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Abstract: The electron density distribution of the ferrimagnetic MnCu(pba)(H.0)s-2H,0 chain compound,
where pba stands for 1,3-propylenebis(oxamato), has been derived from high resolution X-ray diffraction
measurements at 114 K using a multipolar model. The analysis of the chemical bonding has been carried
out through the “Atoms in Molecules” formalism and thoroughly interpreted with regards to the strong
intrachain and weak interchain magnetic couplings. The topological properties of the electron density on
the oxamato bridge indicate large electron delocalization and conjugation effects, in addition to high charge
transfer from both metals to the bridge. The resulting positive charges on Mn (+1.45 e) and Cu (+1.56 e)
induce charge polarization of the bridge, leading to a shift of electron density from the central C atoms to
the metal coordinating O and N atoms. The Mn-bridge interactions are mainly closed-shell interactions
with low electron density at the corresponding bond critical points, whereas the Cu-bridge interactions
exhibit significant covalent character. The Cu—N bonds are moreover stronger than the Cu—0 bonds. The
3d Cu and Mn orbital populations are consistent with pyramidal and regular octahedral environments,
respectively, in agreement with the loss of degeneracy due to ligand field effects. Interchain interaction
pathways are evidenced by the existence of four bond critical points in hydrogen bond regions. Finally,
these intrachain and interchain bonding features are correlated to the results of experimental and theoretical
spin density distributions, as well as magnetic measurements.

Introduction as several important concepts, based on molecular magnetic

. orbital overlap and symmetry consideratiGAs?* have been
In the last two decades, molecular magnetism has been a very. P y y

. . . . L . . introduced to rationalize the magnetic couplings between metal

ggg?cgvifar::afrzg% fﬁflefullg\:eztrl\%ﬁligzhﬁzﬁ:mgo\;wg]nit?ean q centers. Ordered bimetallic chains, consisting of metal ions

Y lagnetic ; g org bridged by bis-bidentate ligands such as oxamato, oxalato,
organometallic building blocks. In this context, numerous

systems have been synthesized revealing interesting magneti
properties, like room-temperature ferrimagnetstripw di-
mensional properties,and photoinduced magnetizatir? 1z
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(2) Ferlay, S.; Mallah, T.; OuakeR.; Veillet, P.; Verdaguer, Mature1995 (16) Pei, Y.; Verdaguer, M.; Kahn, O.; Sletten, J.; Renard, Jnétg. Chem
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oxamido, and thio-oxalato, have attracted much atterffion. We have shown in previous studies on radi€&% and
These compounds usually lead to mainly low dimensional organometallic systerfisthat the ED analysis gives light on
ferromagnetic or antiferromagnetic interactions along the chains. some aspects related to the magnetic interactions in molecular
Depending on the molecular structure and crystal packing, weaksystems, like 3d atomic orbitals populations, atomic charges and
interchain couplings can moreover be superimposed, giving risecharge transfer, electron polarization, and so forth. A complete
to three-dimensional interactions and sometimes magneticdescription of the chemical bonding, including the spin com-
ordering. Among these systems, infinite bimetallic 'WhCu' ponent, arises from the comparison of experimental X-ray and
chains have been the subject of several studie8,the high polarized neutron diffraction resuts:32 The ED analysis we
magnetic moment per (Mr-ligand—Cu') unit allowing intense report here goes beyond the present MnCu(pb®)jH2H,0
couplings despite the high MrCu separation along the chains. system and allows us to give some insights about chemical
This paper is devoted to the investigation of the electron Ponding in bimetallic chains in a more general point of view.
density (ED) distribution of the bimetallic chain compound This paper is divided into four parts including the Introduc-
MnCu(pba)(HO)s-2H,0O, where pba stands for 1,3-propyl- tion. We describe in part 2 the high-resolution X-ray data
enebis(oxamato), at 114 K. The crystal structure has beenmeasurements and the multipolar model used to recover the ED
derived at room temperature by Pei etl@lfrom X-ray distribution of the title compound. The results of ED analysis
diffraction measurements and at 10 K by Baron €Y d&tom and the investigation of the intrachain and interchain chemical
neutron diffraction techniques. It can be described as infinite bonding are given in part 3. Part 4 is devoted to the interpretation
parallel Mn—pba—Cu chains connected to each other by Of the properties deduced from the ED in terms of magnetic
hydrogen bonds. Correlatively, MnCu(pba)®s2H.0 ex- couplings.
hibits a magnetic behavior typical of ordered bimetallic chains, ] ]
with one-dimensional antiferromagnetic interactiohs<(—23.4 ~ EXperimental Section

cm1) and weak interchain coupling8Its magnetic behavior X-ray Diffraction Data Collection and Reduction. MnCu(pba)-

has been further investigated from polarized neutron diffraction (4,0),-2H,0 was synthesized as previously repoffegiying light blue
measurements using a spin density restricted multipolar médel. platelike samples. First X-ray diffraction tests showed that the crystal
The negative and positive spin densities observed on-Ourb- quality was limited, due to a layer crystal growing process. After many
(2)us) and Mn (4.93(3)g) are characteristic of antiferromag-  trials, a well shaped single crystal of dimensions 9.8.3 x 0.2 mn?,

netic interactions along the chains. In addition, spin densities suited for a charge density study, was selected and mounted on a Nonius
have been observed on the oxamato moiety with positive Kappa CCD diffractometer using graphite monochromatized Mo K
contributions on the O atoms connected to Mn and negative radlatlc_)n and equipped with an Oxford Cryosystem. To decrease thermal
populations on all the other atoms. Baron et’ahave thus smearing effects, the sample was cooled to 114 K; the temperature

lained th tic int i bet M dCub was beforehand calibrated using the ADP para-electric to anti-
explaine € magnetc Interactions between Mn an U DY 8terroelectric phase transition at 148 K. X-ray diffraction data were

spin delocalization mechanism through the oxamato bridge. .gjiected usingy-scans at differen detector positions @= 0°, 20°,
Contrary to what can be expected from the higher spin 22 # and 24.3) to allow high redundancy and high-resolution data
population on Mn, spin delocalization is more efficient on the measurements. Oscillation width°j2and exposure time (180 s) were
copper side of the oxamato bridge. These effects have beenselected and kept constant throughout the experiment to ensure a high
confirmed on molecular fragments by theoretical DFT spin consistency of the data set and to allow a high signal-to-noise ratio of
density calculations and on a simulated chain system using ae€ach intensity peak, even for the high angle weak reflections, without
density matrix renormalization group formalis&iThese theo- _saturating the detector for low order reﬂectio_ns. 48 889 refle_ctions were
retical calculations point out also small spin polarization of the INtégrated on 894 frames up to a resolution of 0.98 Avith the

