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ABSTRACT: Charge density study of a mixed-valence tri-cobalt compound, b e b

Cos(p-admtrz) ,(u-OH),(CN)¢-2H,O (1) (admtrz = 3,S-dimethyl-4-amino-1,2,4-

triazole), is investigated based on high resolution X-ray diffraction data and density .| B
functional theory (DFT) calculations. The molecular structure of this compound _ **
contains three cobalt atoms in a linear fashion, where two terminal ones are Co™ £ .}
at a low-spin (LS) state and a central one is Co™ at a high-spin (HS) state with a #
total spin quantum number, S, of 3/2. It is centrosymmetric with the center of |
inversion located at the central Co atom (Co2). The Co2 ion is linked with each
terminal cobalt (Col) ion through two p-admtrz ligands and a y-OH ligand in a
CoN,O, coordination, where the Col is bonded additionally to three CN ligands
with CoN,OC; coordination. The combined experimental and theoretical charge
density study identifies the different characters of two types of cobalt ions; more
pronounced charge concentration and depletion features in the valence shell
ion than in the Co" ion, and
d-orbital populations also show the difference. According to topological properties Ji=——
associated with the bond critical point (BCP), the Col—C(N) bond is the ™ % 7% w w w &
strongest among all the Co-ligand bonds in this compound; the Co—O is stronger

charge concentration (VSCC) are found in the Co™
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than Co—N bond. Again Col1—O is stronger than Co2—0, so as the Col—N being stronger than Co2—N bond. The electronic
configuration of each type of Co atom is further characterized through magnetic measurement, Co-specific X-ray absorption near

edge spectroscopy (XANES), and X-ray emission spectra (XES).

B INTRODUCTION

Mixed-valence transition metal complexes have drawn a great
deal of attention for a long time. The valence localization/
delocalization character and intervalence charge transfer' > of
such mixed-valence complexes do provide a wide range of
applications, such as in magnetic materials”® and electro-
chromic materials.® Mixed-valence complexes are often found
in multimetal centered coordination complexes. Some of these
complexes are characterized as single molecule magnets
(SMM),”~? single chain magnets (SCM)''*~"* and molecular
metal wires."> For example, the well-known Mn mixed valent
compound14 [Mn,,0,,(CH;COO0),,(H,0),] is a SMM with
Mn"™ and Mn' ions having an S, of 8; another complex,
{Mn,(saltmen),Ni(pao),(py),}(ClO,), (saltmen®~ = N,N'-
(1,1,2,2-tetra-methylethylene) bis(salicyl-idene iminate) and
pao~ = pyridine- 2-aldoximate),' is found to be the first
SCM with a heterometallic chain of Mn™ and Ni" ions with
Sl = 3; the linear molecular metal wire of {Nis(bna),(Cl),}-
(PF4), (bna = binaphthyridylamide) is a mixed Ni"" and Ni'."
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A thermal- and photoinduced reversible electron transfer
phenomenon of a Fe,Co trinuclear complex, {[FeTp-
(CN);],Co(Meim),}-6H,0O (Tp = hydrotris(pyrazolyl)borate,
Meim = N-methylimidazole) was reported” very recently with
two terminal iron ions linked to a central cobalt ion through
CN bridging ligands. The thermally induced electron transfer is
observed to be accompanied with an abrupt spin transition
between Fe'; (—CN—Co";;c—NC—Fe™™| ¢ state (S, = 5/2) at
240 K and Fe'| —CN—Co™; (—NC—Fe'™ ¢ state (S, = 1/2)
at 150 K. Such electron transfer process between cobalt and
iron ions can also be induced by irradiation with 532 nm laser
light at S K. Such electron transfer phenomenon is fully
confirmed by magnetic susceptibility, ’Fe Mossbauer spectra,
UV—vis, IR X-ray diffraction, and absorption.">™"

The ligand 3,5-dimethyl-4-amino-1,2,4-triazole (admtrz) is
an intriguing ligand, which may coordinate to metal atoms in
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various modes depending on the coordination site and the
nature of the substituent. Such ligands serve as bridging ligand
between two metal atoms through nitrogen atoms of the
triazole ring. Many studies have established the magneto-
structural correlations of transition metal complexes containing
1,2,4-triazole bridging ligands.*°~>> These compounds show
quite different magnetic behaviors; some of them even exhibit
spin crossover phenomena.”*™>’ For example, the complex
[Fe(u-atrz) (u-pyz) (NCS),] atrz = 4,4'azo-bis-1,2,4-triazole,
where the ligand, atrz, serves as a bridge between the
octahedral coordinated Fe ions, gives rise to a spin transition
with a wide hysteresis of 26 K (197—223 K).>® Mixed valent
compounds in linear tri-Mn complexes through admtrz linkage
were found in a tri-Mn complex, {Mn;(admtrz),-
(OH),(DMF),(H,0),},(ClO,) o (admtrz),-3H,0,*® where
three Mn ions are designated as Mn"—Mn""—Mn", with an
antiferromagnetic coupling coefficient, ], of —4.47 cm™L. Other
than 1, three tri-Co complexes, (Et,N),{Co[Co(N,(S0O,),)-
(CN)(OH)],} (2),” {Cos[(py)C(ph)NO]6}** (3),* and
{Co;[(py)C(H)NO](}** (4),*® are all found to be in
Co'™l; —Cogg—Co™ 5 state.

