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The title compound [ Bi(dpm),] has been synthesized and its molecular structure determined by single-crystal X-ray diffraction. Two 
different crystalline forms have been found: [ ( Bi(dpmllj *Hz0 (1) and [ (Bi(dpm)>] .3H,O (2). 1 crystallizes in the space group P2,ln 

15*820(9) w. c(=94*31(4)0, v 3835(2) A’. Z=4. 2 crystallizes in the space group Pbct~ with 
n=20,953(5).b=l9,61 (3) A, V= W06( 3) A”,Z~$.ThecoordirrationnroundtheBiatomcQ 
pyramid with two ligands approximately lying in the basal plane while the third one is in a vertical mirror plane. Molecules are associated in 
dimer units because of the presence of weak interactions in the crystal lattices, The bonding of the monomer compound has been investigated 
by me&n) of qua&relativistic quantum.mechanical calculations on the simpler acetylncetonate complex. The metal-l&and interaction is found 
to be dominated by ionic interactions with a si ificlu;. p&ion between the Bi 6s lone pair and the symmetric n, ligand based combination 

rs. Such electronic repulsion is reduced, but not eliminated, ic effects. Qptimi7d geometrical parameters 
out calculations in the C, symmetry ~g in good with cxperimcnt. Intcrestinyly. however, the 
structure ia faund to be lower in energy, at the ob midal molecular structure cannot be explained 

on the basis r&simple stereochcmicd arguments, Q 1998 Ekvier Science %A, All rights resetvr?d. 
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iumu&t( ill) oxidtzs lue interesting materials for various 
technological applications ranging from heterogeneouscat& 

ion of suprconductor and p 
h-quality Bi@% thin films c 

ntly, Bi&-based materials have mostly been 
by traditional high-temperature solid-state reac- 

smuth(IlI) bdiketonates have been recently pro- 

ared in literature 

Bi( 111) is characterized by the presence of the 6s lone pair. 
The valencs=shell electron-pair repulsion ( VSWR) I[ 3 ] the- 
ory suggests for exacoordinate trivalent complexes of the 
heavier group 16 elements (As, Sb and Bi) a distorted octa- 
hedral coordination. In complexes with bidentate ligands this 
implies a distonion fpQm a DJ to either a C,, or a CJ symmetry 
[ 45 ] a However, the stemactivity of the s lone pair in Sb 
and Bi compounds is still not well asssssed [6l. In this 
respect, first-principle quantum mechanical calculations can 
be very helpful. 

2. Experimental 

‘IW 2,2-6Bt~~lhylhpt~e-3.5-di~nato) bismuth( Ill) 

IBi(dpmljl was pre starting from 13i(C,Hi,),1 
(Aldrich) and dpmH ((CH3)~~C~HzCQC-(CH~)~) 
(Aldrich) by the following reaction [ 21: 

BiK,Hs),+3dpmH-+Bi(dpm),+3C,H, 



The synthesis was carried out in a two-neck flask equipped 
with a Vigreux column 81. ! 1 water condenser. An excess of 
dpruH ( 50% ) was used, and a nitrogen flux was maintained 
in order to drive off the benzene produced in the reaction. 
The starting system, consisting of the white solid Bi(C,Hs)3 
and the colorless liquid p-diketone, turned to a bright yellow 
solution upon raising the temperature to 180°C. A period of 
6 h was required to transform approximately 50% of the start- 
ing compound. The bismuth(IH) P-diketonate was finally 
sublimed under reduced pressure ( 5 X 1 O-’ Torr) at 120°C. 
The product appeared as a white crystalline solid. Since 
Bi(dpm), hydrolyzes very rapidly, all manipulations were 
carried out in a glove box (02 < 10 ppm, Hz0 C 2 ppm). 
Diffuse reflectance PT-IR spectra were recorded on a Brucker 
IFS66 spectrometer. ‘H and ‘“C NMR spectra were recorded 
in CDCl, on a JEOL FX90Q. All characterization data were 
in good agreement with those reported in literature [ 21. 

Bi( dpm), crystals suitable for X-ray data collection were 
obtained by cooling benzene solutions from RT to -4°C 
and they were found to be in two different crystalline forms: 
1 and 2. Crystals were handled in a dry-box and sealed in a 
glass capillary before introduction into the diffractometer. 