. . DENZO progran* implemented in the HKL2000 package. Final cell
oxamato group. Cador et #l.performed optical absorption

fthe Nlspin forbidd e d deduced parameters were deduced from a least-squares postrefinement on all
measurements of the Mispin forbidden transitions and deduce measured reflections. Interframe scaling using the intensity of equivalent

a couplingJ value in agreement with the magnetic measure- (efjections was checked and did not show any crystal decay during
ments. An XMCD stud§ confirmed the Mn and Cu spin  data collection; this scaling procedure was nevertheless applied. The
populations observed from PND techniques. Although the nature crystal faces were indexed and accurately measured to correct from
of the magnetic interactions and the mechanism involved seemabsorption effects by Gaussian integration (ABSG#BDiffracted
to be well understood, several points concerning the bonding intensities were reduced and merged in the mmm Laue group, using
interactions need to be further clarified. The polarized neutron Program SORTAV? yielding 4567 unique reflections of which 3301
diffraction experiments give information on the atomic nature have! = 3o(l). The internal agreement factor increases in a regular
of the interactions through the atomic spin populations; the way versus resolution, from 3.3% at 0.5%to less than 10% in the
optical and magnetic measurements are on the other side - . . - . — .
restricted to a macroscopic point of view. The ED analysis is a ?® fé”cf,tmti Cs_ﬁgc\,aﬁ_s%ﬁ,’e%’ogf T,'"1°3nl’_ Y.; Caneschi, A Gatteschi, D
powerfu| tool to study chemical bonding in solifs2’ Chemical (29) Claiser, N.; Souhassou, M.; Lecomte, C.; Pontillon, Y.; Romero, F.; Ziessel,
) . . R. J. Phys. Chem2002 106 (50), 12896.
and physical properties can be derived from the ED such aS(30) Pillet, S.; Souhassou, M.; Lecomte, C.; Rabu, P.; Massobrio, C.; Drillon,

electrostatic potential, atomic charges, dipole moments, hydro- _ M. ECM 19, 2000, Abstract p 127.

i . ” . (31) Becker, P.; Coppens, Rcta Crystallogr.1985 A41, 177.
gen bond kinetic and potential energy densities, and so forth. (32) Figgis, B. N.; Kucharski, E. S’; Reynolds, P. Acta Crystallogr.1989
B45 240.
(33) Figgis, B. N.; Reynolds, P. A.; White, A. H. Chem. Soc., Dalton Trans

(25) Coppens, PX-ray Charge Densities and Chemical BonditigCr, Oxford 1987 1737.

University Press: 1997. (34) Otwinowski, Z.; Minor, W.Methods in Enzymology®76, Carter, C. W.,
(26) Lecomte, C.; Souhassou, M.; Pillet, BAEOCHEM?2003 647, 53. Jr., Sweet, R. M., Eds.; Academic Press: 1996.
(27) Lugan, N.; Ortin, Y.; Mathieu, R.; Lepetit, C.; Heullt, J. L.; Pillet, S.; (35) Detitta, G. T.J. Appl. Crystallogr.1985 18, 75.

Souhassou, M.; Jelsch, C.; Lecomte,SEC Eurochem2002 (36) Blessing, R. HJ. Appl. Cryst 1989 22, 396.
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Table 1. Crystallographic Data and Experimental Details
g
. S5
alblc (A) 12.7858(5)/21.2972(8)/5.1864(2)
V (A3)/z 1412.3(2)/4

space group/crystal system
temperature (K)/wavelength (A)

Pnmadorthorhombic
114/MookD.71073

scan method/rotation width (deg) rotation?

- Figure 1. Ortef” view and labeling of the chain structure. Thermal
exposure time per frame (s) 180 displacement ellipsoids are plotted at the 50% probability level. O4 and
crystal to detector distance (mm) 40 05 are the oxygen atoms of the coordinated water molecules. Hydrogen
no. of framgs . 894 atoms and noncoordinated water molecules are omitted for clarity. Mn and
?;}i‘;glrfggg]?t;'%eeé?ours) ~19106 Cu local coordinate systems are also given.
ﬁé”;?r;g;"aﬂgzxn dependent igggﬁggo?ﬁ“ valence ED is projected on the basis of real spherical harmoyigg (

reflections
(sinB/2) max (A-1)/

completeness (%)/redundancy
range oft/k/l

Rnt(l) (%), all data

0.98/81.3/10.5

—24<h<23/-38<k
<38~9<I1<9
3.60

Table 2. Agreement Indices for the Two Refinement Models (0 <

(sin(6)/2) < 0.98 A1)

using Slater type radial functions

§|nl+3 .
(R'(r) e ’I)

To a good approximation, the atomic inner shells are not affected by
chemical bonding (frozen core approximation). Initial radial functions
coefficients & were taken from the energy optimized Slater-type
exponents! (n = 4, 4, 4, 4,5 = 7.0 bohr?) for Cu and Mn, @ = 2,

2, 3;& = 2.5 bohr?) for N, (n = 2, 2, 3;& = 3.3 bohr?) for O, (n

model R(%) Ru(%) GOF  Ngs N
(>0 |(promolecule) 638 719 170 4se7 115 . 22 36 =314 bohr’)for C, and fy = 2; & = 2.28 bohr?) for
II (multipolar) 551 516 122 4567 326 H. The multipolar expansion was limited kg.x = 3 (octupole) for N,
(1>30()) |I(promolecule) 4.11 6.66 1.85 3297 115 C, and Ojlmax= 1 (dipole) for H; andmax = 4 (hexadecapole) for Cu
Il (multipolar)  3.24 444 124 3297 326 and Mn. Anomalous dispersion coefficients were taken from the

International Tables for Crystallographs.
Starting from the promolecule model (model 1), we fitted valence

high-resolution shells, showing the consistency of the whole data set. populations and parameters sequentially using all dake>(0). An