High resolution X-ray diffraction is a unique and useful tool
for mapping the charge density distribution in crystals.*' ~>®
Electron density studies on 3d transition metal complexes have
been reported®*** extensively for a couple of decades. Some
studies have even involved 4d or 5d transition metal
complexes™ ™ and on multinuclear complexes.**>° The
basic properties derived from the charge density at the ground
state have been thoroughly discussed.”’ ™" Recent review
articles® also lead to new directions of charge density
analyses. Charge density studies of a light-induced metastable
state have been reported,’”*® where in the case of cis-
Fe(phen),(NCS), it>” demonstrates the distinct differences in
electron density distribution of Fe at high spin (HS) and at low
spin (LS) state; the other example is on a [Ni(NO)(7*-Cp*)]
complex.®® The topological properties are analyzed both in
experimental and in theoretically calculated electron density
based on Bader’s “atoms in molecules: a quantum theory
(QTAIM)”.*® Total electron density can be obtained
experimentally from X-ray diffraction data in terms of multipole
model (MM)® and theoretically calculated based on density
functional theory (DFT) calculations. Bond characterizations
such as bond type, bond strength, and localization/delocaliza-
tion can then be classified according to the topolo%ical
properties associated with the bond critical point (BCP),”>®'
together with source function® and Fermi-hole distribu-
tions.**~% Intermolecular interactions can be investigated
through the Hirshfeld surface®~® and electrostatic potential.*”
A combined charge and spin density study from experimental
X-ray diffraction data on a Yittrium complex was investigated.**

The X-ray absorption near edge spectroscopy (XANES) and
X-ray emission spectra (XES) are both atom specific and are
quite useful to characterize the exact electronic configuration of
the target atom. The XANES is well established to identify the
oxidation state and the local coordination environment of the
target atom. The K-edge absorption spectra of 3d transition
metal ions reveal a strong dependence on the charge
distribution and on the coordination geometry of the metal
site.”” XANES spectroscopg of a series of the mixed valent
perovskite LaMn;_,Co,0;’%”" provides a ratio of Co**/Co**
and Mn*"/Mn*" in the compounds. High resolution K/ XES is
a straightforward way to explore the localized spin moment of
3d orbitals, thus the effective charge of 3d transition metal ions.

The energy of Kf line [3p — 1s] of such metal ions is quite
sensitive to the spin states of 3d shell due to the strong
exchange interaction between the 3p hole and the 3d electrons
in the final state of the emission process.”””> This XES
technique was successfully applied to examine the valence state
of metal ions in a La,_ ,CaMnO; series,”*”® in (La,Sr)CoO,
under high pressure,77 in magnetic transition under pres-
sure,78’79 and in some spin crossover systems.77’80_82 Several
techniques including magnetic property, X-ray absorption
(XAS), XES, and charge density (CD) studies are presented
in this work to verify the bonding characters as well as the
electronic configurations of the metal ions of such a mixed-
valence Co complex.

B EXPERIMENTAL SECTION

Preparation of Cos(u-admtrz),(z-OH),(CN)s-2H,0. Crystals of
Coj,(p-admtrz) ,(u-OH),(CN)¢-2H,0 (1) were prepared by mixing
CoF; (23.18 mg, 0.2 mmol) and CoCl, (12.98 mg, 0.1 mmol) in 10
mL of water first, and adding admtrz (44.85 mg, 0.4 mmol in 10 mL of
water) solution to the mixture. The KCN (39.07 mg, 0.6 mmol in 20
mL of water) solution was then slowly dripped into the previously
prepared solution that was kept stirring. Pink powder precipitated as
soon as the KCN solution was added; the solution was kept stirring
slowly for 1 h. The pink solution after filtration was left still for a
month before well-shaped pink crystals were obtained. A suitable
single crystal was chosen for X-ray diffraction; powder samples used
for XAS and XES were made by grinding the single crystals.

Data Collection and Refinement. High resolution X-ray
diffraction data of 1 were collected using Oxford CCD diffractometer
with a working power of 50 kV and 40 mA at 100 K with Ruby CCD
detector. The crystal size is 0.12 X 0.15 X 0.25 mm, and the crystal to
detector distance is 5.5 cm. Temperature is controlled using an Oxford
CryojetXL liquid nitrogen device. Low and high angle data sets were
taken at an exposure time of 5 and 50 s respectively with w-scan width
of 0.75°. Relative intensities were integrated through profile fitting
individually. The absorption correction was applied according to the
face measurements. Data collection and data reduction procedures
were made using the CrysAlis program.®® The resolution of the data is
up to 1.06 A" in (sin 6)/1 with a completeness of 99.5%. The crystal
structure of 1 was determined by direct method® and was refined by
full-matrix least-squares based on F* of observed reflections (I > 26(I))
using SHELXTL program.*® All non-hydrogen atoms were refined
anisotropically. All H atoms (CHs, NH,, and OH) were obtained from
a difference Fourier map. Crystal data of 1 are listed in Table 1 (details
are provided in Supporting Information, Table S1). The final
agreement indices of the spherical model are R; = 0.0272, wR, =
0.0624. The crystallographic data is deposited as CCDC-924142 in the
Cambridge Crystallographic Data Centre (CCDC), which can be
accessed via www.ccdc.cam.ac.uk/data_request/cif.

