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Abstract. The UV/Vis absorption spectrum of a single crystal of man-
ganese carbodiimide, MnNCN, has been measured and theoretically
analyzed using both the angular-overlap model (AOM) and the effect-
ive Hamiltonian crystal field (EHCF) method. Independent from the
method used, we find a somewhat higher ligand-field splitting (10 Dg

ranging from 7300 up to 8842 cm ! depending on the estimation proce-
dure used) compared to Mn—O chromophores and a smaller nephelaux-
etic ratio (f = 0.62 +~ 0.67). In addition, the Mn—N bond within the
Mn'"™Ng octahedra is lacking significant 7 interaction.

Introduction

Despite the fact that calcium cyanamide (or carbodiimide),
CaNCN, has been known for at least one century, no cyana-
mide or carbodiimide of a genuine non-d'° magnetic transition
metal had ever been synthesized or structurally characterized
until recently. On the basis of a large-scale ab initio computa-
tional study, however, the complete set of hypothetical MNCN
phases (M = Mn, Fe, Co, Ni, Cu) was predicted in the year
2004 [1]. GGA density-functional theory yielded that all hypo-
thetical MNCN phases are unstable in terms of AH; and AGy,
and MnNCN was forecast to be the least unstable phase.
Shortly after, manganese carbodiimide, MnNCN, was then
synthesized by an appropriate metathesis reaction between
ZnNCN and MnCl, [2]. This very first synthesis of a new class
of compounds (see below) was then followed by the prepara-
tion of single-phase copper carbodiimide, CuNCN, [3] and the
synthesis of the isotypical phases nickel carbodiimide, NINCN,
cobalt carbodiimide, CoNCN, [4] and eventually iron carbo-
diimide, FeNCN [5].

The ultimate motivation for the synthesis of magnetic transi-
tion-metal carbodiimides lies in the electronic functionality of
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the carbodiimide group which can be viewed as a “divalent
nitride” or “nitridic pseudo-oxide” anion. Because of the
2— charge of the complex anion and the large electronegativity
of the terminal nitrogen atoms, NCN”~ clearly resembles
0> despite the fact that its spatial requirement (ca.
24 cm’>mol ™) is close to the sulfide S*~ anion [5,6]. Not too
surprisingly, practically nothing is known about the ligating
properties of the carbodiimide group, and this is the motivation
of the present study.

Experimental Section

The synthesis of MnNCN has been published [2] and starts from a
1:1.2 mixture of ZnNCN and MnCl, which is ground under a protec-
tive argon atmosphere. The mixture is then sealed into a quartz am-
poule and heated to 600 °C for three days. Suitable green crystals of
MnNCN can be obtained from an additional heat treatment of the prod-
uct within a LiBr flux at 650 °C. They appear as chemically inert, at
least for some days, even when exposed to humid air.

MnNCN is crystal-chemically isotypical with CaNCN, and its struc-
tural details are depicted in Figure 1. The terminal nitrogen atoms of
NCN? coordinate the Mn*" as a nearly regular octahedron (6 x Mn—
N =226 A; Z(N-Mn-N) = 84.1° and 95.9°). Each nitrogen atom is
linked to three Mn>" and a carbon atom (£ (C-N-Mn) = 122.0°;
Z(Mn-N-Mn) = 95.9°). The carbon atom occupies the center of sym-
metry, so the two nitrogen atoms are generated by one crystallographic
site resulting in a perfectly linear carbodiimide [N=C=N1*>" anion with
CN=123A.