Intensity uncertainties were individually re-estimated based on the electroneutrality constraint was applied to the unit cell; as charge transfer
normal distribution of the multiple measured reflections, taking and electron delocalization effects might be expected from Mn and Cu
advantage of the large data redundancy. More details about theto the coordinated and noncoordinated water molecules, no neutrality

experimental settings and crystal data are reported in Table 1.
Electron Density Modeling. An accurate structural model was

constraints were applied on the water molecules. For Cu and Mn,
preliminary tests were performed, using two independent monopoles

derived by spherical atom refinement of position and anisotropic thermal Py andPoo for the 4s and 3d electrons, respectively. The Cu and Mn 4s

parameters of non-hydrogen atoms against high order dat@)gir
0.8 AL, Nobs = 1519, Ny = 115, R(F) = 12.72%). This high order

scattering factors decrease very rapidly versus resolution, leading to
difficulties in the refinement of the correspondiRgandPy, parameters.

procedure prevents biasing the atomic displacement parameters (ADPsPespite expected instabilities observed duriRggndPoo) refinement,

by the deformation of the valence ED. Hydrogen atom positions and
isotropic ADPs were obtained from an all data refinement; theiHO
and C-H distances were adjusted to the usual neutron valueH(C

= 1.08 A and G-H = 0.99 Ay leading to the “Independent Atom
Model” or promolecule (model 1, Table 2), sum of isolated neutral
spherical atom EDs.

To take into account the deformation of the atomic valence electron
shell, the ED was further refined according to the multipole métel.
We used the HanserCoppens formalism, as implemented in
MOLLY,%? in which the total ED is decomposed into pseudo-atomic
contributions as

Imax

+
P(T) = peordl) + PvKapval(Kr) + ZK'SR(K'r) zoplmiylmi(arq))

wherepcodI) @andpval(r) are spherically averaged core and valence EDs
calculated from Clementi Hartred-ock wave functions for ground-
state isolated atonf8« andx’ are contractiorexpansion parameters,
and R is the atomic valence shell population. The deformation of the

(37) Allen, F. H.Acta Cryst 1986 B42 515.

(38) Stewart, R. FJ. Chem. Physl973 58, 1668.

(39) Hansen, N. K.; Coppens, Rcta Cryst 1978 A34, 909.

(40) Clementi, E.; Roetti, CAt. Data Nucl. Data Table4974 14, 177.

the Cu(4s) population decreased to almost 0, whereas the Mn(4s)
population remained close to 2. Therefore, the corresponding Cu and
Mn valence radial scattering factors were calculated usifg®snd
4g3cP electron configurations respectively and one monopole only (Pv)
was finally refined for each metal; furthermore, only monopole,
quadrupole and hexadecapole functions were allowed to vary assuming
no 3d4p and 4s4p hybridization. Except the crystallographic mirror
plane for Cu (see below), no other chemical symmetry constraint was
applied on the Mn and Cu multipoles. The local coordinate systems
(Figure 1) were defined according to the coordination spheres:
pyramidal for Cu ¢ axis along the apical direction) and octahedral for
Mn (z axis along the MrO4 direction). In the first steps, chemically
equivalent hydrogen atoms were modeled using a single set of multipole
parametersR,, P1o, wherePy,is the dipole population along the+X
bond (X= C,0)). Related to the isotropic thermal motion model used
for hydrogen atoms, this dipole is the only significant contribution to
the deformation density of H (as checked). The chemical equivalence
constraint was relaxed at the end of refinement in order to better model
hydrogen atoms involved in intermolecular interactions.

Agreement factors are summarized in Table 2. With the introduction
of the aspherical multipolar model, the agreement indices decrease from

(41) Clementi, E.; Raimondi, D. LJ. Chem. Physl963 38, 2686.
(42) International Tables for CrystallographyReidel: Dordrecht 1992; Vol.
C, p 219.
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Figure 2. Residual electron density in the oxamato bridge plane at the
end of multipolar refinement. Contour levels: 0.1 @Apositive solid lines
and negative dashedl ¢ 30(1), S < 0.8 A™Y).

6.38% to 5.51% foR and from 7.19% to 5.16% foR, (all data).
Even with the full multipolar model, the agreement factors are

nevertheless rather high, due to the limited crystal quality of the samples.
Figure 2 shows the residual electron density (difference between
observed and modeled electron densities) at the end of multipolar

refinement, given by

1 1
Aioresic(?) = QZI (E

whereV is the unit cell volumeFqs and Feyc are structure factors
observed and calculated using the multipolar model, respectiygly,

Fobs(hkl)\ - \Fz‘;lé‘(hkl)

)é%uuezm(ﬁ.f)

(V%0 < 0) and depletions\?p > 0); peaks of negative laplacian, called
valence shell charge concentrations (VSCCs), depict the deformation
of the atomic valence shell due to bonding and hybridization. The
atomic ED is enclosed by interatomic surfaces, defined by the zero
flux condition of the gradient field, delimiting atomic basins. The
integration of the ED over the atomic basins yields topological atomic
charges.

As discussed by Bader and co-work&rs'S the topological analysis
of the ED allows deriving local energetic properties. Abraffiov
proposed an evaluation of the kinetic energy denGifite) at a given
BCP as a function op(fcp) and V2p(fcp):

G(T cp) = (3/10)(3P2)(p(T )™ + (1/6)V?p(T cp)

This local relationship is valid for closed-shell interactions in
medium-range distances from the atoms (0.5 to 2 A). It is accurate for
hydrogen bondsp(Fcp) ~ 0.2eA - 34748 and should be applied with
caution to coordination interactions. The potential energy deNéity)
at the BCP is related t&(r) through the local virial theorert. All
topological properties of the ED, as well as the integration over the
atomic basins, have been performed using program NEWPROnd
are given in Tables 3 and 4.

Results

Crystal Structure. The crystal structure of MnCu(pba)-
(H20)3:2H,0 has already been published by Pei éfand by
Baron et alt” we just recall here the main features observed at
114 K, needed for a clear understanding of the ED analysis.

is the structure factor phase calculated using the multipolar model, and The structure is built up from infinite bimetallic MeCu chains,

the sum runs over all reflections ¢ 0).

