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Abstract

The compelling advantages of synchrotron radiation (SR) in charge density studies of coordination complexes are described and illustrated
with a number of recent synchrotron studies, ordered according to the atomic number of the metal atom involved (Cr, Fe, Cu, Zr, Mo, Th). The
review concludes with two studies of the Cu-containing extended soligld @€ud the high-temperature superconducting phase &8s gs,
done with very high energy synchrotron radiation of about 100 ke®¥.{2 A), very much beyond what is available at conventional X-ray
sources.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Synchrotron radiation; Coordination; Charge density; Experimental charge density; Transition metal complexes; Agnostic interaction; Extended
solids

1. Introduction United States and abroad, it is appropriate to draw atten-
tion to its advantages in studies beyond the determination of
As high-brightness short-wavelength synchrotron radia- the atomic connectivity of compounds of which only minute
tion (SR) is becoming increasingly accessible both in the microcrystals are available. Such advantages are especially
pronounced when heavier atoms are present, as is the case
in the field of coordination chemistry.
* Corresponding author. Fax:1-716-645-6948. With bright synchrotron radiation and increasingly con-
E-mail address; coppens@acsu.buffalo.edu (P. Coppens). venient very-low temperature devices, combined with cheap
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and abundant computing power, some of the basic assump-agreement between the experimental and theoretical charge
tions of conventional crystallography can be challenged. densities in such studies attests to the level of reliability
Though charge density studies, which go beyond the as-that can now be reached in accurate experimental studies
sumption of element-specific spherical scattering factors, and with advanced computational methods.
have been initially developed with conventional sources,
SR offers compelling advances which are increasingly ex-
ploited. A second application, beyond the scope of this 2. Methods of charge density analysis
review, and rapidly gaining in importance, concerns the
time-resolved study of transient species and kinetic pro-  Much of the earlier work was based on examination of
cesses. electron density deformation maps, defined as the differ-
Experimental and theoretical electron density (ED) anal- ence between the experimental density and the promolecule
ySiS has become an attractive tool to inVeStigate the bond'density (|e the density Corresponding to a Superposition
ing and electronic structure of metal-based compounds of spherical atoms), both calculated by Fourier summation.
[1,2]. Insight into the nature of metal-ligand interactions Though the experimental electron density deformation map
and metal-metal bonding has been obtained, especiallyjs thermally smeared with the internal and external modes in
in the framework of the “Quantum Theory of Atoms In the crystal, it often provides excelleqtalitative informa-
Molecules” (QTAIM) [3]. The physical and chemical ap- tion on the system being studied, as for example in strained
plications range from purely organometallic syste#is to small ring systems, in which the bending of the bonds
intermetallic [5] and metallic cluster§6,7]. Such studies  jmmediately becomes evident from accumulation of charge
have been mostly restricted to first-row transition metal gensity outside the ring (as reviewed for both the ED defor-
complexes, as anharmonic thermal motion at all but the low- mation and the topological analysis of the charge density in
est experimental temperatures complicates the analysis of2)).
heavier transition metal complexes. The use of synchrotron |n more recent work the experimental X-ray structure
radiation allows measurements on very small crystal sam-factors are typically fitted with core functions and an
ples at short wavelengths, and thereby drastically decreasegtom-centered expansion of multipolar (spherical harmonic)
sources of uncertainty such as absorption of the X-ray beamyalence-density functiond4,15} The atoms as defined by
in the Crystal and rescattering of the incident and diffracted the sum of the nucleus-centered mu|tip0|es are often re-

beams, processes generally referred to as multiple scatterferred to as ‘pseudoatoms’, and are in the Hansen Coppens
ing and extinction[8]. Synchrotron radiation is tunable, formalism[15] defined by

and depending on the characteristics of the storage ring,
often available with high intensity well beyond energies /i) = p.oe(r) + Pyi®pyal(cr)
obtrzned at conventional sources. Wavelengths of 0.5 and I 4
0.4 A are widely available, thus increasing experimental /3 /
resolution. And, because of the nature of the radiation, the +;K Rin(x r)mZZOPm&dm&(@, ®) @)
complications in peak integration arising from the bimodal
al-a2 distribution of light emanating from X-ray tubes is  wherepcore(r) andpyai(r) correspond respectively to spheri-
completely avoided. cally averaged Hartree—Fock core and valence electron den-
This review highlights the advantages of synchrotron sities for isolated atoms.and«’ are contraction—expansion
radiation in charge density studies and a number of re- parameters andP, the electron population of the corre-
cent synchrotron studies of coordination complexes and sponding atomic valence shell. Real spherical harmonics
metal-containing extended solids. For a broader overview (dims) describe the anisotropy of the valence ED through
of the field including results obtained with conventional the multipole population parametéig.. The atomic core
sources and more detailed comparison with theoretical anal-ED pcor(r) is commonly fixed during the ED fitting, assum-
yses the reader is referred to a recent revigjy In some ing no perturbation due to chemical bonding. The aspherical
of the best studies experimental and theoretical approachestom procedure and related interpretative routines are en-
are combined. While the charge density is being used tocoded in the XD programming packafs]. The program
extract detailed information on bonding, especially through VALRAY [17] applied in some of the studies described
topological analysis of the total density, and has been suc-below uses an essentially identical formalism.
cessfully used to obtain local energy densities through The analytical representation defined in (1) makes it pos-
application of functionals of the electron densjé+12] it sible to plot thestatic total and deformation densities ac-
does not provide all the answers. Macchi and Sifd:3] cording to the model, as the thermal effects are accounted
showed that the two-electron density from theory is needed for separately in the model and can simply be omitted when
in conjunction with the one-electron density to provide the functions are plotted. Of course such maps will be af-
a comprehensive view of the interactions of metal-metal fected by shortcomings in the thermal motion model, but
bonding and metal-ligand bonding in a series of binuclear these can be minimized by performing the experiments at
and polynuclear transition metal carbonyl complexes. The the lowest possible temperatures, at which almost all modes
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are reduced to zero point motion. Furthermore, as for a tran-

.. . . . 6 O topology
sition metal atom the spherical harmonic valence density o o deformation
functions and the d-orbital components of its wavefunction 5 A aspherical
describe the same system, relations can be derived by which Eﬁ
d-orbital occupancies are obtained from the multipole popu- %
lation parameters, making the well-justified assumption that
overlap density in the metal-ligand bonds is small and ne-