The single-crystal electronic spectrum of an arbitrary face of a small
green crystal (thickness about 0.05 mm) of MnNCN is given in Fig-
ure 2. It was measured at ambient temperature using polarized light in
a strongly modified CARY 17 microcrystal spectrophotometer (Spec-
tra Services, ANU Canberra, Australia [7]). The spectrometer allows
the measurement of polarized spectra of very small single-crystals with
diameters down to 0.1 mm. Details on the spectrometer have already
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Figure 1. View into the crystal thombohedral structure of MnNCN
showing the octahedral coordination of manganese atoms by nitrogen
atoms of the NCN?~ carbodiimide groups.

been described in the literature [8]. Despite its axial space group R3m,
crystals of MnNCN showed no visually detectable dichroic behavior
in polarized light under a microscope. Several crystals measured with
the direction of the polarized light beam aligned along various direc-
tions gave effectively the same absorption spectra, without any hint
regarding significant orientation dependence. We therefore waived de-
termination of the polarization direction of the incident light with re-
spect to the crystal axis of the rather small crystals.

A representative experimental absorption spectrum in the UV/Vis re-
gion shows quite nicely resolved the typical ligand-field transitions for
Mn?" in a weak-field octahedral coordination. The assignment of the
transitions using the Tanabe-Sugano diagram for d° species [9] is
rather straightforward; all corresponding wave numbers are presented
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Figure 2. Single-crystal UV/Vis spectrum of MnNCN; crystal thick-
ness about 0.05 mm, cross section 0.3 x 0.1 mm?. Ticks at the bottom
indicate transition energies calculated within the context of AOM and
EHCEF theories (see text for details).

in Table 1. All transitions are spin-forbidden and, therefore, weak in
intensity. The “horizontal” transitions are free from vibrational broad-
ening and appear as rather sharp signals. By using the Tanabe—Sugano
diagram in [9,10] the transition energies lead to the ligand-field split-
ting 10 Dg = 8840 cm ™' and to the Racah parameter B = 753 cm .
With the free-ion value B(Mn>");; = 923 cm™! [11] a nephelauxetic
ratio f = B/B(Mn>")¢; = 0.82 is calculated which is within the range
expected for fairly ionic ligands. The use of a more sophisticated anal-
ysis of the d-d spectrum suggests, however, much stronger reduction
of the Racah parameters (see below).

Angular Overlap Modeling

Manganese carbodiimide is containing trigonally distorted (i.e.,
slightly compressed) octahedra [Mn''Ng], as seen in Figure 1. For a
better understanding of its d-electron energies, calculations within the
framework of the angular overlap model (AOM) [9, 12, 13] were per-
formed. An advantage of this model is its ability to use the chromo-
phores with their actual structure, as determined from crystal-structure

Table 1. Measured, AOM-fitted and EHCF-calculated transition energies for MnNCN.

Energy /cm™!
Transition EHCEF calculated with
Measured AOM fitted B & C extracted B & C (method I) extracted B & C (method II)
AOM 1 EHCF 1 EHCF 2 EHCF 3
4,y > *T1(G) 16470 16330-16732 15711-16374  17474-18110 17890-18520
41, — *The(G) 20170 20520-20727 18958-20015  19987-21157 20200-21408
41y — *41,(G) 22710V 2283822855 21393 22650 22944
A — ‘E(G) 23020 21457-21459  22718-22720 23013-23015
41y — *The(D) 25890 25355-25772  24776-25331  25241-25697 25313-25736
4,y > *E4D) 27040 27172-27227 2667326787  26910-27026 26906-27022

a) = Shoulder.
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analysis. In AOM instead of using global parameters, such as 10Dg or
A,, one c- and two m-interactions (in total 18 bonding parameters for
an octahedral chromophore) of each ligand with the five 3d orbitals of
the central ion are used for the fitting between calculated and observed
transition energies. This decomposition of the global ligand-field pa-
rameter into parameters describing individual bonding interactions per-
mits also accounting for second-sphere ligand-field effects [14], e.g.,
cation-cation interaction or misdirected valence behavior. To reduce
the number of independent bonding parameters, constraints between
some of them may be introduced. Thus, for the energy e,(M-L), a
proportionality to the distance going as d(M—L)>° may be assumed
[9,15]. In general, the energy of e, is set to one quarter of the corre-
sponding energy e, in the case of “undisturbed” m-interaction [9,17].
In the case of the particular bonding situation encountered in the carbo-
diimide, e, =~ 0 was assumed. The validity of this assumption will be
discussed.