The residual density at the end of multipolar refinement is however
flat in the interchain regions and on the oxamato bridge; residual density

does not exceed 0.2 eA(2*a(p)) at nearly 0.7 A from O1. The regions

close to Mn and Cu nuclei exhibit some residual density not taken into .
Y r (Mn—0 apicall= 2.201(1)

account by the multipolar model, which represents a limitation of ou

running along thév axis in which Mn and Cu are connected by

a bis-bidentate oxamato ligand (Figure 1). Mn lies on an
inversion center in an elongated octahedral coordination. Water
molecules (O4k) are located in the elongated apical directions
A), whereas the axial positions are

model (or data) in the present case. The estimated average errors iPccupied by the O1 and O2 atoms of the oxamato bridge

the experimental density are
1 12
a1(p) = (\—/;(o(Fobs(hkl)»z) =0.10eA®
and
12
;,L‘(hk|)|)2) =0.11eA3

1
oop) = (\—/%(IFobs(hkl)l - IFg

whereV is the unit cell volumeFq,s and Fcqc are structure factors

(Mn—0 basall= 2.166(1) A). Cu is located on a crystal-
lographic mirror plane in a CufDz pyramidal surrounding,
coordinated by one water molecule (O§Hn the apical
direction and two O3 and N atoms of two symmetry related
oxamato groups in the basal plane. Cu lies 0.2475(5) A out of
the basal plane in the direction of the water molecule.

The parallel chains are connected in thandc directions
by four short hydrogen bonds involving the O1 and O2 atoms
of the oxamato bridge and the coordinated and non coordinated
water molecules. The ©H distances range from 1.71(1) A to
2.04(1) A with corresponding ©H:-:-O angles from 153.9(1)

observed and calculated using the multipolar model, respectively, andto 170.6(13. Bonding distances are summarized in Table 3,

the sum runs over all reflections ¢ 0).
Topological Analysis of the Electron Density.A complete and

guantitative study of the ED can be performed through the topological

analysis following the “Atoms in Molecules” theofy.*° Interatomic

interactions are characterized by the properties of the ED and its
laplacian at bond critical points, noted as BCPs, where the gradient of

together with the BCP’s properties. The quasi one-dimensional
crystal structure involves similar distances between the magnetic
centers within and between the chaingy.dcy = 5.4220(2) A
and dan---mn (dew--cy) = 5.1861(2) A respectively.

Electron Density Distribution along the Chains. In the

the ED vanishes. Two bonded atoms are moreover connected by a linefollowing part, we discuss the ED distribution, dividing the chain

of maximum ED, called a bond path. The ellipticity of the bond, defined
ase = 1 — |Ai/12|, whered; and 1, are the principal curvatures of the
ED in the plane perpendicular to the borid € 1,), is a measure of
the departure from cylindrical symmetry of the ED at the BCP. The

laplacian of the ED indicates regions of electron accumulations

(43) Bader, R. F. WAtoms in molecules: a quantum theomhe International
Series Monographs in Chemistry. Oxford: Clarendon Press: 1990.

(44) Bader, R. F. W.; Essen, H. Chem. Physl984 80 (5), 1943.

(45) Bader, R. F. W.; Preston, H. J. nt. J. Quantum Chenil969 3, 327.
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into three characteristic regions.
1. Bridging Region. The static electron deformation density,
as defined by the difference between multipole (model II) and

(46) Abramov, Y. A.Acta Crystallogr 1997, A53 264.

(47) Espinosa, E.; Molins, E.; Lecomte, Chem. Phys. Lett1998 285 170.

(48) Espinosa, E.; Lecomte, C.; Molins, Ehem. Phys. Lettl999 300, 745.

(49) Souhassou, M.; Blessing, R. Bl. Appl. Cryst 1999 32, 210.

(50) Katan, C.; Rabiller, P.; Lecomte, C.; Guezo, M.; Oison, V.; Souhassou,
M. J. Appl. Cryst 2003 36, 65.
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Table 3. Topological Properties of the Electron Density at the Bond and Ring Critical Points?

bond d(X=Y) d(X-CP) d(Y-CP) pTep) V2p(Tcp) G(Tep) V(ico) P(Tep) = pprom(Tep)
(*-Y) ® ® ® (eA-) (€A-s) e (kI mol3) (kI mol9) (€A
Cu-03 1.996(1) 0.92 1.08 0.62 8.7 298.40 —360.71 0.17
Cu—N 1.948(1) 0.91 1.04 0.74 8.0 33496 —451.53 0.22
Cu—-05 2.271(1) 1.10 1.17 0.32 4.3 125.25 —132.87 0.10
Mn—-01 2.160(1) 1.08 1.08 0.34 6.2 165.08 —160.25 0.07
Mn—02 2.172(1) 1.05 1.12 0.40 5.9 175.39 —189.58 0.12
Mn—04 2.201(1) 1.06 1.14 0.37 55 159.13  —169.03 0.12
Ci1-C2 1.535(2) 0.77 0.77 1.80 —16.9 0.31 0.68
C2-01 1.282(2) 0.51 0.78 2.40 —26.1 0.29 0.48
C2—-N 1.298(2) 0.59 0.71 2.36 —19.4 0.30 0.52
C1-03 1.252(2) 0.47 0.80 2.43 —22.2 0.26 0.45
C1-02 1.267(2) 0.57 0.68 2.48 -8.3 0.27 0.45
N—C3 1.465(2) 0.79 0.68 1.59 -5.1 0.09 0.21
C3-C4 1.523(2) 0.91 0.62 1.49 -9.5 0.08 0.34
ringl CuNC2C103 0.24 3.1 0.04
ring2 MnO1C2C102 0.14 2.6 0.02
bond d(x-Y) d(0-+-0)* O-H---0* directionof  d(X-CP)  d(Y-CP) plfep) Vep(Tes) G(fep) V(ico) P(Tep) = Pprom(Tep)
(X=Y) A A (deg) connection® A (Y] (eA3) (eA-9) (kImol=) (kI mol™%) (eA3)
04—H2---01  1.85(1) 2.816(1) 163.1(1) c 0.68 1.18 0.17 3.8 85 —67 —0.09
06—H8---02  1.87(1) 2.793(1) 154.3(1) c 0.66 1.22 0.15 4.2 90 —65 —0.10
04—H6---06  1.71(1) 2.717(2) 170.6(1) c 0.63 1.10 0.30 3.9 114 —120 —0.06
06—H5---:01  2.04(1) 2.967(2) 153.9(1) a 0.78 1.26 0.19 1.8 52 -56 +0.02

aJ; are the principal curvatures of the ED at BGP= 1 — |11/, is the ellipticity of the bond at the BCP. The ellipticity at the BCPs is only given for
C—0, C—N, and C-C bonds G(rp) andV(rcp) are the kinetic and potential energy densities at the BCP (seedgi)is the ED of the promolecule (model
1). * applies to hydrogen bonds only.

