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Electron Spin Resonance Spectra and Conformations of Group 2 Ion 
Complexes with a Semidione Ligand 

By Marina Brustolon, Luigi Pasimeni, and Carlo Corvaja," lstituto di Chimica Fisica, UniversitB di Padova, 
Italy 

The triplet states of the complexes formed between the semidione 1,1,4,4-tetramethyItetralin-2,3-dione and 
Be2+, Mg2+, Ca2+, Sr2+, Ba2+, Zn2+ have been studied by e.s.r. spectroscopy in frozen solutions of 2-methyl- 
tetrahydrofuran. The e.s.r. spectrum of [Al(tmtd),] [tmtd = 1,1,4,4-tetramethyItetralin-2,3-dionate(l -)]  has 
been attributed to a quartet state. The zoro-field splitting parameters for the [ M (tmtd) 2] complexes have been 
obtained and compared with those calculated by electron dipole-dipole interaction for a number of conformations 
of the complexes. The conformations giving the best fit are reported. The discrepancy between experimental 
and calculated zero-field splitting parametersfor the complexes of Sr2+ and Ba2+ has been explained by an additional 
spin-orbit contribution. 

RADICAL anions formed by the reaction of bivalent and 
trivalent metals in solvents of low dielectric constant 
with aromatic compounds may give rise to ionic aggrc- 
gates such as triple or quadruple ions. A number of 
triple ions formed by a bivalent metal and two radical 
anions in a triplet state have been studied by e.s.r. 
spectroscopy.l9 

Rigid glass solutions provide e.s.r. spectra from which 
the zero-field splitting parameters D and E of the 
electron-electron dipolar interaction can be obtained. 
These parameters depend on the geometry of the ionic 
aggregate and on the radical anion spin-density distri- 
bution. When the latter is known, i t  is possible to 
compare the calclilated zero-field splitting parameters for 
different geometries of the complex with the experi- 
mental ones. If the radical anion is a bidentate ligand, 
solvent molecules play a minor role in determining the 
molecular arrangement of the complex around the metal 
atom and possible geometries of the complex can be 
easily identified. Moreover, when the n system in the 
ligand is spread over only a few centres, a reliable spin- 
density distribution can be obtained by symmetry 
considerations and from the hyperfine coupling constants 
in the radical anions. 

In  this paper we report the details of an e.s.r. study on 
the complexes formed by the reduction with 211, Be, Mg, 
Ca, Sr, Ba, and A1 of the aliphatic dione, 1,1,4,4-tctra- 
methyltetralin-2,3-dione, 7 whose radical anion has the 
unpaired electron spread over four atoms. The two-fold 
symmetry of the spin distribution allows the spin 
densities to be determined through the l3C hyperfine 
coupling constants of the uniradical in liquid solution. 
Hence, a valuable correlation between the zero-field 
splitting parameters and the structure of the complex can 
be achieved. 

EXPERIMENTAL 

1,1,4,4-Tetramethyltetralin-2,3-clione was prepred  by the 
method of Bruson et aZ., from 2,5-dihydi-oxy-2,5-dimetii).l- 
hex-3-yne (K. and K.). 

The reduction to tmtd, with all metals but Be, was carried 
out by shaking a metal-mercury amalgam with a solution 

of the &one in 2-nietliyltetraliyclrofuran ca. 1 0 - 2  niol 
under vacuum. 'llie solvent was purified and stored in the 
usual way. 

The ion pair with Li was obtained by reduction under the 
same conditions with sniall pieces of tlie metal. 

The [Be(tmtdjz] complex was obtained by treating BeC1, 
with tlie tmtd uniradical obtained by reduction with a potas- 
sium n ~ i r r o r . ~  

RESULTS 

The e.s.r. spectra of frozen %-metliyltetraliytlrofuran 
solutions of the tintcl seniidione complexes with tlie bivalent 
metals are typical of randomly oriented triplets.5 Zero- 
field splitting parameters were obtained by computer 
siniulation of the spectrum when a superposition of e.s.r. 
lines due to different complexes occurred, or simply by 
measuring distances between e.s.r. lines in the other cases. 
A typical spectrum with tlie corresponding siniulation is 
sliown in 1;igure 1. The results are collected in Tables 1 
and 2. 