. . o . ; |
glecting possible asphericity of the p-orbital manif¢ld]. 210" g
The static model densities are now used extensively in g
the topological analysis of the total charge density and its 11 A
Laplacian. According to the AIM theory, a direct interatomic é&
interaction is unambiguously indicated by the existence of a .
bond path (line of maximum of ED), linking the two bonded 0 20
atoms and characterized by the topological properties at the Atomic number

CorreSpondmg bond critical point (BCP' mlmmum of .ED Fig. 1. The suitability factor vs. the atomic number of the heaviest atom in
along the bond path). The AIM theory provides a unique the corresponding structure for a selection of X-ray charge density studies.
decomposition of the electron density of the system in open squares represent studies employing topological analysis, triangles studies
sub-systems (the atomic basins) which are delineated byemploying aspherical modeling, circles experimental deformation density
interatomic surfaces, defined by the zero-flux condition. The studies.

atomic basins are uniquely defined by the zero-flux condition
in the gradient vector field of the electron densityasn =

0, and satisfy the quantum-mechanical virial theoi@n

An example is given in the study of a Zr open metallocene
described belowKig. 13.

[m]
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(Cr, Fe, Cu, Zr, Mo, Th), and conclude with two studies of
Cu-containing extended solids done with very high energy
synchrotron radiation of about 100 keV, very much beyond
what is available at conventional X-ray sources.

3.1. Host—guest chemistry in a large polynuclear cluster

3. Charge density studies of coordination complexes One of the largest molecules studied so far with X-ray
charge density methods is the octanuclear chromium cluster

~ Studies of heavy element compounds are both exper-|crgFg(tBuCO,)16] [21] (Fig. 2) which contains 272 unique
imentally and theoretically much more demanding than

studies of organic systems. In theoretical calculations the
large number of closely spaced energy levels in open shell E/Q
polynuclear transition metal systems is a serious challenge.
Experimentally the study of heavy elements demands more
precise data, since the heavier the element, the smallel
the fraction of scattering stemming from the valence elec-
trons relative to the core contribution. Stevens and Coppens
suggested a simple a priori criterion to estimate the suit- _*
ability of a given crystal structure for X-ray charge density
analysis[19]: S = Vunitcell/ Y. (N2, WhereNeore is the
number of core electrons of each of the atoms. The higher
the suitability factorS the more suited a given system is
for experimental study by X-ray diffraction. IRig. 1 the
suitability factors for a selection of recent X-ray charge
density studies are plotted against the atomic number of the
heaviest element in the structurgd]. The plot is not at
all comprehensive but does include studies of compounds
ranging from small organic molecules to porous materials
to coordination complexes. The plot nicely illustrates the
challenge of coordination complexes relative to organic sys-
tems. Itis, however, a testimony to the considerable increase
in data quality in recent years, that it is now possible in Fig. 2. ORTEP-drawing of [GFg(tBUCO,)16] viewed along the normal
favourable cases to study systems containing even thoriumt® the ;hromium-whegl molecular plane. Ellipsoids truncated at. the 50%
atoms ¢ = 90). We discuss a number of examples of syn- probability IeV(_eI. _Posmons of all Cr and F atoms of the &{EgPlvle]_ _

. : molecule are indicated as are C and O atoms of the 16 coordinating
chrotron charge density studies of metal complexes, orderedyjvalate groups. Reprinted with permission from fi&1]. Copyright of
according to the atomic number of the metal atom involved the Wiley-VCH Verlag GmbH & Co.
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Fig. 3. Isosurface plot of the electrostatic potential ingfg(tBuCQ;)16]. Surface at-0.54 e A1 (red) and+0.3e A1 (yellow). Reprinted with permission
from ref. [21]. Copyright of the Wiley-VCH Verlag GmbH & Co. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

atoms (1144 &) in a 23327(9) & unit cell. Supramolecular ~ on the outside of the molecule. The negative region of the
inclusion chemistry is a rapidly expanding field of increas- Potential hardly protrudes out of the cavity entrance on the
ing importance in both basic science and techno[@gy23] ‘open’ side of the molecule. The first negative contour shown
The properties displayed by host molecules at the binding (—0.1e A™!) extends outside the ‘open’ side, whereas this
site(s) for the guest molecules are controlled by the acces-contour is within the molecule on the opposite side. In the
sibility and shape and size of the cavity as well as the elec- molecular cavity, the negative potential reaches a local min-
trostatic environment. Determination of the geometry of the imum along the molecular axis at the center with a value of
host structure has been accomp”shed by from X-ray crys- —1.248:&71. The central potential is quite flat and the area
tallographic investigationf24], whereas the (electrostatic) ©Of negative potential within 5% of the center value spans a
interactions between host and guest molecules have beeircular area with a radius of more than 2 A.
estimated mainly from speculations based on the known po- From the electrostatic potential it is clear that guest
larity of the relevant functional groups or from theoretical Molecules have to be oriented quite specifically for inclusion
calculationg25]. It is clearly desirable to obtain information 0 occur, since positive guest entities will be repelled by the
about the electrostatic potential of host molecules in order outer molecular envelope, before they attain stabilisation in
to be able to predict properties conducive for the acceptancethe center. Thus, there must be a considerable barrier for
of guest molecules. inclusion. On the other hand, the weakness of the inclu-
Apart from the interest in the host—guest chemistry, high Sion capabilities may be used for selectivity because only
nuclearity cluster molecules have also attracted large inter-@ limited number of small molecules can be bound inside
est as potentia| Sing|e molecule magnets. The present Cr the Cavity. An extended linear molecule with a permanent
molecule is antiferromagnetically coupled and characterised dipole will be able to stabilize both ends of the molecule by
by an$ = 0 ground stat¢26], and thus has no use in mag- bPeing placed asymmetrically out of the molecule, i.e. the
netic applications. However, the molecule is used as startingPositive end inside the cavity and the negative end outside
point for further molecular engineerif§6]. the cavity. It is not favorable to place a permanent dipole
In Fig. 3 the electrostatic potential of the naked host totally inside the host (i.e. symmetric inclusion across the
molecule is shown as determined from the multipole mod- molecular center). From the electrostatic potential it is pre-
elling of 16 K synchrotron data. A three-dimensional saddle dicted that neutral molecules only will be weakly bound,
point in the electrostatic potential is located at the molec- Whereas one dimensional molecules (chains) having a per-
ular center with a minimum along the axis perpendicular manent dipole moment can be stabilized asymmetrically.
to the Cg-plane and a maximum within this plane. The lo- Small positive cations can be stabilized in the molecular
cal character of the positive isosurfaces shows that the elec-cavity, but crystallisation of such host-guest complexes has
trophilic regions are closely confined to the methyl groups Not been possible, and they only appear in the liquid and
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Fig. 4. ORTEP-drawing showing the position of dimethylformamide inside
the cavity of the chromium-wheel in the complex. The chromium-wheel