Table 4. Atomic and Fragment Topological Charges (e) and

A), whereas, in all G0 and G-N bonds, the BCP is shifted
Volumes (A3)a

toward C. For all oxamato bonds, the ED, ellipticity, and

Cu Mn 01 02 03 N Cl laplacian at BCP are higher than those for corresponding single
charge +1.56 +1.45 —0.97 -0.87 —0.80 —1.15 +1.38 bonds; the ED, ellipticity, and laplacian at €C2 BCP are
volume 946 10.80 13.72 16.44 14.39 1389 490 |grger than those for the GX4 single bond, even though the

oxamalo bond distance is longer (1.535(2) A for EC2 and 1.523(2)

c2 c3 C3H, ca CaH, group A for C3—C4). The C1C2 topological characteristics are close
charge +0.87 —020 +030 -0.78 -016 —154 to those observed for conjugated-C bonds such as in the
volume 734 1135 2324 1174 1970  70.68  nitronyl ring of Nit(SMe)Ph pcp = 1.80 eA3 and VZpcp =

—13.2 eA5)28 but are nevertheless lower than those for aromatic

o4 H:04 05 H:05 06 H:06 bond$8:53 (pcp ~ 2.1 eA3 and V2pcp ~ —18 eA5). The ED
charge  -165 034 -1.32 006 -135 004 and laplacian at G2N BCP are larger than those for the €8
volume 2228 2558 2002 2370 2186 2532

bond; they compare to those observed in Nit(SMe)Ph and are
correlated to the bond length evolution: 1.298(2) A for-@2,
1.465(2) A for C3-N, and 1.3555(5) A for Nit(SMe)Ph.
The ED and laplacian at the €© BCPs are high but
lower than those observed for noncoordinated@bonds?

The high ellipticities of the €0, C2-N, and C1-C2 bonds
(from 0.26 to 0.31) indicate large EDr asymmetry. By
comparison with the promolecule (model I), the ED at al@,
C—C, and C-N BCPs increases, due to the formation of
covalent bonds; C1C2 exhibits the largest buildup of EAp

= +0.68 eA3), whereas the single NC3 and C3-C4 bonds
present the smallest increase. The change is the same for all
three G-O bonds 0.46 eA3), even though they are not
coordinated to the same metal: ©Wn, O2—Mn, and O3-

aThe total charge and integrated volume summed over the unit cell are
—0.072 e and 176.6593%respectively, which represent total errors of 0.07
and 0.07 %, respectively, due to the integration procedure.

promolecule (model I) EDs, is shown in Figure 3a in the plane
of the oxamato group.

Apsta{_r) = pmult(?) - pprom(?) = kaspval(Kr) - vaval(r) +

Imax |

> <RI S Plnsins (0.6)

The C-C, C—N, and C-O bonds exhibit usual characteristics
with maximum deformation density in the bonds. With-€1
C2 being nonpolar, the density maximum is well centered in Cu. All these topological features of the oxamato moiety
the bond, in contrast to the-@ and C-N bonds for which characterize large conjugation effects over the whole bis-
the maximum density is systematically shifted toward the carbon bidentate ligand.
atom. Similar polarization effects were observed in other  The laplacian of the ED is given in Figure 4. For all atoms
molecules containing NO groups?8:30.51,52 of the oxamato group, peaks of negative laplacian (VSCCs) are

These observations are supported by the topological analysisocated at nearly 0.5 A from the nuclei, in the interatomic
(Table 3): the C+C2 BCP lies in the middle of the bond (0.77

(53) Volkov, A.; Abramov, Y.; Coppens, P.; Gatti, Bcta Crystallogr 2000

(51) Kubicki, M.; Borowiak, T.; Dutkiewicz, G.; Souhassou, M.; Jelsch, C.;
Lecomte, CJ. Phys. Chem2002 106(14) 3706.
(52) Zhurova, E.; Pinkerton, AActa Crystallogr 2001, B57, 359.

A56, 332.
(54) Benabicha, F.; Pichon-Pesme, V.; Jelsch, C.; Lecomte, C.; Khm®gta.
Crystallogr. 200Q B56, 155.
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(b)

(c)

(d)

Figure 3. Static deformation density in the oxamato bridge plane (a); @8—05 plane (b), MR-O2—04 plane (c), and MrO1—-04 plane (d). Contour

levels as in Figure 2.

directions. C1 and C2 exhibit three VSCCs located in the
oxamato plane pointing toward their bonded neighbor atoms,
characteristic of sphybridization. The oxamato nitrogen and
oxygen atoms exhibit VSCCs almost perpendicular to théNC
and C-0 bonds, corresponding to the two N and O lone pairs.
According to the topological atomic charges (Table 4), the
oxamato bridge carries a1.54 charge and exhibits a large

2. Cu Region.The static deformation density in the CuUO503N
plane is given in Figure 3b: a large ED depletion in the copper
electron valence shell, due to electronic repulsion by crystal
field effects, shows up in the GtO and Cu-N interaction
directions. The deformation is similar in the N and O3 directions,
while a smaller effect is revealed in the apical direction<{Cu
05), in line with a longer coordination distance (2.271(1) A

electron polarization. The C atoms are positive, whereas negativeyersus 1.996(1) A and 1.948(1) A). Correlatively, positive
charges are accumulated on the O and N atoms, resulting fromgeformation peaks are located in the diagonal directions. These

two adding effects: larger electronegativity of N and O than
that of C and Mr-O, Cu—N, and Cu-O coordination interac-
tions, as discussed above.

The comparison of the oxamato ED with that of the oxalato
group in NaHGO4-H,0%5 and of oxalic aciéf shows the strong
influence of the metal coordination. The static deformation
density of the central €C bond in oxalic acid (0.65 &) is
similar to the oxamato C1C2 bond, with a longer bond length
(1.5432(4) A versus 1.535(2) A). On the other hand, the static
deformation density in the €O oxamato bonds is lower than
those for C-O and C-OH bonds in NaH@0,4-H,O and oxalic
acid (0.66-0.80 eA3). The coordination interactions thus
induce a redistribution of ED from the-€0 oxamato bonds to
the O—Cu and G-Mn regions.

(55) Delaplane, R. G.; Tellgren, R.; OlovssonAktta Crystallogr.1990 B46,
361

(56) Coppens, P.; Dam, J.;
Goddard, R.; Krger, C.;
T. F.; McMullan, R. K.;
1984 A40, 184.