Multipole Model Refinement. The multipole model is applied
based on the following equation:***’

lmax
Prom(T) = R (1) + Pipy (k1) + 3 k°R(x'r)
1=0
! a n+3
2 Pslal0) ) RA) e
0 (m + 2)!
The first two terms are the spherical part of atomic electron density;
the third term describes the nonspherical part of the electron density,
which is expressed as the sum of multipoles using the real part of
spherical harmonic functions (Y},,,); Ri(r) is the radial function;  and
Kk’ serve as the expansion—contraction factor of the radial distribution.
P.and P, is the population of core and valence electron respectively;
P,,, is the coeflicient of multipole term; all P;, parameters and P, k, K’
are obtained through the least-squares refinements using the
XD2006% program. Two different electron configurations of the
cobalt atoms were taken as [Ar]3d” for Co" and [Ar]3d® for Co™ ions
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empirical formula
formula weight
temperature
space group

unit cell dimensions

volume, Z

crystal size, mm

0 range for data collection
reflections collected
independent reflections
completeness (%)
data/restraints/parameters
final R indices® [I > 20(I)]
R indices (all data)

Table 1. Crystal Data of 1 at 100 K

C5,H42C03N,, 06
887.57

100(2) K

P2,/c
a=10.8274(1) A
b =9.82110(8) A
¢ =17.73730(2) A
B = 103.0260(8)°
1837.60(2) A3 2
025 X 0.14 X 0.12

3.14—48.67° (sin /1 = 1.06)

153502

18076, Ry, = 0.0450

99.5

12653/0/336

R, = 0.0272, wR, = 0.0624
R, = 0.0453, wR, = 0.0645

multipole refinement

11374/63%/824 (sin 6/4 = 1.04)

R, = 0.0171, Rw = 0.0083

R, = 0.0206, wR, = 0.0165

“Ry YIIF,| = IF|l/XIE; Ry, = (XIF, — E2/ YwlF, )% R, = YIE?
= 2/ ZIF 2. wRy = { X [w(F? = 2]/ L lw(E ) I R = X[/
(n — 1)]4E,? — F2/YF.2 “Fixed position parameters of hydrogen
atoms.

data/restraints/parameters
final R indices [I > 36(I)]

where [Ar] means Ar core with 3d” or 3d° as valence electrons. The
single-§ Slater type functions were taken from Clementi and
Raimondi;*”"® a better linear combination of Slater-type functions
fitting of relativistic atomic wave functions®® was also tried; it gave
essentially the same density distribution. The spherical atomic
scattering amplitudes were taken from International Tables for X-ray
Crystallography.”®

The atomic parameters (positional and thermal displacements)
were first refined using high order data ((sin 6)/4 = 0.5-1.04 A™");
the multipole parameters were then refined based on F* of observed
reflections (F* > 36(F*)) of full data. The C—H distances were fixed at
1.08 A according to the neutron data.*"*' The internal coordinates of
metal are defined as the z-axis along the Co—O1 direction and the x-
axis at the bisecting direction of N—Co—N or C—Co—C angles
(shown in Supporting Information, Figure $1)***° in order to better
correlate the d-orbital populations, though this is different from the
definition of previous studies.”>*® The multipole terms are included up
to hexadecapole for Co, octapole for C, N, O atoms and dipole for H.
The n; value used are (4 4 4 4) for Co and (2 2 3) for C and N atoms.
Two different k parameters were applied to Co2 and Col ions. The «’
parameters were also included in the final refinement. The agreement
indices after multipole refinement do improve significantly from the
spherical model indicating the multipole model does fit better with the
total electron density. Topological analyses were applied based on
Bader’s QTAIM theory.”” The experimental total electron density,
deformation density, Laplacian distributions and the topological
properties associated with the BCPs were obtained using XD2006
program.gé The corresponding DFT calculated ones were derived
from the XAIM program.”*

DFT Calculation. The theoretical calculated charge density is
obtained from a single-point calculation based on the experimental
geometry using the Gaussian03” program. Open-shell spin-unre-
stricted calculations were carried out with the spin multiplicity of 4.
The open shell hybrid XC functional uB3LYP***” is used with basis
sets of 6-311+G* and 6-31G*, respectively, for Co and the rest of
atoms. The natural bond orbital (NBO) analysis is applied using NBO
3.0,%® and effective bond orders (eBO) are calculated accordingly.

XANES and XES. XANES at the Co K-edge was measured at
beamline 17C at NSRRC (Hsin-Chu, Taiwan) with operational energy

of 1.5 GeV and working current of 200 mA in top-up mode. A Si(111)
double crystal monochromator was optimized to reach an energy
resolution (AE/E) of about 2 X 107*. Samples were ground evenly
and glued on a tape before taking the measurements, gas ionization
chamber was used to monitor the intensity of incident beam. All
spectra were recorded in fluorescence mode by Lytle detector at room
temperature. The energy calibration was made using cobalt metal foil
(7709 eV).

XES of 1 and reference compounds were carried out at the ID26
beamline of the European Synchrotron Radiation Facility (ESRF). The
radiation was monochromatized by a cryogenically cooled fixed-exit
double-crystal monochromator, Si(311), the resolution power AE/E is
~107* The incident beam is focused to a size of 300 um (horizontal)
X 100 pm (vertical) at the sample position using the biomorph K—B
system. The sample (S), the analyzer (A), and the detector (D) were
arranged on a 1 m in diameter Rowland-circle spectrometer. A
spherically bent Si(533) crystal (analyzer) and an Avalanche
Photodiode (APD) were applied to analyze and detect the emitted
radiation respectively. The Kp,; and Kf' emission lines were
measured in the range 7.62—7.67 keV. The step size of energy scan
is 0.4 eV. XAS and XES can provide the direct information of charge
and spin state of cobalt ions in complex 1. In order to get the proper
information of charge and spin state of cobalt ions in complex 1,
compounds with known charge and spin state, [Co" (phen),](ClO,),
and K;[Co™(CN),], are prepared as the reference of Co'yg and
Co™, g, respectively.