molepular_plane is viewed side-on and. thbutyl part of the. 16 coor- Fig. 5. Structure of [FEO(OOCC(CH)s)s(CsHsN)s] at 28 K. Reprinted
dinating pivalate groups have been omitted from the drawing to expose with permission from ref[32]. Copyright of the American Chemical
better the position of the guest molecule. Reprinted with permission from Society.

ref. [21]. Copyright of the Wiley-VCH Verlag GmbH & Co.

classes of MV model compounds due to their relative sim-
oo , licity, their potential use as oxidation catalysts and their
the gas phass2]. Negative ions may be able to associate " T ) . :

gas phasb2] g y many interesting physical properti¢30]. The compound

with the outer envelope of the molecule. The predictions of [Fe30(0,CC(CHy)a)s(CsHsN)s] (Fig. 5 was found to ex-

inclusion properties were tested by synthesis of host—guest; . :
complexes with different guest molecules. As an exampleE;bn'irglxgzggﬂga&;Zn?gr?é?r:gi]d:gz%%s\?r: ichhie;n%es of the

the inclusion of dimethylformamide is observed with the . .
Since the complex is neutral, there are formally at any

electrophilic methyl groups stabilized in the center of the time two Ee atoms of valence Il and one Fe atom of valen
cavity and the nucleophilic oxygen extending outside the " A6tr Om? amo rs? ratﬁ Cir ?r ci) eb ef\l/odtoh ?/e (;e
molecule to obtain stabilization from the positive potential _ 300 emperature the struc uwe)s observedto 3a € one
regions on the molecular surfadeiq. 4). Fe+.°-0 bond Iength_typ|cal O.f FE) and 3‘.’\"0 Fep. @?

The electron density analysis of the cluster shows ex- b;)lntl;erlw_'g;hsetr;erlt gg?olntggleg::t;?itt\'v?:b(f;?:ez alence
pected trends. The experimentally derived orbital popula—;/r u d n\:jv Vnt’ i t\\l/vv fih_,,3 Oung ne F4) 3VO
tions on the Cr atoms are 0.91(5) and 0.71(5) for ahd apped and contains two e -7~ and one mer -

d_ . (destabilized g orbitals), and 1.51(5), 1 00(5) and bonds. The intramolecular ET process only involves two of
D L the metal sites, Fe(2) and Fe(3), with Fe(1) being valence
1.32(5) for dky], d[yZ], d[xZ], respectively (stabilized or- trapoed at all temperature
bitals). These values are similar to values obtained in stud- PP peratures. .
ies of Cr(CN}3~ and Cr(COg [27]. It is encouraging that Thg 28K slypchr%trm c_hargI]e denstl)ty Olf the con|1plex
. : ; ._.__provides novel insight in trinuclear carboxylate complexes
the experimental density obtained by synchrotron radiation [32]. In this case much of the analysis is based on the

measurements on a huge molecule likegfg(tBuCQ;)1¢] . ; inedvg
can be quite accurate. Comparative quality theoretical Calcu_LapIaman of t_he total charge density, deflne_ P). t.h €

. o . sum of the diagonal elements of the Hessian matrix. The
lations on a molecule of this size are very demanding even

if based on the experimental geometry.

2.05

3.2. Redox active polynuclear transition
metal complexes

N

Redox active mixed valence (MV) polynuclear transition
metal centers are involved in many biological electron trans-
fer (ET) processef?8]. In enzymes, the transition metal
atoms at the active sites are often linked by oxo, hydroxy
or water bridges. A large number of studies have attempted O 1.85 _
to synthesize model complexes with similar properties as N
possessed by proteif9]. The trinuclear iron carboxylates, B T
[Fe'" ,Fe!' O(O,CR3)L3]-nS ! are among the most studied o 50 100 150 200 250 300

1 bond length (A)
c B

_— Fig. 6. The variation of the central Fe-O bond lengths in
1 O,CR designates substituted carboxylate bridges, L terminal ligands [FesO(OOCC(CH)3)6(CsHsN)3] with temperature. Reprinted with per-
and S solvates. mission from ref.[31a] Copyright of the American Chemical Society.
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Laplacian shows minima in regions of charge concentration, 1H,0. The surprising shlike feature on the central oxygen
and maxima where charge is depleted. Contrary to expecta-atom is also found in the other mixed valence complex,

tions based on the geometry (planag®eore) three bonded

[FesO(CH,CICOO)(H20)3]-3H20, but not in the oxidized

valence shell charge concentration (VSCC) maxima in the form. It therefore appears to be a fingerprint of the mixed
Fe3O plane are not observed. While Fe(1) and Fe(3) have yalence state.

the expected s-interaction with an oxygen VSCC, as shown

in Fig. 7a and ¢cFe(2) interacts with two VSCC maxima
of p3-0 above and below the planBig. 7b. The effect

Analysis of the d-orbital populations on the metal sites
[18] in the three complexes provides other important in-
formation on the electron transfer process. Comparison be-

is seen both in the deformation maps and in plots of the tween the mixed valence and the oxidized complexes shows

Laplacian distribution. The same stuf32] also includes
charge density analyses of two otherzBecomplexes,
[FesO(CHCICOO)%(H20)3]-3H20, and the oxidized form
of this complex, [FeO(CH,CICOOQO)(H20)2(CH2CICOO)]

Fig. 7. Laplacian mapsV?(p)) in the bonding planes perpendicular to
the FgO plane in [FeO(OOCC(CH)3)s(CsHsN)3]. Contours at+2,
4,8x10'eA 5 n = -3, -2, —1, 0, 1, 2. Solid lines are negative

that the extra electron density on the''Fsite primarily is
distributed in a d{z) orbital (z-axis towards the central oxy-
gen, y-axis perpendicular to the E@-plane). This means
that it is mostly dyz) electron density which is transferred
between the metal centers. The analysis furthermore reveals
that presence of extra charge in thgl(orbital correlates
with a decrease in the xif) population, i.e. with a deple-
tion of charge in the equatorial region of coordination to
carboxylate oxygen. The xf) charge depletion appears to
be of importance for determining the active versus trapped
Fd'' site, and the equatorial ligands therefore have a con-
siderable influence on the ET process.