Data were collected on colorless transparent parallclepi- 
peds on a Siemens Nicolet R3m/V four-circle automated 
diffractometer. Owing to the relatively small amount of high- 

angle data and the rapid deteriomtion of the crystals on X- 
ray exposure, in the collection the 28range was restrictedand 
the scan-speed was raised. The intensities were corrected for 
crystal deterioration, while an empirical absorption correc- 
tion was impossible to be performed. Crystallographic data 
are given in Table 1. The structures were solved by the heavy- 
atom method and refined by full-matrix procedures, aniso- 
tropically only for Bi atoms. The final electron density 
difference maps were featureless apart from some broad pos- 
itive peaks in the vicinity of Bi atoms. The SHELXTL-PLUS 
[ 71 package of computer programs was employed for the 
solution and refinement of the structures. Final atomic coor- 
dinates and thermal parameters are reported in Table 2, while 
relevant distances and angles are listed for both complexes 
in Table 3. 

2.3. Computational detuils 

Our calculations have been performed by running the ADF 
package [ 81, based on the density functional (DF) theory, 
and developed by Baerends and coworkers [ 91. A triple-zeta 
Sleter-type basis set with a single polarization function was 
used for all the atoms. For oxygen and carbon, a frozen 
potential was used for the 1s electrons; for bismuth the elec- 
trons up to Sp were frozen. 

To reduce the computational effort, the ligands were 
replaced by simple acetylacetonate (xx 1 moieties. The 
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Darn cd/e&m 
2Urrngc (“I 4.0-42” 4.0=43” 
No. indcpndent wflrctions 3420 3446 
No. observed rdlcctiuas [ I-“,, > 40( /a’,,) 1 IOU0 1494 

Sdutiae and rtfifrmrrrt 
Weighting scheme, w ’ d(F) J* O.xlH’W Jc F’) + 0.0116F 

Pinul H: R’ (observed dutu) 0.074: 0.077 0.066; 0.07 I 
Largest peak on AF ( c A ’ ) I .40 O.YO 

a Del& in common: MO Ku rdiution (A~O.71073 A). T-294 K: highly oriented yruphitr-ctyslel ni~~iloetiro1118l~)r: w-20 saw+: w hC:in speed 4% 
14.65” mir ‘: txnn runge 0.60” + Ku wp;rrulion; two smuJ,d rellcctions every 2 h; rctincmeat by i’ull-matrix least-s~uurcs rnininlizin~ E:H’( 1 F,,l - I& 1 1’. 
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Table 3 
Sekted dktunces (mean C.S.LL 0.02 A for 1 snd 0.01 A for 2) & angles 
( mezm e.s.d I” for 1 and 0.5” for 2) 

1 2 1 2 

BiXt( la) 2.36 2.38 Ot la)-Bi-Ot 2a) 75.4 77.4 
Bi-O(2a) 2.30 2.36 O( lb)-Bi-O(2b) 74.0 70.2 
Bi-O( lb) 2.32 2.41 O( lc)-BiXI(2c) 82.0 78.4 
Bi-O(2b) 2.47 2.39 0(2c)-Bia( la) 84.7 85.0 
Bi-O( lc) 2.38 2.34 0(2c)-BiXI(2a) 75.4 82.9 
Bi-O( 2c) 2.26 2.13 O(h)-BiAI( lb) 86.8 85.4 
Bi...Bi a 3.85 3.99 0(2c)-Bia(2b) 83.6 85.0 
Bi...O( lb) a 3.03 3.05 O(Zc)-Bi-O( Ic) 82.0 78.4 
O( la)...0(2a) 2.81 2.96 0(2c)-Bi-Bi a 130.8 132.9 
O( lb).*.0(2b) 2.91 2.76 O(Zc)-Bi-O( lb) ” 154.5 158.4 
O( lc)~*~o(2c) 3.04 2.83 

“At --x. -y, I -:forl;at -x,y, l/2-zfor2. 

bonding energy ( BE ) of the compound was analyzed in terms 
of B?+ and acac- fragment orbitals. applying Ziegler’s 
generalized transition state method [ lo] : 