Harkema, S.; Feil, D.; Feld, R.; Lehmann, M. S.;
Hellner, E.; Johansen, H.; Larsen, F. K.; Koetzle,
Maslen, E. N.; Stevens, E. Bcta Crystallogr
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deformation density features are the signature,afydorbital
depletion and, to a lower extent, of that of theatbital, which

are destabilized compared to thg ¢dy,) and dy orbitals in
agreement with a pyramidal surrounding (local coordinate
system given in Figure 1). The 3d orbital populations, as derived
from the Cu multipolar modelifj (Table 5), reflect the
pyramidal environment of copper with higheg,dd,,, and d.
populations than that of A The dz-2 orbital is the least
populated orbital due to electronic repulsion with O3 and N
lone pairs in the basal plane. For a®3dectron configuration
and from crystal field considerations only, one might explain
these d orbital populations, keeping in mind that our estimation
takes also into account tleeand sz donation from and toward
Cu according to the DewaiChatt-Duncanson metalligand
model®8:59Many experimental ED studies agree with this model

(57) Holladay, A.; Leung, P.; Coppens, Rcta Crystallogr 1983 A39, 377.
(58) Dewar, M. J. SBull. Soc. Chim. Fr1951 C71.
(59) Chatt, J.; Duncanson, L. A. Chem. Sac1953 2939.
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Figure 4. Contour map of-V2p in the Cu-O3—N plane (a), Mr-O2—01 plane, (b) and MrO2—04 plane (c). Contour levels at:2 10", 4 x 10", and
8 x 10"eA=5 (n = -3, -2, —1, 0, 1), positive solid lines and negative dashed.

Table 5. 3d Atomic Orbital Populations (in %) for Cu and Mn?

A2 (%) d2(%) dhy (%) e (%) A,z %)
Cu 11.1(3) 16.5(3) 23.2(3) 24.6(3) 24.6(3)
Mn 17.8(3) 16.4(3) 20.8(3) 22.5(3) 22.5(3)

aThe corresponding local coordinate systems are given in Figure 1.

like, for example, iron and cobalt porphyrfd§!and coordina-
tion complexe$? The same conclusions are drawn by inspection
of the VSCCs around the Cu atom (Figure 4); they are located
in the dy, dy,, and d. directions with a maximum at 0.3 A from
Cu. The coordinating N and O3 atoms exhibit positive deforma-
tion density toward Cu, corresponding to their lone pairs. The
charge densities in the €GN and Cu-O3 directions are
however different. The nitrogen positive deformation density
is spread along and around the-Bu axis, with a maximum

of 0.3 eA3, whereas the O3 deformation density is more
compact and well localized closer to O3 with a higher maximum
(0.5 eA3). The overlap between the Cu and N atomic orbitals
is therefore expected to be higher than that occurring between
O3 and Cu; this is confirmed by the topological analysis of the
ED (see below). The topological charge obtained for the apical
water molecule O5Hlis very low (+0.04), indicating no Cu g
orbital o donation.

(60) Lecomte, C.; Blessing, R. H.; Coppens, P.; Tabard].AAm. Chem. Soc
1986 108 6942.

(61) Lecomte, C.; Rohmer, M. M.; Benard, M. Tihe Porphyrin Handboqk?;
Kadish, K. M., Smith, K. M., Guilard, R., Eds; Academic Press: 1999.

(62) Macchi, P.; Proserpio, D. M.; Sironi, A.. Am. Chem. Sod 99§ 120,
1447.

All coordination interactions involving Cu are characterized
by the existence of a bond path on which lies a BCP with
positive laplacian, indicating mainly closed-shell interactions,
as usually observed for metdigand interactions. The BCPs
in the basal CtN and Cu-0O3 directions are located at nearly
the same distance from Cu (0.92 A); the ED at BCP is higher
for the Cu-N bonds, corresponding to a higher covalent
contribution. This ED is also higher than that observed in a
transhis(cyanamidonitrato-N:O)bis-(imidazole}sopper(Il) com-
plexé3 which exhibits longer C&N bonds @ = 1.9660(4) A,
pcp = 0.62 eA3 andd = 2.0273(5) A, pcp = 0.49 eA3). The
smaller ED at BCP in the apical direction (0.32 e3fagrees
with the longer and therefore weaker-€05 interactions. The
degree of covalency thus increases from—@b5b to Cu-03
and Cu-N coordination interactions. In agreement with the
deformation density, the nitrogen VSCC directed toward Cu is
diffuse (Figure 4a), whereas O3 and O5 VSCCs are well
localized along the coordination directions (Figure 3b and
Supporting Information).

The kineticG(r) and potentiaV(r) energy densities are high
at Cu-N and Cu-O3 BCPs (Table 3), in agreement with
significant ED buildup by the reference to the promolecule
(model 1): pmuit — pprom = +0.22 ancH0.17 eA3, respectively.
Moreover, the potential energy density overcomes the kinetic
energy density by at least 60 kJ méal As less ED is

(63) Kozisek, J.; Hansen, N. K.; Fuess, Acta Crystallogr 2002 B58, 463.
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concentrated along the bond path, the energy densities are lower
for the Cu-05 bond (the total energy is onky7 kJ mol?).

3. Mn Region. Compared to Cu, Mn exhibits a smaller but
significant negative deformation density along the-M® bonds
and positive lobes in the diagonal directions (Figure 3a). A
similar deformation density of the Mn valence shell has been
reported by Bianchi et al. for MICO),0.54 O1, 02, and O4
oxygen atoms present lone pairs positive deformation density
in the Mn direction (Figure 3, maximum 0-0.5 e A3). These
accumulations are elongated in the plane perpendicular to the
O—Mn axis; this is the main characteristic. Compared to O1 Fjgyre 5. Total electron density in the interchain region (isocontour 0.1
and O4, the nonsplitting of the O2 density may be a consequenceeA-3). The interchain hydrogen bonds (D4, 02:-06, and O4-06)
of the limited resolution of the experiment. The topological are shown in the insert.
properties of all MAR-O bonds are similar, characteristic of the