Interelectronic repulsion is introduced into the AOM calculations via
the Racah parameters B, C, and the Trees correction aL(L+17) [18],
spin-orbit coupling by &. For the angular overlap modeling the free ion
ratio Cy/By = 3.5 for Mn** was used and only slightly modified during
the fitting procedure [11]. Variation in the covalency of the Mn-N
interaction was considered by variable nephelauxetic ratios f (f = B/
By; Bo(Mn®") = 923 cm™! [11]). The spin-orbit coupling parameter &
was also assumed to be reduced relative to the free ion value
&(Mn*") =300 em™! [9] according to . For the AOM calculations the
PC program CAMMAG [16] in a modified version [19] was used.

Quantum-Chemical Investigation

The AOM fitting can be compared with the quantum-chemical model-
ing of the d>-chromophore performed with use of the Effective Hamil-
tonian Crystal Field (EHCF) method [20]. It allows for the direct semi-
empirical calculation of the crystal field felt by the d-shell of a transi-
tion-metal ion in the complex or solid on the basis of composition and
geometry with a minimal fit of parameters used (see below). The
EHCF method attributes the observed splitting dominantly (up to 90 %
[20]) to the contribution of the one-electron transfers between the d-
shells which are partially filled by an integer number of electrons and
the MOs (both occupied and vacant) of the ligands. This result is
reached by assuming the many-electron wave function of a transition-
metal complex in the form

¥ =@y (ng) A DL (m)

where @, is the full configuration-interaction function of n4 electrons
in the d-shell of the transition-metal ion and ®; is the function of all
other (1)) electrons of the system taken in a semiempirical self-consist-
ent field approximation; the symbol A refers to the fact that the above
“product” function is antisymmetric (i.e., changes its sign) when the
coordinates of each pair of n4tn electrons are interchanged. This type
of the wave function formalizes the usual assumptions of the crystal
field and AOM theories but it is approximate because the Hamiltonian
of the transition-metal complex always contains resonance terms, re-
sponsible for one-electron transfers between the d-shell and the rest of
the complex molecule, thus destroying the above form of the wave
function in a precise sense. This form can be, however, conserved
provided the aforementioned one-electron transfers are treated by a sort
of perturbation theory. This yields the following form of the effective
Hamiltonian for the d-shell:

Hy™" = Hpa + Hoou

In the above expression the term Hpq stands for the one-electron
operator describing interactions of the electrons in the d-shell with the
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atomic core of the transition metal ion and the entire surrounding of
the d-shell. The operator Hc, is the two-electron operator describing
the Coulomb interactions between the d-electrons. The matrix elements
of the operator Hpjq are contributed by the ionic and covalent parts
of the effective crystal field (Wi"“]LLV and W%, respectively) calculated
from the semiempirical self-consistent field wave function @, accord-
ing to the formulae:

z 8 i F;

icds,4p

VV}:{:," = ZVL,UI/QL +
L

O:LP:sp/VE..Le,:
n/2 1-n./2
Wcov — n. J _ J .
Z"‘”"”(AE AE, J

JjeMO jd

Here, n; is the occupation number of the j-th ligand MO in the single-
determinant wave function @ equal to 2 or 0, 7, is the one-electron
hopping integral between the p-th d-AO and j-th ligand MO, AEjq
(AEg) are the energies of the states with one electron transferred be-
tween the d-shell and the j-th ligand MO, calculated according to the
formulae:

M. =Zcil7]y1

]
My =100, +1,)S
AE, =—¢; A -8y
AE, =1,+¢;, -8,

Here, the ¢;’s are the orbital energies of the ligand MOs, 44 and /4 are,
respectively, the electron affinity and the ionization potential of the d-
shell estimated as free-ion values shifted by the Coulomb field of the
effective charges in the ligands, and the ¢;’s are the molecular-orbital
LCAO coefficients from the semi-empirical self-consistent field calcu-
lation for the wave function ®;. The quantities 74 and #, are the hop-
ping parameters characteristic for the given transition-metal atom and
given organogenic donor atom separately; S, are the overlap integrals,
stipulated by chemical composition and molecular arrangement, be-
tween the p-th d-orbital of the metal ion and the /-th AO of the ligands.
The parameter 1 = n(Mn—-N) — generally specific for a pair of the
transition-metal atom and the organogenic donor atom — scales the
one-electron hopping 7, integrals between the d-shell of manganese
and the orbitals / located on the nitrogen donor atoms (Note that this
parameter scaling the one-electron hopping is usually dubbed as f in
the quantum-chemical literature. In order to avoid confusion with the
nephelauxetic ratio f, however, we use a different naming convention
() in this very manuscript.). The quantities gg; are the energies of the
Coulomb interaction between electron and hole located in the d-shell
and the j-th ligand MO. The matrix elements of the operator Hc,y are
calculated from the Racah parameters B and C, which are renormalized
in the crystal (or complex) as compared to their free ion values due to
the nephelauxetic effect.

By using the EHCF theory, the effective crystal field felt by the d-
shell in each coordination compound is explicitly calculated on the
basis of the structure and composition of the compound at hand. It has
been shown [20, 21, 27-36] that namely the hopping integrals together
with the energies of the states with electrons transferred to (from) the
d-shell and from (to) the ligands (“charge-transfer states”) contribute
up to 90 % of the observed splitting; the rest is given by the Coulomb
field of the effective charges in the ligands. These quantities are
uniquely defined by the chemical composition and by the molecular
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spatial structure. This specificity is explicitly reflected by the values
of the MO-LCAO coefficients of the /-system c;;, of the orbital energies
g of the latter, as well by the (geometry-dependent) overlap integrals
Sy quantities 774 and #; having the dimension of energy, and the scal-
ing factor 7 = #™" together defining the hopping matrix elements char-
acteristic for the given transition-metal atom and given ligands.

In the solid-state context pertinent to the current study, the EHCF
method has been employed in its cluster version in which the d-
chromophore of interest is supplied by a ligand sphere represented by
a structural cut taken from the crystal. In this study, we employed a
cluster model containing 31 atoms, that is, seven Mn?" ions and 24 N/
C atoms forming eight [N=C=N]*" groups with an overall cluster
charge of 2.

The value of the scaling parameter | was determined from the fitting
of the d—d spectrum of Mn-porphyrin (7(Mn-N) = 1.32) [21] with all
other parameters fixed at their standard values as accepted in [20]. The
methodology by which the scaling factor 7 = "% can be determined
from one known complex containing the specified pair of transition-
metal atom M and a donor atom L and then used in whatever complex
of the same metal with any ligand with the same donor atom is thor-
oughly tested in numerous publications (see Refs. [21, 27-36]). Under
these conditions the crystal field was computationally found for the
Mn d-shell and further used for calculating its d—d excitation spectrum.

Results
Angular Overlap Model

The AOM method can be used both in the sense of the direct
(the parameters are given — a spectrum is calculated) and the
inverse (a spectrum is given — the parameters are fitted) prob-
lems. In this paper it is used in the inverse problem context.
At the first step of the fitting procedure, the energy for the °4; .
— 4A1g(G) transition was reproduced by a variation of B. In
the second step, a satisfactory match between theoretical and
observed transition energies for the rest of the absorption bands
was reached by adjusting es(Mn-N). Using e,(Mn-N) =
2600 cm™!, e;(MMn-N) =0 cm™!, B=766 cm™ (C/B=13.6, =
0.83), a = 70 cm™!, and & = 249 cm, this eventually allowed
a reasonable fit (Table 1, Figure 2, “AOM 1”’). AOM calcula-
tions using the same parameterization, but setting & = 0 cm !
produce basically the same transition energies (Figure 2,
“AOM 27), thereby showing the rather small influence of spin-
orbit coupling on the splitting of the states. For calculation
“AOM 3~ (Figure 2) O symmetry of the chromophore was
assumed, maintaining the same parameterization as for “AOM
1”. Comparison of “AOM 1" with “AOM 3” nicely shows the
influence of the trigonal distortion of the chromophore on the
splitting of the states. It is quite remarkable that calculation
“AOM 47, which is similar to “AOM 1” but without the Trees
correction (o = 0), compares fairly well with calculation
“EHCF 1” (see below).