BE=-[AE,,+AE,“,,i+AEi,(SAEprep] 

where AECh is the pure electrostatic interaction, AEpuuli is the 
Pauli repulsion, AEi,, the orbital interaction, and, finally, 
AE,,,, is the deformation energy assumed by the fragments 
in order to form the complex. The first three terms form the 
so-called ‘snapping energy’ ( BE,,,,,). To evaluate precisely 
fragment interaction energies, all the geometries were opti- 
mized at the non-relativistic (NR) local density approxima- 
tion (LDA) level, using the Vosko-Wilk-Nusair formula 
[ I1 1. Cieneralized gradient (OGA) corrections to the 
exchange-correlation potential, according to Becke [ 12 ] and 
Perdew I IS], IIS well as quasi-relativistic (QR) scalar cor- 
rections, uccording to Snijders et al. 1141 were included in 
the Ho&t1 calculations. 

3. I. Structure 

The overall high thermal motion and the severe deteriora- 
tion of the crystals during the data collection, as shown by 
the intensity decay ( - 20 and 40% for 1 and 2, respectively 1 
of the two standard reflections monitored at 2 h intervals, did 
not allow very accurate structural analysis of 1 and 2. As a 
consequence, bond lengths and bond angles are not suffi- 
ciently precise to support arguments based on minor ihtctu- 
ations in distances or angles. However, the models provide 
an adequate answer to binding/stereochemistry questions. 
Relevant data for the inner core are reported in Table 3. Both 
crystals are made of monomeric Bit dpm), units ( Fig. 1) 
with the water molecules (one in 1 and three in 2) trapped 
inside the lattice, with no significant interaction with the cm 

of the complexes. Such water molecules most probably come 
from the benzene used for the recrystallization. The coordi- 
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Fig. I. ORTEPview of Bi(dpm)* in 2. 

nation sphere around bismuth is pentagonal pyramidal with 
the Bi atom below the basal plane (by 0.29 A> and away 
from the apical 0( 24~) atom, such that the angles between the 
five basal donor atoms and the apical at Bi are all less than 
90°, Structures 1 and 2 are roughly superimposable (Fig. 21, 
the weighted root mean square deviation, derived from the 
BMFIT program [ 151, being of 0.26 A, when the fitting is 
performed using the ‘inner core’ atoms. It is noteworthy that 
a similar eoordinrtion around a Bi atom surrounded by six 

nated donors has been only found in tris(ethyl- 
tAtolato)bismuth( iI11 [%I. In suchcomplex there isarather 
short Bil*XI eontact of 3.13 A between two crystallo 
tally related melecules to be compared with the 3, 

14 in 1 and 2, respectively, Rrthe 
~ethylmalt~l~to)bismuth( ltl) the shortest 
mtian is X84 A, while it is 335 and 3,Y 

tivaly. III ~&MU,, rn ia~q&~s 1 and 2 rho sliortesr 
dist~nee involves the apical oxygen ( 2,~ and 2, I 3 A), 
y, the three wuter molecules in 2 site in the cylindrical 

cavity sodal with the B-axis (Fig, 3) and the number of 

Fig. 3. Packing dingmm of 2 viewed along the y axis. The dashed lines 
represent short intermolecular Bi..*Bi aud Bi..*O(lb) contacts between 
related molecules. 

water molecules in the unit cell of 2 was also confirmed by 
comparison of the unit volumes of 2 and 1: 1000.7 versus 
958.7 A”. The difference (42.0 A”) can be ascribed to two 
additional water molecules present in 2. the water volume 
being 21.5 A” [IS]. 

In order to clarify this issue wo decided tu compare the 55 
of the apdmized C, molecule with that pertinent to a hypo- 
thetM pacuds-octahedral D1 structure (NW Ry. 4 1, which 
is preferred in the case of no stereoactive lone pairs on the 
central metal ion. 50th th geometries H ore sptimized at the 

cite(m) 

(a) G (blca, 
Fig. 4. Scheniutic views of (et the C, and (hh lc 8, structures. The artis 
fmmcwork udopted iu the Rtst cusc is also shown. 