The direct comparison between ground state densities on
three similar complexes thus reveals information which can-
not be deduced from a single density, and is related to elec-
tron migration in a chemical process rather than just ground
state properties. In this generalised structure-correlation
study the comparison and correlation of bond lengths and
angles in related structures has been taken one step further
to the charge density level.

3.3. a-Diaqua bis(hydrogenphthalate) copper(ll): a
compound with a very short asymmetrical hydrogen bond
and essentially square planar Cu coordination

The charge density o&k-diaqua bis(hydrogenphthalate)
copper(ll) Fig. 8), [33] was determined at 17K with

Fig. 8. Ortep drawing ofx-diaqua bis(hydrogenphthalate) copper(ll) at

contours, dashed lines are positive. Reprinted with permission from ref. 17 K showing the inter and intramolecular hydrogen bonds (dashed lines).

[32]. Copyright of the American Chemical Society.

The ellipsoids correspond to 50% probability.
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Fig. 9. Deformation density maps in the planes (a) O4-Cu-05 xghplane) and (b) O3—Cu-0O4 (the plane) of a-diaqua bis(hydrogenphthalate)
copper(ll). Contour levels each 0.10e3® Black: positive contours; red: negative contours; green: zero level. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the article.)

short-wavelengthi( = 0.394 A) synchrotron data, collected though it is located considerably farther from the central Cu
up to the limit of sin@/1) < 1.55 A1, atoms than the other oxygen atoms.

The copper atom in the complex has an elongated distorted A density functional theory (DFT) calculation with the
octahedral coordination, with the axial oxygen at 2.629(2) B3LYP functional, was performed with Gaussian [l]
A, compared with 1.928(1) and 1.950(1) A for the equatorial and the 6-311&" basis sets were used for C, N and O,
oxygen atoms. The ang]e between axial Cu-O and the equa.and Lanl2dz for Cu. The resulting d-orbital populations
torial plane is only of 54.3 The study was aimed at eluci- (Table ) with preferential occupancy of ¥f] and to a
dating influence of the distorted coordination on the electron lesser extent df]. The dfx? — y?] orbital is less populated
density and at the nature of the very short but asymmetric than it would be for a spherical distribution, though the
hydrogen bond (not further discussed here) in the phthalatedifference between the xf] and dfx? — y?] orbital popu-
ligand. lations is somewhat less than observed experimentally. In

The deformation density around the Cu atom in the basal contrast with the experimental results, theaifand djyZ]
plane shows the classic preference for density accumulationPopulations are almost equal according to the calculation.
in the regions away from the ligand atonfig. 9. No Nevertheless, the agreement, especially regarding the pro-
such deficiency is observed towards the more remote O(4)nounced depopulation of the . — y?] orbital is quite
atom. This result indicate a square planar, rather than ansatisfactory, as some differences may be expected given
octahedral coordination of copper. In agreement with the Solid state effects and approximations in both theory and
density maps, the Cu d-orbital occupancies derived from the €xperiment.
multipole population parameters show the4f y2] orbital,
directed to the equatorial ligands (04 and O5) to be less 3.4. Agostic interaction in an open zirconocene
occupied and the df] orbital, directed bisecting the vectors
Cu-04 and Cu-05, to be more occupied than would be the Metal pentadienyl compounds display a great deal of di-
case in the Spherica”y a\/eraged atom, while tré]dirb|ta| versity in their structural nature as well as a rich variety
is slightly overpopulated, in accordance with predictions of Of reaction chemistry, including coupling reactions, applica-
crystal field theory for a square planar coordination. The tions in metal film depositions, syntheses of new materials,
difference in population of the ®f] and djyZ] orbital is likely and catalysi$35]. Studies of open and half-open titanocenes
related to the presence of oxygen O3 in #zeplane, even and zirconocenes have demonstrated that pentadienyl li-

Table 1

Populations of 3d orbitals of copper atomdndiaqua bis(hydrogenphthalate) copper(ll) from multipole refinement and gquantum-mechanical calculation
dpé — y7] diZ] dlxy] dixg dlyZ Total

Experiment 1.00 (10.8%) 1.93 (20.7%) 2.38 (25.7%) 1.73 (18.6%) 2.24 (24.2%) 9.28

Theory 6-311G* 1.310 (14.1%) 1.969 (21.2%) 1.994 (21.5%) 1.991 (21.5%) 2.002 (21.6%) 9.27

The lower population of dfZ relative to dfyz] according to experiment, but not to theory, is likely related to the presence of O(3) in this quadrant. The
total d-orbital populations on Cu show very good agreement between theory and experiment.
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Table 2

Zr d-electron populations in  Zr(2,44€11)[(iP)NCHPhCHCMe=
CHCMe=CHj]

dp® — y2] 0.46(3)

d[Z] 0.72(3)

d[xy] 0.05(3)

d[x7] 0.69(3)

dlyZ] 0.003(3)
Total 1.92(7)