Only one type of complex is formed with Be, Ua, ant1 Zn, 
four types with Mg and Ca, and three with Sr; in most wscs 
a non-vanishing 1,' value was observed. A regular decrease 
in the zero-field splitting parameters witli increasing ionic 
radius of the metal was observed, with the exception of the 
complexes of Sr2-I and Ba2+. In fact, tlie 11 value of tlie 
latter complex is larger than that of the former ('l'able 2) 

The complex with A1:''- exhibits an e.s.r. spectrum with 
similar features to tliose of bivalent metal complexes. How- 
ever, the very large field separation between the outermost 
absorption peaks (7  12 G) that corresponds to 2D in a triplet- 
state spectrum suggests that tlie c . s . ~ .  spectrum observed 
for the aluminium(Ir1) coniplex is more likely to be associ- 
ated with a quartet-state complex as discussed later on. 

In  order to obtain the spin-density distribution in the 
tmtd semidione, we examined its liquid solution e.s.r. 
spectrum after reduction by Li in ethereal solvent. 'L'lie 
spectrum consists of a quartet due to the hyperfine coupling 
of the unpaired electron with the 7 ~ i  nucleus, I = $. ~t 
the wings of tlie spectrum much weaker e.s.r. lines due to 
radicals containing a naturally occurring 13C nucleus 
coupled to the unpaired electron were detected. Two l3C 
hyperfine coupling constants were determined with nl,G = 

4.8 and 1.6 G. 

dionatc( 1 -). 
t lI1,4,4-Tetrainethyl- 1,2,3,4-tctrahydronaphthalene-2,3- 
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DISCUSSION 

Spin-density Distribution and Conformation of thc Uni- 
radical.-As reported above, two 13C hyperfine coupling 
constants of 4.8 and 1.6 G were detected. The latter 
value was attributed to that of a carbonyl group, by 
comparison with other aliphatic semidiones6 

By using the semi-empirical relation (1) one obtains 

ac,(: (sc + eccc + ecoC)Pc + ~ ~ ~ ~ ( 0 . 5  - Pd) (1) 
p(; = 0.29, in agreement with tlie p(; values usually found 
for aliphatic semidiones, which are in the range 0.28- 
0.30.6 

The largest l3C hyperfine coupling constant corres- 
poiids to tlie methyl position and possibly also to the 

~ I ( ; I I K I <  1 1Cxpt~iuiciital (a) ;iii(1 c;ilculiitc*ct ( h )  t'.s.r. spcctra o f  
the [Sr(tintd),J coniplcxcs i l l  irozc.ii -'-iiicthvltc.tr;iliytlrc,fur~iii. 
I Iic arro\vs show the c.s.r. lilies due to conlorination 11,  riot 

i ~ i c  I u decl i 11 t lie s i iii u ILL t ion 
, I  

13(' i n  thc a position with rcspcct to tlic carbony1 carbon 
atom. Tlic 13C atoms in tlie nietliyl groups ;ire in  tlic p 
1)osition witli respect to tlie carbons bearing spin density. 

' h e  seiiii-empirical relation (2) giving tlie liyperfiiie 
coupling coiistaiit of tlie p carbons is well known where 

up(: = Up,:cos20 (8) 
I {  is ;i par;iiiicter depcndiiig on the nature of tlic coin- 
lwuiicl, p c '  is the x spiii density on tlie trigonal carlion 
atom, antl 0 is tlic dihedral angle between the axis of  the 
2p,, atomic orbital of the C atom and the Ca-Cp bond. 
Tlie hyperfine coupling constant of the p carbon atom was 
nieasured by Russell ct aL6 for tlie 3,3,5,5-tetrametliyl- 
cyclopentane-1 ,Z-semidione wliicli is certainly planar 
and hence has 8 = 30". From their value of 5.9 G, one 
obtainsBpc = 7.9 G. 

In the tmtd case, the dihedral angle obtained by 
relation (2) with Bpc = 7.9 G is 39", which does not 
correspond to any usual conformation for six-membered 
rings. We believe instead that the tmtd radical inter- 
converts rapidly between two equivalent half-chair 

TABLE 1 
Experiniental zero-field splitting parameters and 

conformational parameters of the [M(tmtd) 2] complexes 
Conform- X O M  O ~ C /  Ro + & f r /  