‘Tuhle 4 
Selected dirluncuzs ( iis ml ungles (“) for Bi(ucuc) , (C,) ftum NR-LDA 
optitniwtions 

Bi-a In) 2.37 O( la)-Bi-O(?o) 74.8 
Mi-O( 2u) 2.3 I Of lc)-Bi-O(2c) 78.9 
Bi-Ot lc) 2.38 0(2c)-Bi-O( la) 19.5 
Bia(2c) 2.20 O(Zc)-Bi-O(2a) 74.2 



Table 5 
Decomposition of tie calculated interacdon ener lies (eV ) between Bi’ + d uw ionic froements according to the pnemlized tmnsition state method for 
Bi( xx ) l in the C, and D, cases. The shuc1ures were optimized al the NR-LDA level 

C, NR-LDA -48.15 13.93 - 16.03 - 50.24 0.12 -50.12 
NR-GGA - 47.65 15.71 - 15.66 -47.60 0.36 -47.24 
QR-GGA -46.83 14.01 - 14.98 - 47.79 0.35 - 47.44 

4 NR-LDA -46.38 10.77 - 13.27 -49.15 0.09 -49.06 
NR-CiGA -46.23 11.96 - 12.82 -47.09 0.12 - 46.97 
QR-GGA -45.56 10.30 - 12.94 -48.20 0.12 - 48.08 

NR LDA level. In the C, case, the main structural parameters 
(Table 4) are in good agreement with experiment (the acac 
fragments in the basal plane and the one in the q mirror plane 
(see Fig. 4) are indicated as acac( b) and acac( m), respec- 
tively ) . Remarkably, the bonding distance of Bi with the axial 
oxygen of the ligand in the mirror position is significantly 
shorter than the others. This can be interpreted as first evi- 
dence of the repulsion between the lone pair and the basal 
oxygens. 

From the Ziegler transition state analysis (Table 5) it 
appenrs that in both cases most part of the BE comes from 
rhe electrostatic term. Such a term is more favorable for the 
C, structure, probably because of the closer metal-ligsnd 
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(a) NR W QR 
Fig. 9. One-electrou energy levels of Bi( UCBC)~ obtuiued from ( :I) NR and 
(b) QR calculations. 

contact (the Bi-0 distance is found to be 2.386 A in he D.~ 
case, which is longer than any of the analogous distances in 
the C, case). On the other hand, such a closer contact is offset 
by higher Pauli repulsions. We can also appreciate that GGA 
corrections cause a strong ( - 3 eV) BE reduction, according 
to the well-known overbinding tendency of the LDA. How- 
ever, the most important issue is the comparison of the total 
BEs of the two structures: it turns out that, while in the NR 
approximation the C, structure is slightly favored 
( - 0.3 eV ), when we turn on QR corrections the energy 
order is reversed, now favoring the D:, structure. This can be 
understood in terms of the relativistic contraction of the Bi 6s 
orbital, which should lower its repulsion with rhe ligand com- 
binations. We also have to point out thatt in the case of 
Bi( dpm),, the D3 structure could be even more favored, 
because of the presence of more bulky ligands. So, why is 
Ri ( dpm 1 1 found in a C,-like strucmre? In our calculations 
WC mainly neglect two effects. The lirst is the dimcric inter- 
action, whose existence is revealed by the Bi(dpm) i cryslal 
structure. Though explorative calculations confirmed the 
presence of such interaction, :I reliable cslimate of its alreuglh 
rcyuires Ihe full optimi7ntitrn of :\ Intgt% 4ylirr’in with :t I6rIr: 
( C,) symmetry, which is at present impossible wirh ourcom- 
putationul resources. Another possibility is that the dimeric 
C, units ullew II betler crystal packing with respect to the P)? 
units, minimizing intermolecular repulsions. Of course, these 
effects could play a role simultaneously. Anyway the key 
point is that the repulsion between the Bi s lone pair and the 
ligand electrons, though significant (see Section 3.3) is una- 
ble, by itself, to drive the geometry to the C, pentagonal 
pyramidal structure. We believe that, in this regard, gas-phase 
structure detenninationo would be very interesting. 