four negative lobes (minimum 6£0.5 e A-3) are located in
the perpendicular plane. The local coordinate system for Zr
has been chosen according to these directions, assuming the
z-axis along the positive lobes and tkeaxis pointing to-
wards the nitrogen atom. The positive lobes correspond to
an increase of the 4glorbital population with regards to the
isolated zirconium atom (taking the%&f valence state as
reference), whereas the negative lobes indicate a depopula-
tion of the 4d, atomic orbital. The kidney shape of the posi-
tive lobes results from the enediyl coordination mode, which
Fig. 10. ORTEP drawing of Zr(2,4-BlD(iPNCHPHCHCME-CHCMe elongates the .deformatio.n density_ in the Zr-CS-ClllpIane.
=CHj] Reprinted with permissi(;n from ref45]. Copyright of the Amer- The Zr _4d-orb|tal populatlpns, derived frpm th,e multipolar
ican Chemical Society. expansion of the deformation densj#dg], differ slightly de-
pending on whether or not 5s electrons, which are very dif-
fuse and therefore scatter only in the very-low order region,
gands may be both more strongly bound and more reactiveare included in the treatment. A representative example of
than their cyclopentadienyl counterpaj36—38] the results is given ifTable 2
Based on evidence from C-C bond lengths, reduced The atomic and fragment charges from numerical integra-
13c13C coupling constants, and supporting theoretical tion over the atomic basifj45] indicate a charge transfer of
studies, agostic interactions have been proposed to2.16e from the Zr atom to the ligands, in good agreement
play a role in the metal-ligand interactio89]. In with the d-orbital popualtion analysis. The tranferred charge
Zr(2,4-C;H11)[(iPr)NCHPhCHCMe=CHCMe=CHpy] is more localized on the GNH24 ligand (1.48 €) than on
(C7H11: dimethylpentadienyl) Kig. 10 the Zr—N-C-H dimethylpentadienyl (0.68¢€). The N atom has a consider-
group has the unusually small Zr-N—C angle of 102.87(4) able charge of-1.05e indicating high electrostatic Zr-N

compared to a value of 130.4(4)n a similar titanium interactions in addition to the—w N — Zr donations into
complex [40]. Nevertheless, the C—H coupling constant the d.; orbital. Bader et al[47] report a high charge trans-
of ca. 125Hz. does not seem to suppor{@H)---Zr fer of “approximately 3 e” from Ti to cyclopentadienyl and

interaction. As the nature of the bonding in various agos- diene fragments in a similar complex.
tic and o-bond complexes is directly and fundamentally No bond paths are found connecting -ZrH24 or
related to the oxidative addition proceptl,42] and to Zr---C16 (ig. 13. There also is no apparent curvature
many other types of bond activation reactidd8] an un- in the Zr—N bond path, whereas at least@iragostic alkyl
derstanding of the interactions involved is of importance. complexes, bent M—C bond paths have been obsdA4d
A study with a conventional sourdd4] on the agostic in-  The atomic charge obtained by numerical integration over
teraction in the titanium complex [EtTiCI3(dmpe)][(dmpe) the atomic basin for H24 is positive-0.05), as opposed to
1,2-bis-(dimethylphosphino)ethane] provided evidence for what had been observed by Popelier in a calculation on the
the existence of bond paths corresponding to both the a-agostic CHTICl, cation[48]; this positive charge would
Ti---Ca and Ti---HpB interactions, though the proximity  be consistent with a primarily sigma (donation) interaction.
of the Ti---HB bond critical point to a ring critical point According to (C---H)-M distance criteria defined by
in the complex indicates the weakness of the interaction. Crabtree et al[49] the geometry in the Zr complex is in-
The charge density study of Zr(2,4-811)[(iPr)NCHPh- dicative of a metal-C-H interaction, while the M—H-C an-
CH,CMe=CHCMe=CHjy] gives detailed insight into the na-  gle is calculated as 94.32(3)again in a typical range for
ture of the bonding interactiong5]. The deformation of accepted agostic interactions. Nevertheless, overall the ED
the valence ED around the zirconium atom and in two of results do not support the existence of an agostic bridge,
the ligand planes is illustrated iRig. 11 while a 3D rep- notwithstanding the small Zr-N—-C angle.
resentation is given ifrig. 12 Two kidney-shape lobes of While the results do not explicitly establish what sort of
positive deformation density are directed towards the conju- interaction is responsible for the small Zr—-N-C angle, it is
gated systems of both ligands (maximum of 0.6€@ and worthwhile to quote Popelief48] on the rotation of the
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(a) (b)

() (d)

Fig. 11. Static deformation density in planes through Zr and the ligand atoms in Zr{Pig)ZiPr)NCHPhCHCMe=CHCMe=CHj]. (a) Thexy plane

of Zr, (b) the xz plane of Zr, (c) the dimethylpentadienyl ligand and (d) the butadiene fragment. In (b) N atom is out of the plane. Contour interval
0.1e A3, positive contours are solid lines, and negative contours dashed lines. The coordinate system is stigwhZnReprinted with permission

from ref. [45]. Copyright of the American Chemical Society.

methyl group in the CHITiCl, cation: “In going from the was a synchrotron radiation study of the oxidation catalyst

staggered to the eclipsed conformation the g-Hdnd be- oxoperoxo(pyridine-2,6-dicarboxylato)(hexamethylphosph-
comes longer, the Ti-C—angle reduces to almost 9@he oramide) molybdenum(VI), (Mog{dipic)(HMPA)), Fig. 14
pp value is reduced and the electron population afift [50]. The chemistry of dioxygen transition metal complexes

creases. These effects are collectively reminiscent of the for-is a very active field of research, and the structure and
mation of an agostic bond (potentially between Ti arg) H chemical bonding of dioxygen transition metal complexes
although there is clearly no BCP present. So although bothhas been studied in considerable defadl]. The extensive
geometrical effects and AIM properties point in the direction interest in dioxygen complexes stems from the large num-
of a-agostic interaction, we do not find a bond expressing ber of applications of the compounds, including industrial
this interaction”. Furthermore, in the TigB5)Clz(dmpe) processefb?]. One of the most important reactions is epox-
complex an extremely flat gradient path was observed, lead-idation of olefins by peroxo complexes. The mechanistic
ing to the conclusion that bond critical points may not always aspects of olefin epoxidations have recently attracted re-
be observed for agostic interactiof#Bl]. The discrepancy  newed interest from both theoreticians and experimentalists
between ED results and the observed geometric distortions[53]. Two main hypotheses have dominated the discussions.
merits further attention if a proper understanding of agostic The first is due to Mimoun, who suggested that the olefin

interactions is to be obtained. coordinates to the metal center before subsequent insertion
into the Mo-O bond to form a five-member metallacycle
3.5. Transition metal epoxidation [54]. Sharpless suggested a concerted reaction mechanism

involving a direct attack by the olefin on the peroxo oxygen
The first experimental ED study to include topologi- atoms (with a three member ring intermedidteg]. Quali-
cal analysis on a system beyond the first transition seriestatively, the basic difference between the two proposals in
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Fig. 12. Three-dimensional representation of (a) the static deformation density around Zr atom for model Ill and schematic representatiorZof the (b)
<« dieneo donation, (c) Zr< N o donation and (d) Zr— N  donation. Isocontour of 0.2e7& (positive in blue). Reprinted with permission from

ref. [45]. Copyright of the American Chemical Society. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of the article.)