almost regular Mn octahedral environment; as a consequence, -

the Mn bg orbitals are more populated than theomes due to /]\i\\

crystal field repulsion. The BCPs are located slightly closer to =\ (/77

Mn than O (@wn—cPd= 1.06(2) A), and the average density at \\/// A

BCP (0.37(3) e A3) is lower tha% those for the CtO3 and 57 <§\\ e
Cu—N bonds (0.62 and 0.74 e A), enlightening more ionic \%‘ —
interactions. The increase of ED at the M@ BCPs compared \ éj/// §
to the promolecule is also smaller than that for the copper ((((// f
coordination bonds. VSCCs are located around Mn, correspond- \ ,%_—. \\(
ing to an accumulation of ED in diagonal directions. The Mn 3 \§ =
3d orbitals are less contracted than those for Cu; the maxima

of negative laplacian (VSCCs) are located at a larger diSt"fm_C(':‘Figure 6. Gradient trajectories of the electron density in the @H42—04
from the nucleus, nearly 0.4 A (0.3 A for Cu). O1 and O4 exhibit hydrogen bond region.
one VSCC directed toward Mn, corresponding to the coordina- o _
tion interactions, while O2 presents two less resolved VSCCs. those obtained in the promolecule model, as previously observed
The 04 VSCC is also elongated in the M®4—02 plane. The in other hydrogen bond studié¥The kineticG(r) and potential
kinetic and potential energy densities are half the corresponding V(F) energy densities at BCPs (Table 3) range freb? to+114
energy densities for copper bonds; they are in the same range<) mol™* and from—56 to—120 kJ mot, respectively, in quite
for the three MR-O BCPs, showing isotropicity of the MrO good agreement with the exponential fit of the energy density
coordination bonds. In conclusion, all topological features Versusthe ©-H distance derived by Espinosa ef&hccording
demonstrate the lower covalency and therefore lower direction- 10 these energy densities, the ©46--O6 hydrogen bond is
ality of Mn—O interactions compared to those involving the the strongest, as predicted from the shortest bond length.
copper atom. . Discussion

Interchain Hydrogen Bonds. Pei et al'® have shown from ] ] ) ]
the magnetic behavior of MnCu(pba}®))s-2H0 a departure Mn —Cu Interactions. A first question arises about the mode
from one-dimensional antiferromagnetic exchange coupling at ©f Mn—Cu interactions along the chains: it could be either
very low temperature (below 2.3 K). Indeed, weak interchain g]obal or.v.vell Iocgllzed along bond paths. In the first case, a
interactions superimpose to the intrachain coupling, which could Single critical point (CP) would be observed between the

be related to hydrogen bonds. We have shown in our previous©Xamato bridge and the metal atoms. This situation would be
studies on organic radica&2°that careful investigation of the ~ Similar to T-shape interactions between a metal and-¢CC
electron density topology in intermolecular (or interchain) bond, for which a bond path would link the metal to the center

regions helps in locating and analyzing weak interaction ©f the C-C bond, as discussed by Macchi ef&lhe second

pathways. In MnCu(pba)(#®)s-2H.0, the crystal structure situation would .cons.ist of a bond pgth and a BCP in the-Cu
suggests the presence of four interchain hydrogen bonds whos&3 and Cu-N directions as well as in the MrO1 and Mn-
structural properties are summarized in Table 3. As shown in O2 directions. Correlatively, aring critical point (RCP, minimum
Figure 5, bridges of ED connect the chains in the hydrogen ©f ED in the ring plane and maximum in the perpendicular
bond regions. The gradient field of the ED (Figure 6 and direction) should be localized in the €0©3-C1-C2-N and
Supporting Information) exhibits typical topological features of MN—01~C2-C1-02 rings. Figure 7 gives a clear answer to
hydrogen bonding in all ©-H directions: an interatomic surface  this question. All CerN, Cu~0O3, Mn—-O1, and Mr-02
and a bond path linking O and H on which lies a BCP. The ED dlre_ctlons ex_h|b|t the same topological features such as shar!ng
values at BCPs range from 0.15 &%o 0.30 eA® and indicate an interatomic surface, presence of bond path, and BCP which
medium strong hydrogen bonds, whereas the positive sign of &€ definjte clues of Iocalizgd interatomic bonds. In additioq,
the corresponding laplacians (from 1.8 ko 4.2 ek) is an RCP.IS Iocateq in each five atom ring. Wg havg shown in
characteristic of closed shell interactions, as usual for this type (e Previous sections that both metals exhibit positive atomic

of hydrogen bonds. The EDs at BCPs are slightly lower than charges:+1.56 e andt1.45 e for Cu and Mn, respectively, to
neutralize the oxamato negative charge. This charge transfer

(64) Bianchi, R.; Gervasio, G.; Marabello, Dorg. Chem 2000 39, 2360. from both metals to the bridge is slightly higher for Cu than
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Figure 7. Gradient trajectories of the electron density and position of the critical points along the bimetallic chain. Bond critical points are depitted as fu
circles and ring critical points as open squares.

de-y? and d2 are populated with 0.9 (11.1(3)%) and 1.3 e
(16.5(3)%), respectively. According to Hund’s rule, the d
orbital is likely to be partly filled by spin up and spin down
electrons, whereasady? can accept one single spin electron.
In other words, only the,el-2 orbital should present a significant
spin population for Cu. To go further in the analysis, a joint
neutron and charge density refinement should be performed
allowing Cu spin populations on bothedy and dz. On the
Figure 8. Total electron density along the bimetallic chain (isocontour Other side, assuming an occupation of one electron in the Mn
0.25 eA). dx; and g, orbitals results in a total 3d population of 4.4 en

for Mn. The bridge undergoes in turn a charge polarization due M, which compares well with the value of 4.93(3) derived
to the metat-O and metatN interactions which drag electrons ~ ffom the polarized neutron analysis. Such a difference might
from the inner C atoms to the coordinating N and O atoms. be expected from the difficult deconvolution of the 4s and 3d
The overall orbital overlap is higher on the copper side of the contributions to the Mn valence ED in the X-ray analysis and
oxamato bridge than on the manganese side (Figure 8), as alsdrom the fact that 4.93(3)s represents the combined effects
revealed by the ED difference at the corresponding RCPs (0.240f spin and orbital (which is expected negligible) magnetic
e A=3and 0.14 e A3 for Cu and Mn, respectively). moments in the polarized neutron analysis.