A1 l l /G  E /G ation h o A 
IZc 91 1 3  1 v 1.91 60 1.71 

11 2.16 90 
v 2.13 0 3.06 Rlg 81 

216 7 I 2.11 0 
232 7 1 2.06 0 

%I1 65 f I1 2.20 '30 2.0'3 
46 f I1 1.67 90 

c a  130 1: + O f  I 2.54 0 2.34 

Sr 41 11 2.83 90 2.60 

07 fl 

130 I I  # O f  1 2.50 0 
170 0 111 1. J.3 !I0  .) 8 * 

154 fo 111 2.47 90 
a Obtainctl by comparison ol cxpcrimcutal antl  calculated 

zcro-fcld splitting paramctcrs (scc text), See Figure 2 .  
Distance bctwcen the cation and the nearest oxygcn. Anglc 

bct\vccn the planes of thc two TC distributions. See 1;igurc 2. 
Siim o f  the van der Wads radii of the oxygen atom and thc 

cation. f Not determined. 

conformations in which 0 for cach nietliyl carlmi would 
correspond alternately to 0" and GO", wit11 Iiylm-fiiic 
coupling constants of 7.9 and 2 G rcspectively. Tlic 
iiican value of 4.9 G is in excellent agreement witli tlic 
experiment a1 value. 

Further support to tlie interconversion lictwccn tlie 
two conformations might be obtained by following the 
13C hyperfine coupling constant dependence on tempera- 
ture, liut this was prevented by a severe decrease in the 
intensity of the e.s.r. lines on decreasing the teinlier' ci t urc. 

Con formations of the L'ivndical Coirz)Zrxes.--In ort1c.r 
to explain the different zero-ficld splitting for tlrc 
different types of complexes listed in  Table 1 ,  we cal- 
culated the I1 and E values for different geonictries of 
tlie complex. The method of calculation is described 
el~ewliere.~ I t  involves the calculation of t lie dipolar 
interaction between point dipoles placed at  tlie points o f  
maximum density ( t 0 . 8 3  along tlie z axis of the 2b 
atomic orbitals tli;it forin tlie x inolecular orbital). 

We startcd by a:;suming that the oxygen- nietal b o i i c l  
liad a lciigtli fairly close to the suin o f  tlie vaii der  Wrials 
radii ol the t w o  atoins, as oljservcd for siinilar coiii- 

Of several coiiioniiatioiis checked for eacli c~niplex, 
only one allowed us to fit both tlic experimental D and E 
values. l'he selected conformations are shown in 
l'igure 2. In conformations I1 and V,  thc semidione 
behaves like a unidentate ligand, wliile in conformations 
1 and 111 it behaves as a bidentate ligancl. These latter 
conformations are usually found in hiradical complexes 
of non-transition bivalent  metal^.'^^ In the barium and 
strontium cases the two conformations I11 and I, 
corresponding to perpendicular and planar conformations 
of the two x distributions in the two radicals, have similar 

plexes.2 
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concentrations, as already found for the analogous com- 
plexes of the isoelectronic di-imine radical anions., In 
the case of the magnesium and calcium complexes, two 
planar complexes are formed having slightly different 
distances between the two radical anions. We attribute 

~ ~ I C I J R E  % Conformations of thc coiiiplcxw giving tlic Ixubt l i t  
1)etwcen the experiment;tl and calciilattd 1) a n t 1  fi v a l ~ i c ~ ~ .  0 
is tlic angle of rotation of a tnitd- radical with rvspect to tlic 
other one around the dashed line 

this different distanctl to a different intrractioli lwtween 
tlie inethj.1 groups of the radicals in these two coml~lexes. 
I n  fact, the biradical complex belongs to tlie C,,. or C,I, 
synimetry point group since the two r;idical\ i n  tlie half- 
chair conformation have metlij~l groups cclipsctl ant1 
staggered, respectively. The interaction ht1twcc.n thta 
non-bonded atoms in  tliv two cases can bc sufficiently 
strong to account lor tlie slightly diffcreiit distances 
between tlie two ligands. 

I n  the planar complexes of tlic ldrgtst ions Sr2’ aiicl 
B3a2 k, the inter-radical distances are inclcpenclvnt of the 
conformation.; o f  the two radicals, and tlie e.s.r. sl)cctra 
of tlie two specie, i f  h t l i  arc prcseiit, coiiicitle. 

One interesting fttature observed is tlie differencc in  
the zero-ficld splitting parameters betwtxn the planar 
and the perpendicular conformations of tlic sanita metal 
complex, this difference being small for complexes of tlie 
lighter cations arid increasing with tlie atomic weight of 
tlic metal. A similar feature was observed in  the di- 
iinine radical anion complexes and it was attributed to a 
spin-orhit contribution to the zero-field splitting para- 
meters., Our present results confirm this interpret- 
ation. In fact, the calculation of D and E based on the 
pure dipolar contribution in the planar conformation did 
not reproduce the experimental values, using as tlie 

oxygen-metal distance the sum of the van der Waals 
radii. However, the addition of a spin-orbit contribu- 
tion could explain this discrepancy, as will be discussed 
later on. 