Effective Hamiltonian Crystal Field

The EHCF method is largely used in the direct problem con-
text: the chemical composition and the structure of the com-
plex (or crystal) are given which are used to calculate, first,
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the crystal field matrix (operator Hg;eq) and, second, by using
the Racah parameters, the spectrum. The results of our calcula-
tions as presented in Figure 2 (EHCF1, EHCF2, and EHCF3)
show that the calculated field has a much lower symmetry than
that of an octahedron, which is not surprising. The e, and #,,
manifolds are, in fact, not precisely degenerate but considera-
bly split by ca. 1000 + 1500 cm™!. The value of 10 Dg (taken
as a splitting between the average energies of the three lower,
quasi fg d-levels, and the two higher, quasi e, d-levels) then
becomes 7300 cm ™', to be compared with 7800 cm™' coming
from the above AOM fit according to the relation: 10 Dg =
3e;(Mn—N) — 4e,(Mn—N) [9,22]. The additional splitting of the
eg and #,, manifolds appears because of the fact that the closest
ligand arrangement is not ideally octahedral due to the spatial
extension of the [N=C=N]*" groups. In addition, because of
the lack of the true octahedral symmetry and because of the
lack of the axial symmetry of the Mn—N bonds, all ligand or-
bitals contribute to the crystal field so that some n-interactions
are included. More detailed account for the actual geometry
and electronic structure of the ligands by the EHCF method
explains the much stronger splitting between the states in the
approximate octahedral multiplets in all EHCF calculations as
given in Figure 2 as compared to the AOM calculations. An-
other piece of variance between these two methods is that the
EHCEF so far does not take into account the spin-orbit interac-
tion. However, as evidenced by a comparison between the re-
sults of the “AOM2” and “AOM3” calculations, the splitting
caused by the latter is of minor importance for the present
case. Finally, the calculation “AOM4” performed with no
Trees correction fairly coincides with the “EHCF1” (which
also does not include the latter) performed with the same val-
ues of the Racah parameters.

Despite the differences in the crystal fields coming from the
AOM fit and from the semiempirical EHCF calculation, the
experimental spectroscopic data are fairly reproduced by both
of them. If the AOM-fitted values of B = 766 cm ! and C =
3.6 x B=2760 cm™" are used as well in the EHCF calculation
(Figure 2, “EHCF 17), the first transition occurs at 16127 cm™!
(here, an average of three close transition energies is taken, as
well as in other relevant cases below), to be compared with
the experimental value of 16472 cm™'. An alternative might be
to extract the values of B and C immediately from the experi-
ment using the exact (within the crystal-field theory) expres-
sions for the energies of the two 4Eg(G) and 4Eg(D) states avail-
able: E("E(G)) = 10 B + 5 C and E(*E,(D)) = 17 B +5 C
[23]. The energy difference between them is just 7 B, which
allows one to extract the experimental estimates for B and C.