charge density terms, is which group, i.e. the olefin or the
peroxo group, has undergone a reversal of the polarity. In
the Mimoun mechanism coordination of the olefin to the
metal center (either substitution or addition) is thought to
cause an electron flow from the olefin to the metal. This

Fig. 13. Gradient trajectories (black lines) and total electron density (red
lines) in the Zr-N-C16-H24 plane. Bond CPs are depicted as red circles.
Contour levels at 0.1e7. The gradient trajectories are computed in a
slice and projected on the plane of the figure, so that some of them appear
to cross each other. Reprinted with permission from [#5]. Copyright

of the American Chemical Society. (For interpretation of the references Fig. 14. Molecular structure of oxoperoxo(pyridine-2,6-dicarboxylato)
to color in this figure legend, the reader is referred to the web version of (hexa-methylphosphoramide)molybdenum(VI) at 20K. Reprinted with
the article.) permission from ref[50]. Copyright of the American Chemical Society.
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makes the olefin electrophili&6] and ready for further re-  transition metal peroxo functions and dioxiranes, whose per-
action with the peroxo group acting as a nucleophile. In the oxo function is readily available for nucleophilic attack. The
Sharpless mechanism, it is the coordinated peroxo groupstudy of MoG(dipic)(HMPA) shows that X-ray charge den-
that undergoes “umpolung” to decrease the negative chargesity analysis is a promising tool in coordination chemistry
and increase its electrophilic character. The reversed polar-not only for investigation of bonding types and molecular
ity makes the peroxo oxygens susceptible to direct reactionproperties, but also indirectly for understanding of chemical
with the electron rich double bond of the olefin. reactivity.

The study of transition metal epoxidation exemplified
by MoOgz(dipic)(HMPA) concerned three main issues: (i) 3.6. The charge density of Th(S;P(CH3)2)s—going
structural correlation based on known crystal structures to the limit
of Mo-peroxo complexes, (ii) theoretical modeling of
prototype molecules containing peroxo groups, and (iii)  The first sub-liquid nitrogen temperature synchrotron ED
experimental and theoretical charge density analysis of study was on Th(8Mey)s [57] (Fig. 16 in which novel
MoOz(dipic)(HMPA). The structure analysis and the the- low-temperature equipment was employ&8]. This com-
oretical modeling of prototype complexes revealed that pound is a quite unusual candidate for an experimental or
some organic peroxo functions (especially dioxiranes) have theoretical ED study. Quantitative electronic information for
a pronounced reversal of polarity resulting in a substantial actinide compounds is scarce, since theory has problems
electrophilic character, while transition metal peroxides treating very relativistic systems, and in the X-ray experi-
only have an intermediate electrophilicity, somewhat similar ment bonding information gets swamped by the scattering
to H20s. of the heavy actinide core. The X-ray study of ThiPMe>),

The experimental charge density study of Mgdpic) was possible since the crystal structure is unusually simple
(HMPA) was based on combined analysis of 20K syn- and symmetrical for a heavy metal compl®]. Further-
chrotron X-ray and 20K neutron diffraction data. The ED more, due to the site symmetry of the Th atom, one half of
analysis documented that the Mogxobond contains con-  the reflections containo contribution from the extremely
siderable covalent character with a short Mo-O distance, aelectron-rich thorium core.
large ED along the bond path, and a negative energy den- In studies of compounds with such very heavy elements,
sity at the bond critical point (bcp). The O-O distance, the it is vital to use intense, short-wavelength synchrotron radi-
atomic charges and the electrostatic potential around the peration and very small crystals<@0um) to reduce absorption
oxo group are different from those of dioxiranésg. 19. and anomalous scattering for the reasons discussed above.
In terms of reactivity, transition metal peroxides are there- Another importantissue in experimental ED studies of heavy
fore expected to be less prompt in undergoing a classi- atom compounds is the separation of anharmonic thermal
cal Sy2-type reaction. In reactions with olefins a further motion from aspherical bonding effects. The problem is par-
re-polarization is necessary either of the Mz)@roup or of ticularly serious for heavy element compounds since elec-
the G=C group. It is impossible to deduce a mechanism for tron deformation due to preferential occupancy of the metal
transition metal epoxidation based only on knowledge of the valence orbitals is typically located quite close to the nu-
initial state ED, but the analysis of the ED establishes the clei. In organic molecules the redistribution of charge upon
electronic and electrostatic requirements for a given mecha-bonding involves the mid-bond regions between atoms, and
nism to take place. Thus, there are clear differences betweerthe atoms involved have fewer electrons, leading to smaller

Fig. 15. Negative electrostatic potential for (ggdO, (dioxirane, theo-
retical calculation), and (b) Mo(§)O(HMPA)(dipic) (derived from exper-
imental data). The iso-surfaces represent negapivg (= —0.03e A1)

in (@); (= -0.1eA 1) in (b); atomic nuclei are represented with light
spheres. For atomic labeling segy. 14 Reprinted with permission from Fig. 16. Molecular structure of Th{8Mey)s at 28 K. Reprinted with
ref. [50]. Copyright of the American Chemical Society. permission from ref[57a]. Copyright of the American Chemical Society.
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correlation between electronic and thermal parameters. ]
Restori and Schwarzenba¢f0] have argued that anhar-
monic motion and electron deformation bonding effects
are not practically separable with use of X-ray data at
a single temperature only, as the symmetry of the an- ) .
harmonic thermal motion probability functions and the )
spherical harmonics used to describe the asphericity of the
density are identical. However, their radial dependences
are different, with thermal motion affecting especially
the high-order reflections and valence electron scattering
being concentrated in the small-angle low-order region.
Mallinson et al. have shown in a model calculation on the-
oretical structure factors on the low-spin Fe(®g?t ion

and in a refinement of experimental data on bis(pyridine)
(meso-tetraphenylporphinato)iron(ll) that with accurate data

and careful refinement the two effects can be sepaféfigd D & SN e

The definition of nuclear motion can be achieved inde- _. . . ) .
Fig. 17. Dynamic model deformation density of ThE®e), in the

pendently Ina parallel net_mon diffraction experiment, or (001) plane. The contour interval is 0.1 &3 Reprinted with permission
several X-ray datasets at different temperatures. X-ray datafsom ref. [57a]. Copyright of the American Chemical Society.