The conformation of the beryllium complex is different 
with respect to all the others (conformation I V  in 
Figure 2).  This may be due to a compromise between 
the tendency of Be orbitals to reach maximum overlap 
with lone-pair oxygen orbitals and the steric hindrance of 
the two radicals due to the small ionic radius of the 
Re2 + cation. 

Stviictwe a d  Coizfovnzatiora of the Alztnai~aiu~ Com$lex. 
--If we altribute the e.s.r. spectrum of the frozen solution 
to a triplet species [Al(tmtd),]+ its apparent 11 value 
should be 356 G. This value is too high to be explained 
by any biradical conformation. A triradical aggregate 
i ill(tmtd):,] in a quartet state niiglit, however, be 
responsible for the observed spectrum. In fact, a 
cpiartet-statc system in a frozen solution exhibits an e.s.r. 
spectrum very sitnilar to that of a triplet state, apart 
h n i  an absorption line at  the centre of tlic spectrum.* 
In our case, thc central quartet line might be present 
but obscured by tlic very intense c.s.r. line due to a 
clonhlet specips that we detected in the e.s.r. spcctra of 
all tlir: complexes. In a quartet-state spectrum of a 
frozcn solution tlie parameter D is equal to a quarter of 
the field separation of tlie outermost absorption pe;tks, 
wlicreas in a triplct-state spectrum I )  is given by one 
I i d f  of tlie saiiie field separation. This iniplics tltat in 
tlic 1 ill(tmtd),] complex the zero-field parameter I> is 
178 G ,  a value that compares well with those of other 
coniplexes forinctf by tmtd. 

S$in-Ovbit Coutvibution to thc Zcvo-Jicld Splitting 
PavamL’trrs.---Triplet states can be mixed by spin-orbit 
intera(.tion ivitli ntmby singlet states. ?’his mixing 
gives riw to ;I tcrm in the spin Haniiltoiiian that has 
the saiiie forin as the spin-spin dipolar i~iteraction.~ 

In tlic following discussion, we will conhider only the 
strontium( 11) complexes, which show tlic maximum 
dcviatiori l x h v m  calculated and experiniental zero-field 
sl)litting. Rloreover, w e  will consider tlie mixing between 
tlie scniitlionc orbitals and the strontium 5 p  orbitals 
onl!., since tlie s1)in -orbit contribution to the zcro-field 
splittiiig prtr;meters due  to the mixing with the i d  
orbitals V X T ~  bc neglected, as discussed later on. 

planar complex, tlie triplet state 
can be ckxribtd bjr the wave function ’ 4 ~  =z l+o$&n$n’], 

where +v -- A ~ ( c ~ ~ ~ ~ ~ ~ ~  -1- ~~0 4- 1z2(’ - 1z3” - 1zq0), an -= 

N’(c l -~ l f )  ) -A1 1- xg -1- r,;), $,r’ = 2 $(rLi - rrc<)  ; I I , O  represent 
tlic oxygen lonepair orbitals, n-1 ant1 are tlie ligand x 

niolec.ular orbitals of the two unpaired electrons, and $,/)* 
mid p2I1 are the 5p stront‘iuni orbitals tliat arc allowed to 
be niixcd witli, respectivcly, xi  and xIi orbitals and with 
tlie oxygen’s lone pairs through coefficients c,/h* and ctRr 
(1;igurt. 3).  

The closest in energy singlet-state wave function that 
can be mixed wit11 3~ is found to be that given in ( 3 ) .  

I n  the K -Sr2 r - IC  
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Since the spin-orbit coupling constant of strontium in 

the 5p2 configuration is far larger than that of the other 
atoms in the complex lo the spin-orbit coupling Hamil- 
tonian can be expressed simply as (4). Straightforward 

X c j O  = AsJ . s (4) 
application of second-order perturbation theory on the 
basis of 31+h and lI+h with the perturbing Hamiltonian (5 )  

A \ iiz i 

I'1c;rlRE 3 The Lsi (iiiltci),] p l ana r  coriiplcx 

leads to the spin Iiarniltoiiian (6) l1 a id  the cxpcrimental 

3' = X S O  + (g,S -\ t) . 13 (5) 
.XS = - pR . g . s + L)S()SZ2 + E*(,(S,,2 - s ?I 'L ) (6) 

mro-field splitting parameters for the strontium planar 
complexes are given by D,,,,. = & + n,, and EeXt,. == 
.Ess + E+(,. The spin-orbit contributions I>so and E,o 
are given by (7) and (8) where 12kk = (3$1Lnl- 

'9) (11+hlL~l*3/~~) (K = x, _v, or L) and A!? = El$ -E3+ 

We fourid that &, = .Izz = 0 by symmetry, and 
equations (7) and (8) reduce to (9). 