Considerable insight inro the bonding scheme of Bit aeac) 1 
is obtained by making reference to the energy level scheme 
of Fig, 5, where the MOs’ character according to the Evans 
notation [ 171 is also reported. We want to stress that the 
labelliug is intended to give only the main contributions to 
each MO, since Ihe low symmetry of the molecule causes 
some mixing among the various ligand combinations. We 
can appreciate that the s lone pair (MO 14a’. see Fig. 6(a) ) 
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I a---w . _. ??. (a) MO 14 a’ 

1B rkithe?r day in mer y wquence of th6 ligrad- 
bmd csmbhMonns ionic @3iketonrrte com- 
pmu& [ 17,18], con ner~~~%ed transition state 

,-tis& combination 

show that such MO extends considerabl 
e alonp the R diition, while the 
spherical around the Bi center, con 

w that, whatever the remon of the 
tion of the molecul 

t shift of -0.1 e 

(a) NR 

( 8(b) ) in the QR culculution~ Such u beheviar esn be 
r ly snpltlined in terms of the reduced repulsion betwsen 
the Bi 6s AOs und na: for this rcuson 
the need of Iocalizi the x uxis, through 
s-p hybridization, IS GffGGt GlUl bt5 Uh 

apprecitlted by comparing th fference density plot reported 
in Fig. 4, but it results particularly evident from Fig. 9, where 
the difference between QR and NR ehwrge densities is shown. 

We turn now to examine the Mulliken [ 191 wrd the 
Hirshfeld [ 20] ehnrges of the fragments re 
Such data conftrm once more the ionic nature of the Bi-acac 
bonds. Remarkably, upon inchtding relutivistic cortections, 

of the Bi atom incretlses, but this effect is definitely 
stronger for the Iliken analysis. We c.?n explain such II 
difference by ins ting Table 7, where the Mulliken popu- 
lation of Bi is broken down in terms ef A0 contributions. A 

the s occupancy decreases by w 0.1 e which 
to the relativistic contraction of the 6s AO. 

now spanning u murower space. On the other bond, the p,, 
and p; occupancies a not affected at all, because the con- 
traction of the Ri Qp 190s is negligible. Interestingly, this is 
not true for the pV AO. whose population decreases of 
w 0.15 e. This fact provides quantitative support to the above- 
reported discussion regtiing the s-p dehybridization. 
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Fig. 8. Contour mups of (11) the 14x1’ cnrti (b) the 36n’ MGs. us obtuincd 
from QR culrulsdons. Section und confour luvcls ns in Fig. 6. 

i*tg. 9. Mup representing the difference bctwccn QR tmd NR computed 
densities. Sectiun us in Fig. 6. For &ity, only negutive contours ure shown 
( - 0.025. - 0.005. .“’ 0.0 IO. - 0 02 c’ bohr ’ ) , uud rdl the Itrcus whcrc the 
dil’lixa~cc is less lhun -0.025 c bohr ’ arc shttdcd. 

Table 6 
Hirshfcld und Mullikcn ( in Perellthcscs b charges of the fnytnuuts in 
Bi(ucuc), (C,) 

NR-LDA 
NR-GGA 
QR-GGA 

Bi 

2.18 (1.56) 
2.1x (1.61) 
2.26 (1.92) 

ucu,*( b) ilcllc ( Ill ) 

-- 

- 0.7*’ - 0.66 
- 0.75 - O.hG 
- 0.77 - 0.77 

Tuble 7 
hhlhkn pOpUhtiOnS of the BI AOs i0 Bit XX ) 2 ( C. ) 

s PS PN P: 

NR-GGA I .77 0.78 0.34 0.39 
QR-GGA I.65 9.66 0.34 0.40 

4. Conclusions 

We have synthesized Bi( dpm), starting from Bi( C,H,) 1 
and dpmH. Recrystallization in benzene yields crystals suit- 
able for X-ray crystal structure determination. The ligands 
are coordinated around Bi in a pentagonal pyramidal fashion, 
with possible weak intermolecular bonds yielding dimeric 
units. DP calculations on the simpler Bi(acac),? complex 
show that the electrostatic interaction between the B? + ion 
and the acac ligands is the major contribution tothecomplex 
bonding energy. Although the theoretical geometry parame- 
ters for a C, Bi( acac) 3 molecule are very close to the exper- 
imental ones, the pseudo-octahedral D3 isomer is found to be 
lower in energy. This means that the repulsion between the 
Bi s lone pair and the ligand combinations cannot be the only 
cause of the pentagonal pyramidal structure observed 
experimentaliy. 

5. Supplementary material 

Additional crystallographic dattr are available from Q.B. 
on request. 

The authors wish to thank the University of Rrugiu f&~r 
access to their IBM SP2 system. 
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