B RESULTS AND DISCUSSION

Structure Description. Compound 1 is crystallized in a
monoclinic space group P2,/c with Z = 4. The molecular
structure is displayed in Figure 1. It consists of three Co atoms

Figure 1. Molecular structure of Cos(p-admtrz),(u-OH),(CN)4
2H,0 (1) at 100 K drawn with 50% probability in thermal ellipsoids.

arranged in a linear fashion with Co--Co distance of 3.275(1)
A. The central Co atom (Co2) is located at the center of
inversion; the terminal Co (Col) and the central Co2 are
bridged by four p-admtrz ligands and two u-hydroxo (OH™)
ions; three additional CN ligands are coordinated to Col; thus
both Co atoms are in distorted O, geometry with CoN,OC;
and CoN,O, for the coordination of Col and Co2,
respectively. Two water molecules are located in the lattice;
one of them is in disordered model with 60/40% occupancies
in O atoms; however, only two H atoms are located yet they
give reasonable geometries connecting both O atoms («H—
O—H of 94 and 101°; O—H distance of 0.8—0.9 A). There are
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H-bonds between water molecule, hydroxide, Ny and Ny, of
the admtrz ligand, listed in the Supporting Information, Table
S6. Selected bond distances around Co metal ions are listed in
Table 2, together with those of compounds 2, 3, and 4. The

Table 2. Selected Bond Distances (A) and Distortion
Parameters (X) of Tri-Cobalt Mixed-Valence Complexes
(Co1™-Co2"+Co1™)

1 229 330 430
P2,/c C2/c PI R3
temp (K) 100 100 298 298
formal charge TIL, 11,111 IIL,IL, 11T TIL, 11,111 IIL,IL, 111
spin state LS,HS,LS LS,HS,LS LS,HS,LS LS,HS,LS
Co--Co 3.275(1) 3.677(3) 3.464(4) 3.466(2)
X=N X=0 X=0 X=0
Co2"-Xx 2.1224(5) 2.088(3) 2.104(2) 2.102(2)
2.1310(5)
Co2"-OH 1.9949(4) 2.015(3)
Col"-N 1.9963(5) 1.991(3) 1.952(2) 1.961(2)
2.0018(5)
Col"-OH 1.9049(4) 1.940(3)
Col"™-CN 1.8546(6) 1.876(3)
1.8820(6)
1.8597(7)
2(Col) 27.79° 28.80° 49.69° 47.70°
%(Co2) 70.81° 47.68° 18.04° 2.40°

Co—N bond distances are 1.9963(5) A and 2.0018(5) A for
Col and 2.1224(5) A and 2.1310(5) A for Co2, which indicates
that Col—N is 0.12 A shorter than Co2—N. Similarly, the bond
distance of Col—0, 1.9049(4) A is 0.087 A shorter than that of
Co2—0, 1.9949(4) A. The average Col—C bond distance is
1.865 A. Bond distances around Col and Co2 are provided in
Supporting Information (Table S2). The degree of distortion
from ideal octahedral geometry is defined by a parameter,
32219 which is the sum of the 12 L-M-L angles deviated
from the value of 90 deg. This parameter listed in Table 2
indicates that it is far more distorted in Co2 than in Col, with a
respective X value of 70.81° and 27.79°. Accordingly, the bond
distance of Co2—L is longer than that of Col—L, which is
comparable with those found in related compounds 2—4°%°
tabulated in Table 2. In comparison with all these tri-Co
compounds, the Co-+-Co distance of 1 (3.285 A) is significantly
shorter than those of the others (longer than 3.4 A); this may
be due to the shorter Co—O distance of 1. According to the
distortion parameter (X), the cobalt(Ill) site is closer to a
regular octahedron than that of cobalt(Il) in 1 and 2. It shows
the opposite for 3 and 4; however, the ligand of central Co in 3
and 4 is in a more open and flexible binding mode. Therefore, it
gives a rough octahedral environment; the ligand of the
terminal Co is, on the other hand, a constrained tridentate one,
which gives a distorted O, environment. Thus, it is not a fair
comparison of X for the difference in the spin state of 3 and 4.

Compound 2*° has been identified as Co'™; ¢—Co''s—Co™!|
by EPR spectroscopy and magnetic susceptibility. The
coordination geometries of cobalt ions in 1 and 2, such as
bond distances and distortion in Oy, are very similar to each
other. Therefore, according to the Co—L bond distances, the
electronic configurations of Co ions in compound 1 are likely
to be the same as in 2, ie, Co' —Co"y—Co.
Furthermore, the electronic configurations of Co ions in
{[FeTp(CN);],Co(Meim),}-6H,0” can be switched between

Co'yys and Co™ | thermally or by photo irradiation, where the
bond distance of Co"ys—Nyeim & 2.12 versus Co™; ¢—Nyoim &
1.967 A and Co";i—NC = 2.154 versus Co'; (—NC = 1.915 A.
On the basis of the Co—N distances of 1, the Col should be
assigned as Co™ at LS and Co2 as Co' at HS.