(9) 

Evaluation of the DSO and ESO contributions to the 
zero-field splitting parameters through equation (9) 
was not carried out because of the lack of a reliable 
estimate of the quantity which depends on the 
amount of mixing of the strontium 5p orbitals with 
tmtd orbitals. Nevertheless, we expect that according to 
equation (9) DSO and Eso have the same absolute value 
but opposite signs. 

On the assumption that the oxygen-metal distance in 
the strontium complex, as for the other complexes, is 

equal to the sum of the van der Waals radii of the two 
atoms, then D,;;s and Ess contributions can be calculated. 
For the planar strontium complex DSs = -134 and 
Ess = 2 G (see Table 2). From the differences (Dexp. - 
Dss) and (Eexp. - Ess) one obtains DSO = 22 G and 

As expected, on the basis of the above treatment, the 
DSO and Eso values obtained have the same absolute value 
but different signs. 

I t  is worth noting that Dso and E ~ o  values depend on 
tlic spin-orbit coupling, AMe, and on the A,, value. On 
increasing the metal size, the former term increases 
whereas the latter decreases, since it depends on the 
strength of the ligand-metal bond. In the Sr2+ case the 
two factors give the maximum value of DSO and E d O  in 
the series of the five alkaline-earth metals, as observed 
in  the present complex and in other similar coinplexes.2-7 

The mixing of the semidione orbitals with the 4d 
strontium orbitals does not affect the D ~ o  and Eso values. 
In fact, the spin-orbit coupling constant is smaller in the 

E ~ o  = -22G. 

TABLE 2 
lisperirnen tal and calculated zero-field spli t t ing 

parameters (G) for SrZt and Ba2+ planar complexes 
Ecalc.  

Si. 112 20 - 134 2 
1 k L  116 (i - I12  2 

IDe1p. l  I&xp.l  Dcelc. 

'* I n  the calculations of the spin-orbit contributions i t  is 
aswmed Dcxp. r 0 and i 0 (see text). Calculated for an 
oxygen-cation distance equal t o  the van der Waals radii sum. 
The calculation takes into account the spin-spin dipolar inter- 
action only. See text. 

dd2 configuration (70 cm I) than in the 5p2 (207 cm-l). 
Since Dso and Eso depend on AS:, by assuming the same 
admixture coefficients lor the two kinds of orbitals, the 
contribution to zero-field splitting parameters due to the 
.id orbitals admixture should be one order of magnitude 
smaller than that due to the Cip orbitals. 

In the Ba2 + case, the metal orbitals involved in mixing 
with the semidione orbitals might be the 5d and 6,h. The 
spin-orbit coupling constants in the configurations 5d2 
and 6p2 are similar lo and the contributions to DSo and 
Eso due to both kinds of orbitals should be taken into 
account. We extended the analysis performed above 
for the p orbitals to the case of the d orbitals. \Ve found 
here that all three components A l t i  (i = x,y,z) [see 
equations (7)--(9)j are different from zero which implies 
that the symmetry relation Dso = -Eso no longer holds. 
The results collected in Table 2 show that this is indeed 
the case and suggest that the 5d orbitals are involved in 
the Ba2+-tmtd bond. 

Finally, we note that the spin-orbit contribution to the 
zero-field splitting parameters in the perpendicular 
complexes of type I11 is prevented by symmetry. 

ConcZusions .-We have shown that the conformations 
of the complexes involving paramagnetic ligancls with 
a known spin-density distribution can be determinecl 
in detail by reproducing the experimental zero-field 
splitting parameters in a point-dipole approximation. 
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Moreover, we have shown that singlct-triplet mixing 

due to the spin-orbit coupling is in some cases responsible 
for large deviations between calculated and experimental 
zero-field splitting parameters, as in a number of com- 
plexes of strontium with oxygen-containing ligands. 

When such a spin-orbit contribution to the zero-field 
splitting parameters is present, information on the nature 
of the metal-ligand bonds can be inferred. 
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