The available experimental data, however, admit a twofold
interpretation since it is not clear a priori whether the shoulder
at 22712 cm™' must be interpreted as a transition to the 4Eg(G)
or to the 4Alg(G) state. By assuming the shoulder to be the
transition to the 4Eg(G) state, one results at the following esti-
mates (further referred to as “extracted by method 17, calcula-
tion “EHCF2”) of the Racah parameters: B =618 cm ' and C =
3303 cm L. The alternative assignment of the above transitions
yields the following estimates (referred to as “extracted by
method II”, calculation EHCF3”): B = 575 cm ' and C =
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3453 cm !, The fact that the ratios C/B for both “extracted”
sets of Racah parameters are much closer to their traditional
values (5.35 and 6.00, respectively) than that coming from the
AOM-based fit is remarkable enough. Indeed, the ratio from
the AOM-based fit indirectly admits that the nephelauxetic ef-
fect for the Racah parameter C is, for some reason, about as
strong as that for the B parameter, in contrast with the major
body of the known data [24] and the recent theoretical esti-
mates [25], which unequivocally establish that the C/B ratio
must be significantly larger in the complex than in the free
ions (where it theoretically is about four and experimentally
always larger than four) due to considerably stronger nephe-
lauxetic effect for the B parameter than for the C parameter.
For the “extracted” data I and II the nephelauxetic ratios S are
0.623 and 0.669, respectively, indicating much stronger renor-
malization of the interactions of d-electrons in the presence of
presumably highly polarizable [N=C=N]*" dianions than what
follows from the AOM fit.

Table 1 further evidences that, in general, the calculation
“EHCF 17 (Figure 2) using the AOM-fitted values of the
Racah parameters better reproduces the energies of the first
two transitions, but underestimates the positions of the 4Eg(G)
and 4A1g(G) and *T: 2¢(D) states. The energies of these states as
well of the higher excitations come out more realistically if
either of the extracted sets of the Racah parameters is used in
the EHCF context (EHCF 2 and EHCF 3). This is purchased
by a somewhat larger error in estimating the first transition.
Nevertheless, the EHCF 2 procedure (with B and C extracted
by method 1) gives the error of only ca. 1200 cm™' for the
first transition and much smaller ones for all other transitions,
thereby producing the most balanced description of the spec-
trum (direct problem) of those presented in this paper.

Discussion

For the first time a homoleptic complex of the carbodiimide
ligand with a transition metal has been spectroscopically char-
acterized. The UV/Vis spectrum of MnNCN shows surprising
similarity to the one reported for [Mn(en);](NOs3), [26]. The
ligand-field splitting extracted by AOM for MnNCN is about
10 % higher than typically found for [Mn"'O4] chromophores,
e.g., in anhydrous phosphates [10]. Compared to the oxo-
chromophores both the AOM- and Tanabe—-Sugano-derived
nephelauxetic ratios are smaller (0.83 instead of 0.93). This
finding is also corroborated from a quantum-chemical EHCF
study, but with even smaller nephelauxetic ratios (0.62 and
0.67). Thus, both 10 Dg and f nicely fit into a picture with a
more covalent Mn—N bond compared to the Mn—O interaction.
The higher 10 Dgq is probably caused by the lack of n-interac-
tion between Mn and N. The interpretational difference be-
tween the AOM and EHCF modeling is that, as seen from the
EHCF perspective, the difference of the 10 Dg values in the
[MnOg] and [MnNg] chromophores is attributable to the spe-
cific values of both the Mn—O and Mn—N one-electron hopping
integrals and to the lower energy of the ligand to metal charge-
transfer states in the case of carbodiimide, which both suggest
somewhat stronger covalency in the EHCF context. As for the
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nephelauxetic parameters, the simple crystal-field formulae for
energies of the 4Eg(G) and 4Eg(D) states and some considera-
tions based on the general theory of the nephelauxetic effect
[25] yield two more systems of “extracted” Racah parameters,
both being almost equally acceptable in terms of reproducing
the observed spectra. They both better fit to the general theory
of the d-d-spectra, in particular concerning the C/B ratio for
the renormalized parameters. One should not understand the
smaller value of the nephelauxetic ratio as an indication of
some particularly strong covalency suggested by the EHCF it-
self and by the extraction schemes based on it. By contrast,
stronger renormalization of the Racah parameters (small values
of the nephelauxetic ratios) rather indicate to a stronger polari-
zability of the ligand environment in the studied compound
which puts the [N=C=N]*" ligand among those with relatively
weak crystal field in the spectrochemical series, but among
those with the strong nephelauxetic effect in the nephelauxetic
series — a situation quite well known in the literature.
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