Magnetic Property. The temperature-dependent magnetic
susceptibility (y,,T) of 1 is depicted in Figure 2a. The y, T

025 3.0
FEpTTT——— L e b ]
0.20 ...‘.:o-"OOOQOIOGOH.iO asee s e .
. 239

<20
= 015 | *1—1.87 ‘g:'
g 415 )
T ] >
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..."00.
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Figure 2. Plots of (a) yy (blue circles) and yyT (red circles) vs T and
(b) 1/xp vs T. The red line in (b) is the fitting curve according the
Curie—Weiss equation: y = C/(T — 0).

value slowly drops from 2.52 at 300 K to 2.39 at 80 K, which is
much higher than the spin-only value of 1.875 for Co'jys (S =
3/2), however taking the orbital contribution®’ into account as
normally found in cobalt(Il) complex at HS, which is in the
range of 2.42—3.13."" As temperature is lowered below 80 K,
the y,,T further drops to 1.87 (cm® mol™! K) at 8 K, which is
similar to that of 2. It is interpreted as the combined effects of
spin—orbital coupling and zero-field splitting.”> The 1/yy; is
fitted according to the Curie—Weiss equation, yy = C/(T —
©), shown in Figure 2b, which yields a Curie constant, C, of 2.5
and O of —5.1.

X-ray Absorption Near-Edge Structure (XANES). The
XANES of 1 together with the reference compounds
[Co"(phen);](ClO,), of Co" at HS (t,.’e,’) and
K;[Co™(CN)¢] of Co™ at the LS (tzgéego) state are displayed
in Figure 3. The XANES of Co" compound at HS (green) gives
a strong absorption peak (white line) at ~772S eV, which is
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Figure 3. The Co K-edge XANES spectra of 1 (black line),
[Co"(phen),](ClO,), (dash green line), and K;[Co™(CN),] (dash
dot blue line). The inset is the enlarged part of the pre-edge region.

generally assigned as 1s — 4p allowed dipolar transition. The
pre-edge peak at ~7709 eV is assigned to be 1s — 3d transition
including 1s — e, and 1s — t,,. This absorption is through both
quadrupolar transition and dipolar transition (p—d mixing).'**
An enlarged diagram of the pre-edge region is shown in the
inset of Figure 3, and the intensity of such 1s — 3d transition is
proportional to the unoccupied states of 3d orbitals.'">
However, due to the limitation of optical resolution, the
double peaks (1s — e, and 1s — t,,) are not resolved so that
only one peak around 7709 eV is observed for
Co"(phen),(ClO,),. As for that of Co™ at the LS state, a
pre-edge peak at ~7711 eV is observed which corresponds to
Is — e, transition, and its white line is at ~7728 eV.
Accordingly, the K-edge spectrum of Co™ shifts significantly to
higher energy than that of Co", including the apparent peak
positions of pre-edge, the rising edge regions, and the white line
positions. The XANES of 1 shows a strong pre-edge absorption
at ~7710 eV and the edge absorption at ~7727 eV. Both are
between the values of Co" and Co™ compounds. Thus,
compound 1 is a mixed-valence compound with Co" and Co™.

X-ray Emission Spectrum. The XES of 1 and reference
compounds ([Co"(phen);](ClO,), and K;[Co™(CN)4]) are
depicted in Figure 4. The Kf emission manifold shows in two
main components an intense line and a broad satellite feature at
lower energy side, which is due to the strong exchange
interaction between the 3p hole and the 3d electrons.'” The
spectrum of Co" compound gives a relatively lower intensity of
Kp,; peak at 7615.9 eV and stronger satellite peak KA. On the
contrary, Co" compound gives stronger Kf, ; at 7650.2 eV and
weaker K’ peak. These variations in the emission spectra of
Co™ and Co™ compounds have been reported elsewhere.®!
Obviously, the XES of 1 gives features between those of Co"
and Co™ compounds shown in Figure 4a. When a simulated
spectrum is derived from a linear combination with one-third of
Co" and two-third Co™ reference spectra, it agrees quite well
with the spectrum of 1. In order to show this clearly, the
contribution of 1/3 Co" is subtracted from the spectrum of 1,
the difference spectrum fits the 2/3 Co'" reference spectra quite
well as shown in Figure 4b; only a slight shift of 0.4 eV is found
in a peak position, which is within the standard deviation,
corresponding to the step size of the measurement. Other ratios
between two Co ions have been tried and give a not so good fit
to the measured spectrum shown in Supporting Information,
Figure S2b. The linear relationship between the average spin

—_—1
-~ - - [Co'(phen), }(CI0,),
1209 kjeo’ieny)

Normalized intersity

T T T L}
762 7.63 7.64 765 7.66 767
Energy (ke\V)

(a)

1-(113)"[Co’ (phen), JICID, ), A
—— (23)"K,[Ca"(CN),] ;

Normalized intersity

— _—
7.62 763 7.64 765 7.66 767
Energy (keV)

(b)

Figure 4. (a) Kf, ; and K’ X-ray emission spectroscopy of 1 (black
line), [Co"(phen);](ClO,), (dash green line), and K;[Co™(CN)]
(dash dot blue line). The arrows indicate the direction of peak-maxima
shift in KA. (b) The difference spectra (dash red line) obtained by
subtracting (1/3)*[Co"(phen);](ClO,), from 1 and comparing it
with (2/3)*K;[Co™(CN)4]) (black line).

value and integrals of spectra area was established.*>®" The
integrals of absolute values of the difference spectra (IAD)
introduced by Gydrgy Vanké®*®' is applied according to

IAD, = f ISP — SP.| dE

where SP; and SP, are the intensities of the compound in
interest and reference compound, respectively. This value is a
promising indicator for estimating spin state of a metal ion due
to its linear relationship with spin state of a metal ion. It is
necessary to choose proper reference spectra of known spin
states of atoms. Then, use the combination of those spectra to
simulate the spectra.®’ The average spin values can be derived
directly from the Kf XES as well. Since the 3p — 1s emission is
sensitive mainly to the effective spin of 3d, the average spin of
the transition metal ion can be determined from the shape and
position of the emission line.”> When the assumed linear
relationship between IAD values and average spin values of
reference compounds is drawn, the value of 1 is very close to
the point of the calculated (1/3 Co" + 2/3 Co™) value, with
the average spin value of 1/2 for compound 1 (shown in
Supporting Information, Figure S3).