sets at different temperatures can be used because electron
deformation parameters are in general independent of tem-(~5d), and that there is little evidence for diffuse f-type
perature, while thermal vibrations have distinct temperature density.
dependence. For comparison ab initio calculations were carried out
In the study of Th(8PMe)4 it was possible to sepa- with relativistic core potentials extending to 5d for Th, 2p
rate anharmonicity and electron deformation from a single for S and P and 1s for C. The remaining valence electrons
X-ray data set. This was due to the unusual high accu- were fitted using a Slater type basis of triple zeta quality.
racy of the synchrotron data, which also extended to very The calculations were not able to reproduce several of the
high order (1.80 A1), possible because of excellent crystal features found in the experiment. First of all theory produced
quality, use of very hard. = 0.39 A radiation and data the Th—S bond lengths about 0.2 A longer than observed,
collection at very-low temperature (28K). Furthermore, and one of the S—Th-S angles differs by as mucttaSéc-
the heavy thorium core is quite non-Gaussian, which gives ondly, the large polarization observed in the outer Th core
less correlation with the Gaussian temperature factor in could not be reproduced by theory since these electrons were
the least squares refinement. Such extensive data cannot btseated with a pseudo potential. Thirdly, the calculations
expected in general, and in cases where the anharmonicityproduced a quite covalent bonding picture with considerable
is large, unbiased neutron data may be required to con-6d-5f mixing. No evidence for covalent bonding was found
vincingly separate anharmonicity and electron polarization. in the experimental study, and furthermore experimental
Use of combined X-ray and neutron data may, however, atomic charges derived from the multipole parameters sug-
give problems due to differences in other systematic errors gested a quite ionic bonding situation. Overall, the study
(extinction, absorption, TDS, etc.). of Th(SPMey)4 suggests that theoretical calculations may
The chemical issues in the Th®Mey), study center overestimate the covalent nature of actinide bonding.
around the role of the 5f electrons in actinide bonditg],
as well as the relative ionic and covalent bonding contribu-
tions in actinide and lanthanide compleX@3]. In some the- 4. Synchrotron charge density studies of
oretical calculations on lanthanides and actinides, it has beenextended solids
found that the bonding contains considerable covalent con-
tributions with significant 5f involvemeri64]. The model Solids with infinite frameworks formed by metallic, ionic
deformation density in the (001) plane of ThEMe)), or covalent bonding, or any combination of these pose a
shown inFig. 17 reveals a considerable polarization of the special challenge in the experimental charge density field
Th atom, which is mainly modeled by a contracted set of as the unit cells of the often highly symmetric structures
multipoles on the thorium site (with Tc 4d radial depen- tend to be small. Because the scattering pattern is reciprocal
dence). The Th atom has a depletion of electrons inxthe  to the direct space lattice, being its Fourier transform, this
andyz contracted d-type orbitals<@ndy directed towards = means that the reflections are spaced far apart, and thus that
the voids between the ligand atoms) and excess in the con+there are very few reflections in the low order region where
tractedx? — y? type orbital. The most important conclusion valence scattering is concentrated. These must be measured
is that the polarization is mainly of d-symmetry with a ra- with exceptional accuracy if meaningful information is to
dial dependence corresponding to the outer core electronshe obtained. But in normal data collection these reflections
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#J_—_ ' Cu(2)

c o
0(4) 1
b o— Cu (1)
ﬁ. 0(1) -
Fig. 18. The cubic structure of @0. Cu: large gray spheres, O: small a
white spheres, from referen¢@3]. 0 (5)

are also the ones most affected by extinction and multiple Fig. 19. The structure of YB#&usOs.9s. Y: large bright spheres, Ba: large
scattering effects. Early results obtained in the sixties and dark spheres, Cu: small dark sphere and O: small bright spheres, from
seventies are therefore often unreliable. With the advent ©"e"°é83}
of synchrotron radiation much smaller crystals can be em- jngjces is even, i.e. theoe andeee parity groups. Thus, in
ployed, and most importantly very hard radiation is avail- the hypothetical spherical-atom situation there would be no
able, minimizing the parasitic effects, and also allowing ¢ontribution to theeeo parity group of reflectiond.Never-
extrapolation to zero wavelength if multi-wavelength exper- theless, such reflections are observed with small but signif-
iments are performed. A complementary technique, conver-jcant intensity and provide detailed information about the
gent beam electron diffraction (CBED) has recently been anjsotropy of the copper atomic vibrations and the chemical
used with much success to obtain highly accurate low-order honding.
data on a number of solids, which are then combined with  Restori and Schwarzenba§i] carefully analyzed GiO
conventional higher order data. Pendellosung fringe mea-yjith conventional X-ray diffraction data, while Kirfel and
surements on perfect crystals have yielded highly accurategijchhorn[68] carried out a synchrotron experiment using
structure factors on diamorf@S] and especially silicof66], A = 0.56 A radiation. Thus data were available that could
which have been used to obtain unusually accurate chargeye complemented by low-order CBED measurements, as
densities on these solids. However this technique is limited \yas done by Zuo et aJ69], who obtained an experimental
as perfect or close to perfect crystals must be available.  density map with a relatively large~0.2 e A-3) positive

We will discuss two state-of-the art studies in which the peak in the deformation density at the unoccupied tetrahedral
use of synchrotron radiation has been crucial in the elucida-jnterstitial region of the four neighboring Cu atonfsg. 18),

tion of the nature of the bonding in the solids. suggesting strong Cu-Cut covalent bonding.
. The deformation density around the copper shows de-
4.1. Cuprite, Cu20 formation features reminiscent of the d-orbitals depicted in

