwon covrcsnordwno to v

1

~either a bl or b2 syrmetry coordinate of the group D2d' As a res ult,

:\)
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'ithe odd electron would occupy a non-degenerate orbital of a new point
group. If the distortion is along a bl symmetry coordinate the point

- group isvreduced‘to CQV’ wvhile if it is along b2 the group would be D2.

The ShNﬂ- with Cév symmetry would have four equivalent nitrogens, but it

would have two sets of two equivalent sulfurs. With D, symmetry the
sulfurs would be allvequivalemt, but the nitrogens WOﬁld fell in pairs;

The observed th hyperfine pattefn'shows-that all four nitrogens
are exactly equivalent or very nearly equivalent. As a result.we must con-
clude that either ShNh has C symmetry or our simple Jahn-Teller |
considerations are not correct. Since the sz symmetry-requires that there
be two palrs of equlvalent sulfurs, 338 hyperfine coupliné would be _
partlcularly 1nformat1ve Such experiments are in prOHress

The g-value shlft for Sh h- can be nlcely explalned by .a Jahn Teller
distortion. In the D2 -901nt symmetry the matrix element <vE|LZ|E > _
for ﬁhe electronic orbital angular,momentum is non-zero. With a
“jahn Teller dlstortlon thls matrix element 1s reduced to one between
the odd electron orbital and the lowest unoccupled orbital. As a result,
the g-value calculation for a distorted SuNu- is similar to that-for.NOQ,
and one would expect that a distorted S#Nﬁ would have a g—velue |
less than ﬁhat of the free electron. It is always difficult to Judge
the extent of the Jahn-Teller disﬁortion, but if the distortion vere
very small the matrix element which would deﬁermine the g-value would
also give a very SHort electronic spin-lattice relaxatiom time. As a
result of toesc consideraﬁions, it seems most likely that the Jahn-Teller
distortions in SMNM— should be feirly large. Furtﬁer work should be

done on this interesting Jahn-Teller case.
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' The ESR Spectrum of the Low Temperature Radical - The expérimental points
shown as crosses have been fit by least squares to-the theoretical smpoth -
curve following the method of Reference 5. . The parameters were: v
_ The lower error curve :
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