Relations between Electron Density, Spin Density, and The oxamato bridge, as discussed by Baron et al. exhibits
Magnetic Properties. The electron and spin density distribu-  spin delocalization, responsible for exchange coupling along the
tions are complementary for the analysis of the chemical chains, larger on the Cu side than on the Mn side. These features
bonding since ED describes the behavior of all electrons (core are particularly evident from the present ED study as the charge
and valencep(r) = pi(T) + pi(T")), whereas spin density describes  distribution on the different fragments shows a large charge
the unpaired electrons onlyn(r) = pi(f) — pi(f)). Thus a  transfer from both metals to the oxamato bridge. This charge
combined inspection of both density distributions allows full  transfer is very large compared to the spin delocalization
view of the interatomic and intermolecular interactions. observed on neutron results, because it involves all electrons.

From polarized neutron diffraction measurements, Baron et from the topological analysis of the ED along the chains, we
all” modeled the spin density distribution using a restricted have shown that the metaligand interactions are stronger on
multipolar model:  spherical approximation for Mn and all the copper side than on the manganese side, resulting from larger
oxamato bridge atoms, whereas the Cu spin density was refinedypta| overlap (Figure 8). This is consistent with the larger spin

in a de-y orbital. The resulting spin populations are the ye|gcalization on O3 and N compared to O1 and O2.
following: 4.93(3) us, —0.75(2) ug, 0.02(1) ug, 0.01(1)us,

—0.05(1)us, —0.08(1)ug, —0.03(2)us, and—0.03(1) ug for

Mn, Cu, O1, 02, O3, N, C1, and C2, respectively. The
calculation of absolute 3d orbital populations, using the method
of Holladay et al3’ leads to populations slightly greater than

The topological properties of all BCPs of the oxamato bridge
show characteristic features of conjugation effects: short bond
lengths, high EDs, high laplacians, and high ellipticities. This
electron conjugation is necessary to propagate the interactions
2e for the Cu ¢, d,, and d orbitals. Strictly speaking, this along the chain; this can be related to a superexchange Mn

method is valid when no overlap between the metal and the €U €oupling mechanism, in addition to the electron (spin)
surrounding ligand orbitals is present. The greater than 2 delocalization. Indged, spin is '.[ransferred from .Mn gnd Cu to
populations found in the present case results therefore from the®ch 0xamato moiety, on which electron conjugation helps
covalent character of the €N and Cu-O3 bonds as discussed ~ €xchange coupling between up and down spin electrons. This
above. Accordingly, if we renormalize the absolute 3d popula- electron conjugation is of major importance to induce strong
tions for Cu to 2e for the.g, d,,, and d, orbitals, this analysis ~ intrachain magnetic coupling3.#*

partly supports the polarized neutron result: the coppgidg, Several authors used the concept of overlap between molec-
and g orbitals are filled with 2.0 e (24.6(3)%), whereas the  ular magnetic orbitals to interpret and foresee the interactions
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between bridged metal ions. Verdaguer et°aliscussed for neutron experiments have been interpreted and compared to
example the possibility of increasing the exchange interaction theoretical calculations. This study allows visualizing experi-
through multiatomic bridges, like oxamato, oxalato, and oxa- mental electron density properties and enforces the confidence
mido, and reported that “the less electronegative the atoms ofin the theoretical interpretation.
the bridge are, the larger the delocalization of spin density on  The intrachain interactions are characterized by high charge
the bridge is”. The ED analysis of MnCu(pba}®)s-2H,0 transfer from Mn and Cu to the oxamato bridge. The oxamato
presents experimental features which agree with these argugroup presents high electron conjugation effects, allowing
ments. According to the experimental spin density, larger spin indirect Mn—Cu magnetic coupling by superexchange. The N,
delocalization is observed on the copper side of the oxamato01, 02, and O3 atomic charges show a strong electron
group, which is related to the strongest Cu-bridge interactions, polarization of the oxamato bridge, with accumulation of
characterized by a more covalent character than that of Mn- negative charges on both sides and a charge depletion on C1
bridge interactions. Moreover, N bond exhibits more  and C2. The bridge is furthermore involved in two different
covalent character than €&©3; more spin delocalization is  bonding schemes with the Cu and Mn metals: significant
therefore expected through the N atom of the oxamato bridge. covalent Cu-bridge interactions occur, the-ENi bond being
This conclusion is also in perfect agreement with the theoretical stronger than the CuO3 one, whereas the MO bonds are
spin density study on the Cu(pba) precursor by Kahn é% al. of jonic character. The observed high conjugation and delocal-
who showed significant orbital overlap between the oxamato jzation of the oxamato group explain the efficiency of the
bridge and the Cufel-?) atomic orbital. magnetic interactions even through extended bridges. According
The magnetic measurements of MnCu(pbajiyd-2H,O to the present study, strong intrachain magnetic couplings could
show interchain couplings at very low temperature. Several be achieved by a careful choice of bridging ligands: the electron
studies have shown the implication of hydrogen bonds in weak conjugation has to be enforced on the whole bridge, which is
intermolecular exchange interactions, according to the Mc the case for oxalato, oxamido, oxamato, and so forth moiety;
Connell mechanishi even though this mechanism is currently  diffuse orbitals on the coordinating atoms allow strong metal
controversial. As described in the previous sections, large chargebridge interactions and therefore help spin delocalization from
density observed at interchain hydrogen bond CPs indicates thathe metals to the bridge. Replacing all O atoms of an oxalato
the chains are connected through the coordinated and nongroup by N atoms (or even better by S atoms) should therefore
coordinated water molecules. Three of the four hydrogen bondsinduce higher exchanggcoupling.
connect the chains through the OAkater molecule coordinated A comparative and systematic ED study on other bridged
to Mn. Actually, dipolar magnetic interactions could be super- \jn—cuy chain compounds (i.e., oxalato, oxamido, oxamato,
imposed to these weak interactions, which do not appear onthjo-oxalato, and so forth) could lead to a better understanding

the ED. of the superexchange interaction mechanisms with a topological
Conclusion classification of the interactions.
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completes the previously reported spin density study of Baron

et al. and has been interpreted in terms of magnetic couplings. Supporting Information Available: Laplacian maps in the

In the previous works, the spin densities derived from polarized Cu—03-05 and Mnr-01-04 (b) planes, gradient maps in
hydrogen bond regions and all multipolar model parameters are

(65) g/ze‘gdaguer, M.; Kahn, O.; Julve, M.; Gleizes, Mew J. Chem1985 9(5), available as Supporting Information. This material is available
(66) McConnell, H. M.J. Phys. Cheml963 39, 1910. free of charge via the Internet at http://pubs.acs.org.
(67) Johnson, C. KORTEP II Report ORNL-5738; Oak Ridge National

Laboratory: Tennessee, USA, 1976. JA030279U
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