Chemistry text books, which led the authors to conclude that
The structure of cuprite, GO is highly symmetrical. It g.orbitals had been observed for the ‘first time’. What was in
crystallizes in the cubic space groBp3m [a = 4.2696 A, fact observed in this and many earlier studies are deficiencies
Z = 2] with all atoms in special positions [Cu at 000 and gnd excesses idensity relative to the spherical atom model
equivalent positions, a site wiBm point symmetry and O \hich is the reference state for the electron deformation den-

at 1/4, 1/4, 1/4, and equivalents, a site witim symme- ity These can be related to d-orbital populations as reported
try] (Fig. 18. In such a situation the intensities of different i the earlier literature, and illustrated abdide46]. Some
group of reflections with different ever)(or odd ©) par-  of the other conclusions from this study have similarly been

ity of the three Miller indices characterizing each reflection gyestioned70], leading to extensive discussioffd—73}
can vary widely. If the Cu atoms would be truly spherical

they would only contribute to the intensities of the strong
eee andooo group of reflections, while the O atoms would 2 A comparable situation exists in other highly symmetric solids such
only contribute to the reflections for which the sum of the as diamond and 3si.
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A following study of cuprite by Lippmann et al. used very The conclusions of the synchrotron study are supported
high-energy synchrotron radiatiqi4] and was performed by quantum-chemical calculations using density functional
at the German synchrotron DESY in Hamburg. Using data theory and self-consistent perturbation thejgiy, 72]which
measured at 75, 100, 125 and 150 kevq.083 A) photon showed a density below 0.08€A in the interstitial re-
energies, it was possible to correct for extinction by extrap- gions between the Cu atoms, in excellent agreement with
olation to zero wavelength and obtain a dataset with excel- the experimental synchrotron X-ray value of 0.067(5)€A
lent internal consistendy' 4], which gave an unusually good  [74,75]
fit in the subsequent multipolar refinements. However, the
charge accumulation in the region between the Cu atoms4.2. Charge density study of a superconducting phase:
which led to the conclusion of covalent metal-metal bond- YBa,CuzO7_,
ing was not confirmed in this study, nor was charge accumu-
lation observed between the Cu and O atoms. The detailed Since the discovery of the high-Tc superconductivity of
topological analysis followed by integration over the atomic YBa,CuzO7_, [76] with its relatively high superconducting
basins indicated a charge transfer of about 0.5 e from each oftransition temperature of 90K several attempts have been
the copper atoms to the oxygen, and gave further evidencemade[77—-81]to determine the detailed charge density distri-
for the ionic nature of the bonding in cuprite. bution of the solid. The difficulties encountered in the early

e —

Fig. 20. Electron deformation density in the (010) (top) and (100) (bottom) planes ofC(B&s.9s Left: From experimental structure factors. Right:
From theoretical structure factors based on the APW theoretical density calculated with the Wien2K code. Contours on a geometrical scale starting a
0.0001 e A3, and following at 00001 x 2". Contours at 0.006 and 0.1 €A dashed, from referend@3].
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work are in part related to the low value of 0.018d? for The theoretical results may need further improvement as
the suitability criterionS = Vynitcell/ Z(chom) [19] due to the Local Density Approximation (LDA) used in the calcula-
the accumulation of many heavy elements in a small unit tion of the density maps does not reproduce the Electric Field
cell and to the strong extinction and absorption effects en- Gradient at the Cu(2) site as determined by NQR. On the
countered in conventional Mostudies of such materials.  other hand, the NQR results suggest that the non-spherical
In addition sample quality presents a difficult handicap. The densities around O(2) and O(3) must be quite similar, a re-
phase diagram indicates the existence of either a superconsult not reproduced by the X-ray experiment. Thus, while
ducting, orthorhombic or an antiferromagnetic, tetragonal there is quite good overall agreement between theory and
structure depending on the oxygen conteof the sample. experiment, some of the details differ, which leaves room
Growing a mono-domain and un-twinned sample of size, for further analysis of these important materials.
morphology and mosaicity of such a material, suitable for

a charge density study is a challen@?] that can easily

interfere with a reliable experimental charge density deter- 5. Concluding remarks

mination.
A mono-domain tiny crystal with well defined faces was At this moment the number of high-accuracy charge den-
used in a recent charge density analysis of XB&Og_ gs sity studies on transition metal complexes performed with

[83] performed with high-energy synchrotron radiation of synchrotron radiation is still limited and the majority of stud-
99.49keV,» = 0.124 A, with which absorption and extinc- ies reported have been performed at conventional sources
tion are very much reduced. [2]. This is likely to change as the compelling advantages
As in the cuprite synchrotron study by the same experi- of synchrotron radiation will be exploited at the new syn-
mental team, results are compared with density functional chrotron sources now under construction or being planned,
theory calculations using the full potential ‘Augmented and charge density studies are becoming more integrated in
Plane Wavet- local orbitals’ method as implemented in the chemical research. Especially the application of very high
Wien2k codd84]. The structure is shown ig. 19 the O(5) energy synchrotron radiation to extended solids, demon-
position at (1/2, 0, 0) is vacant in the YBauzOg 9s phase. strated in the last two studies discussed here, has turned the
Internal consistency between the intensities of equivalent corner in the analysis of extended heavy-atom containing
reflections was excellent in this study (with an internal agree- solids, and provides information unsuccessfully sought by
ment factor of 0.38%). The quality of the data was further use of conventional sources.
tested by structure refinement based on high-order refine- The combination of experimental and theoretical meth-
ment (sir/x 0.8-1.05 A1), assuming neutral independent ods is an exceptional powerful approach that can point out
atoms, which gave thermal parameters (often referred to asweaknesses in either method. It is evident that further pur-
Atomic Displacement Parameters, ADP) in good agreementsuit of this approach will lead to new insight in the nature
with the results of a neutron diffraction study. of metal-ligand and metal-metal bonding, and in the effect
Representative deformation density maps in the (010) of intermolecular interactions on the electronic structure of
and (001) planes, obtained both with experimental and molecules in solids.
theoretical structure factors, as shownHFig. 20 Though
the d-orbital populations were not explicitly derived in this
study, the deformation maps in this and other planes suggestAcknowledgements
a redistribution of charge density from ther@f- y?] orbitals
into d.2 orbitals, likely related to the longer Cu(2)-0(4) dis- Support of this work by the National Science Foundation
tance compared to the in-plane Cu—O(3) length. In general (CHE9981864 and CHE0236317), the US Department of
orbitals pointing into structural voids such aszA[ d[xy], Energy (DE-FG02-86ER45231) and the Danish Research
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agreement with crystal field considerations.
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