Charge Density — Multipole Model (MM). The final
agreement indices of multipole refinement are listed in Table 1.
The MM is apparently well fitted to the experimental data with
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Figure 5. Residual density maps drawn from data up to 1.04 A" with F* > 36(F*) at (a) Col—C02—O1 plane and (b) N4—N5—N7 plane. The

contour interval is 0.1 e/A%; solid line positive and dotted line negative.

good agreement indices (R, = 0.0171, wR, = 0.0165) including
824 parameters based on 11374 observed reflections (F* >
36(F?)). The residual density from the MM (shown in Figure
5) shows nearly featureless everywhere in the molecule except
around Co atoms; however, such residuals disappear when the
reflections are included only up to (sin 6)/A of 1.04. A
Hirshfeld rigid bond analysis gives the differences of mean-
squares displacement amplitudes (DMSDA) of 10~* and 1073
for Co and ligand (N, O, C) related bonds. The complete list is
given in the Supporting Information, Table S3.

The selected deformation density and Laplacian maps of
admtrz are shown in Figure 6. The deformation density map is

W .
Jo 6 A S

b 2%

&

(a)

(c) (d)

Figure 6. (a, b) Deformation density maps and (c, d) Laplacian maps
of the admtrz ligand. The results of MM and DFT are shown in left (a,
c) and right (b, d) column, respectively. The contours of deformation
density map are 0.1 e/A? with solid blue line positive and dotted red
line negative. Laplacian distributions are plotted as (—1)' X 2" x 10"
e/AS(I=0o0r 1, m=1-3,n=—3to 3) with solid red line negative
and dotted blue line positive.

the difference density between the MM and the independent
atomic model (IAM). The deformation density accumulation is
observed in every bonding region of the ligand. Local density
accumulation is also observed (Figure 6a,b) at each lone pairs
of the coordinated nitrogen atoms (N4, NS, N8, and N9) and
carbon atoms (C1, C2, and C3); such accumulation is always
pointed toward the density depletion region of the metal atom,
which is in accord with the concept of donor—acceptor ligand—
metal bond; similar observations were found in other metal
complexes, #3463

The corresponding Laplacian distributions shown in Figure
6¢,d give the same feature. The experimental and theoretical
Laplacian distributions are in good agreement. The local charge
concentration (LCC) can be observed around every C/N atom
of the admtrz ligand in the bonding direction and at the lone
pairs to form a triangular shape, as expected from sp® hybrid
orbital. Likewise, two LCCs are found at each end of the CN
ligand, a sp hybrid, as illustrated in the Supporting Information,
Figure SS. This agrees exactly with the prediction of the valence
shell electron pair repulsion (VSEPR) model.'**

The deformation density maps of two cobalt ions at different
coordination planes are shown in Figure 7. The asphericity in
density distribution around Co is clearly shown as the expected
donor—acceptor bond type; it also represents the uneven
population of valence electrons among five 3d orbitals of the
metal ion.>”**3% The corresponding Laplacian distributions at
three unique planes shown in Figure 8a—d clearly show that
LCC and local charge depletion (LCD) around the Co ion are
in its fourth quantum shell of 3d valence shell charge
concentration (VSCC). However, the valence shell of Col
shows more distinct LCC and LCD than those of Co2,
indicating the preferred population on t,; than e, orbital, where
the crystal field splitting is manifested. Again electronic
configuration of Co2 and Col is illustrated as tzgseg2 and
t2g6eg°, respectively.

Chemical Bond Characterizations and Topological
Properties. The molecular graph drawn with bond critical
points and bond paths are provided in Supporting Information,
Figure S6. The positions of BCPs of all M—L bonds and N—-N
bonds of triazole five-membered ring are located at the mid
point between two bonded atoms; those of C—N bonds are
closer to the carbon atom. The selected experimental and
theoretical topological properties at BCPs are listed in Table 3.
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Figure 7. The experimental (a, c) and theoretical (b, d) deformation
maps at the plane of (a, b) Col—C1-01, (¢, d) Co2—NS—NS8; the
contours are defined as in Figure 6.

The full lists of topological properties of 1 are given in
Supporting Information, Table S4.

The metal atoms in compound 1 are coordinated by three
types of atoms: C, N, and O. All Co—X (X = O, N) bonds have
similar topological properties at BCPs with 0.4—0.7 e A~ in p,
positive V?py and close to zero value in Hy. They can be
characterized as polarized covalent bonds.>*~**675 However,
differences are observed between Col—X and Co2-X; all
Col—X bonds have larger py, than those of Co2—X, e.g., 0.73 vs
0.55 e A™3 for Co—0 bond; 0.63 vs 0.43 e A3 for Co—N bond,
which are expected for a stronger bond with Co™ than with
Co". In addition, a relative large p;, of 0.94 e A~ and a negative
H, of —0.3 HA™ are found in the cobalt cyanide bond, Col—
C(N), indicating that this bond has a stronger covalent
character than other M—L bonds. The topological properties
associated with the BCPs of all Co—L bonds are comparable to
those of other related metal-ligand interactions indicating
donor—acceptor type, i.e., dative bond characters.>*~*#¢~35¢

A series of Cr—L bond studies with different types of
nitrogen ligand was reported.*® According to topological
properties both from experiment and theory, the p, values of
Cr—N bonds are in the range of 1.87—0.54 e A~ with the value
in the order of Cr—N, 40 > Cr—Nimigo > Cr—N,migo > Cr—
Npyrigyt = Cr—Npyore- The py, value of Col—Ny, is slightly less
than that of Cr—N_;4, but that of Co2—N,, is slightly less than
that of Cr—N,, ;4 as listed in Table 3. Therefore, the py, value
of Co—N of 1 is in the order Cr—N_ 4, > Col—N,, >Cr—
Npyigy > Co2—Ny,. Amorlg the M—O bonds, _the type of
oxygen can be H,0,>” OH™ (hydroxide) (1), O*~ (ox0)*® or
carboxylate* ligands. The Cr—0,,, bond*® was confirmed as a
metal—ligand multiple bond with p, of 1.83 and Hy, value of
—1.24. The p, value of Col—0 (0.729 e A™3) in 1 is definitely
larger than those of carboxylate® or water ligand in
M(C,0,)(H,0),” with p, ~ 0.4 ¢ A3,

(@) (h)

Figure 8. The experimental (g, ¢, e, g) and theoretical (b, d, f, h)
Laplacian distributions plotted at the plane of (a, b) Col—-C1-01 and
(¢, d) Co2—NS—NB8. The plots (e—h) are the enlarged part of Co
atoms on the same planes of (a—d). The contours are defined as in

Figure 6.

The M—L multiple bond has been illustrated by Fermi-hole
distribution®® consisting of ¢ and 7 bond characters. The
cyanide (CN™) and carbonyl (CO) are known to be strong
ligands due to its o-donor and 7-acceptor characters. The py
value of Co—C bond is similar to other metal carbonyls, e.g,
Co—C(0)*° (bond distance (d) = 1.79 A, p, = 0.93 e A and
H, = —0.43 HA™®) and Mn—C(O)* bonds (d ~ 1.85, p, ~
0.89 e A% and H,, ~ —0.34 HA™®) and to some metal carbene/
carbyne bond, i.e., Cr—Cpene - (d = 1.999 A, p, = 0.68 ¢ A=3);
Cr—Coypyne . (d = 1725 A, p, = 0.86 ¢ A7%).

The C—N bond is a typical triple bond with py, and H,, values
of 3.5 e A7 and —5.76 HA™ as well as a large negative V?p,.
Other intraligand bonds, N—N, C—C, and C—N, are also all in
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Table 3. Selected Topological Properties Associated with
Bond Critical Points of 1 from (a) MM and (b) DFT

bond distance

(&) d“ (A) p, (A7) Vp, (e A”) H, (HAT)
Col-Cl a 0934  0.929(8) 10.41(1) —0.26
1.8546(6) b 0902 0924 8.591 -0.38
Col—N4 a 0978  0.627(4) 9.570(3) —0.08
1.9963(S) b 0932 0555 10.837 —0.08
Co2—N$5 a 1031  0441(3) 7.967(2) 0.03
2.1224(5) b 1007 0439 6.562 —0.09
Col-01 a 0945  0.729(4) 12.860(4) -0.07
1.9949(4) b 0905 0644 14.341 —0.04
Co2-01 a 0988  0.545(3) 10.934(4) 0.02
1.9949(4) b 0968 0524 9.762 —-0.07
C1-N1 a 0464  3.64(3) -53.0(2) —-5.76
1.1573(8) b 0395  3.176 5.781 -5.70
C4-N4 a 0542 2.66(3) -31.7(1) —-3.54
1.3233(7) b 0464 2435 —25.039 —4.11
N4-Ns? a 0691  236(2) —4.06(5) —2.78
1.3823(7) b 0690 2344 —15.235 -229
N6-N7¢ a 0766  2.19(2) —1.66(7) —2.74
1.4015(7) b 0729 2186 —14.035 -2.03
C4-C5 a 0874  1.80(2) —16.52(8) -1.88
1.4788(8) b 0818 L1762 —15.385 -1.62

a4, distance of BCP from the first atom of the bond. “trz five-
membered ring. “Amino group.

covalent character with a py, value of 1.8—2.7 eA™> and H,, value
of =19 to —3.5 HA™3, which indicates a delocalized double
bond character in the five-membered ring.

The NBO analysis of metal—ligand bonds are listed in Table
4. The Col—C bond gives an effective bond order of 0.9 with
37% contribution from Co spd hybrid orbitals and 63% C sp*
hybrid orbitals. Col—O and Col—N bonds are also with eBO
of 0.9, however with a major contribution of 83% from the
ligand O/N, which indicates they have a more polarized
covalent bond character than that of Col—C. Thus, the shared
interaction, i.e., the covalent character, is stronger in Col—C
than Col—0O/N bond, which is reflected in the py, values. Co2—
O and Co2—N bonds are weaker bond than those of the Col—
O/N with eBO of 0.48, again with major contribution from the
O/N ligand. This is in accord with the p,, value listed in Table 3
with 0.73 and 0.55 e A~ respective for Col—O1 and Co2—Ol.

Atomic Charge and d-Orbital Populations. Atomic
charge is an interesting fundamental quantity; however, it is
hard to quantify due to the various ways of partitioning the
atoms in molecule. On the basis of the Bader’s QTAIM, the
atom domain is defined as partitioned by zero flux surfaces,
Vp(r)-#(r) = 0, where 7i(r) is the vector normal to the surface.

Such surface is defined as the boundary of an atom. The atomic
volume can be obtained within such surface; the atomic charge
is therefore an integration of the electron density within the
atom domain. The atomic basin of Col and Co2 appears in
cubic shape (shown in Supporting Information, Figure S4) with
an atomic volume of 7.82 and 8.42 A® respectively; the atomic
charge thus obtained is +1.42 and +1.35. Although the
difference is small, it reflects a slightly higher atomic charge
and smaller atomic volume in Col (Co™) than those in Co2
(Co™). The atomic charge obtained from MM refinement gives
+1.93(2) and +1.53(3) for Col (Co™) and Co2 (Co") ions
respectively; the corresponding charges from NBO analysis are
3.15 and 2.11 (Table S). Thus, the difference in atomic charges
of Col and Co2 is 1 e in NBO analysis, but 0.4 e in MM; this
may be attributed to the Co—C(N) z bond in Col, but not in
Co2; such 7 bond is not taking account in NBO analysis, where
only the o bond is assigned along Col—C (Table 4).

Moreover, the d-orbital populations of Co atom are listed in
Table S. The total number of d electrons (MM) is 7.07 for Col
(Co™) and 7.47 for Co2 (Co"). The NBO analysis also gives
consistent results: where at Col (Co™) ion, three orbitals (d,,,
d,., d2_ t,, in the defined coordinates) are fully occupied, the
other two (dxy, d?y are nonpopulated, yet at Co2 (Co™) ion,
two orbitals, d,, and d,2_p, are fully occupied and three others
(d2 d,, and d,,) are only singly occupied as listed in Table 4.
Likewise, the differences in d-orbital populations between two
cobalt ions are less in MM than that in NBO analysis.
Nevertheless, both indicate that Col has less d electrons than
those of Co2. This is as expected in Co™ for Col and Co" for
Co2.

Furthermore, the atomic dipole and quadrupole mo-
ments'® ™' for Col and Co2 derived from MM are different:
with Co2 smaller in magnitude than Col. Dipole moment is 0
and 0.66 Debye; quadrupole moment is 11.06 and 12.08 for
Co2 and Col, respectively. Detail matrices are provided in
Supporting Information, Table S7.

Bl CONCLUSION

The structure and bond characterization of the mixed-valence
tri-cobalt complex is investigated via high resolution X-ray
diffraction study. The atomic charge and spin state of two
different cobalt ions are established through many techniques
including structural analysis, magnetic property, XANES and
XES and charge density analysis. All results designate that the
formal atomic charge of Col and Co2 is close to 3+ and 2+
respectively. The spin state is confirmed by using X-ray
emission and magnetic property. The charge density study also
agrees that the spin states of Col and Co2 are at low spin (S =
0) and high spin (S = 3/2), respectively. Two cobalt ions do

Table 4. Natural Bond Orbital Analyses of Co—L Bonds

bond eBO” occ
Col-01 o 0.92 1.94
Col—-C2 c 0.90 1.88
Col—N4 c 0.90 1.92
Co2—-01 o 0.48 0.98
Co2—NS5 c 0.48 0.97
Cr—Ceupene” c 0.77 1.55
n 1.58

n 1.75

Co/Cr % C/N/O %
4s4p,3d,” 17.52 2s2p, 82.48
4s4p,3d,* 36.79 2s2p, 6321
4s4p4p,3d,,3d. 16.91 2s2p,2p, 83.09
4s4p,3d,.3d,_’3d.” 11.76 2s2p,2p, 88.24
4s4p 4p.*3d,, 1144 2s2p,2p, 88.56

2s2p, 100
3d,. 100
3d,, 100

“eBO = 1/2(occ of BO — occ of anti-BO) based on NBO analysis. YFor [(CO)CrC(OMe)] in ref 36.
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Table 5. The d-Orbital Population of Col and Co2 Obtained from MM and NBO

MM NBO

Col % Co2 % Col % Co2 %
d; 0.83(2) 12 128(2) 18 0 0 0.99 17
d, 1.64(2) 23 125(2) 18 1.95 33 0.98 17
d. 1.82(2) 26 1.75(2) 25 1.95 33 1.96 34
doy 1.87(2) 26 1.88(2) 27 1.94 33 1.98 34
d, 091(2) 13 131(2) 19 0 0 098 17
total d-e, e 7.07 747 5.85 6.89
atomic charge, e 1.93 1.53 3.15 2.11
atomic volume, A3 7.82 8.42

show apparent charge concentration and charge depletion
around i-VSCC distribution; the unevenly distributed d-orbital
populations are manifested. The topological properties at BCPs
of chemical bonds indicate that Co—C bonds are polarized
covalent bond with higher p, and more negative Hj, than those
of Co—N and Co—0, while Co—O and Co—N are described as
dative bonds with a small p, value and near zero value in H;.
The p,, value is such that Co—Cgy > Co—Ogy = Co—N,,,. The
chemical bonds of ligands, such as C—C, N—N, and C—N
bonds, show typical covalent character with large py, negative
V?p,, and large negative Hy,.
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