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ABSTRACT: A second polymorph of technetium dichloride, S-TcCl, has been
synthesized from the reaction of Tc metal and chlorine in a sealed tube at 450 °C. The
crystallographic structure and physical properties of -TcCl, have been investigated. The
structure of #-TcCl, consists of infinite chains of face sharing [Tc,Clg] units; within a
chain, the Tc=Tc vectors of two adjacent [Tc,Clg] units are ordered in the long-range
where perpendicular and/or parallel arrangement of Tc=Tc vectors yields a modulated
structure. Resistivity and Seebeck measurements performed on a -TcCl, single crystal
indicate the compound to be a p-type semiconductor while a magnetic susceptibility
measurement shows technetium dichloride to be diamagnetic. A band gap of 0.12(2) eV
was determined by reflectance spectroscopy measurements. Theoretical calculations at
the density functional level were utilized for the investigation of other possible stable

forms of TcCl,.

B INTRODUCTION

Transition metal dichlorides exhibit catalytic, photochemical
and redox properties that are of interest for industrial and
medical applications.' ™ Since the discovery of molybdenum
dichloride in 1859, second and third row transition metal
dichlorides have also been reported for six other elements (Zr,®
Hf’ W,'° T¢,"! Pd,"* and Pt13). Currently, 11 dichloride phases
are structurally characterized, the last dichloride to be reported
being TcCl, in 2011."" Technetium dichloride was initially
obtained from the reaction of Tc metal and chlorine in a sealed
tube at 450 °C."" After the reaction, a dark crystalline powder
that contains TcCl, was obtained at the hot end of the tube,
and some needles (-TcCl,) were observed on the center part
of the tube. The black powder was treated with aluminum
trichloride (AICl;) at 450 °C in a sealed tube and TcCl, crystals
(a-TcCl,) were obtained at the end of the tube. The structure
of a-TcCl, consists of infinite chains of triply metal—metal
bonded Tc,Cly units (Chart 1).'' Theoretical calculations
confirmed the presence of Tc=Tc triple bonds and predicted
a-TcCl, to be a semiconductor and diamagnetic, but no
physical measurements were reported. The structure of the f-
TcCl, crystals has been investigated recently by Extended X-ray
Absorption Fine Structure spectroscopy (EXAFS); the results
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were consistent with the presence of face sharing Tc,Clg units
within the compound.'* Interestingly, the structure of -TcCl,
consists of two orientations of Tc=Tc vectors where the Tc=
Tc vectors of two adjacent Tc,Clg units are either parallel or
perpendicular (Chart 1). In the present work, we characterized
the structure of B-TcCl, using a multidimensional crystallo-
graphic approach and measured its magnetic susceptibility,
resistivity, and band gap. Additionally, the structure and
properties of a/p-TcCl, are analyzed by theoretical methods.

B EXPERIMENTAL SECTION

Caution. Technetium-99 is a weak beta emitter (E,,, = 292 keV).
All manipulations were performed in a radiochemistry laboratory
designed for chemical synthesis using efficient HEPA-filtered fume
hoods, Schlenk and glovebox techniques, and following locally
approved radioisotope handling and monitoring procedures. The
starting compound NH,TcO, was purchased from Oak Ridge
National Laboratory. Tc metal was prepared according to the method
previously reported."" Lecture bottles of Cl, gas were purchased from
Sigma-Aldrich and used without further purification.
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Chart 1. View of a @-TcCl, Chain along the c-Axis of the
Unit Cell (Top); View of the Local Structure of $-TcCl,
Suggested by EXAFS Spectroscopy (Bottom)“

Tc
o-TcCl, chan Cl

c-ads
direction

B-TcCl, chain

“Tc and Cl atoms are in black and red, respectively.

Preparation of -TcCl,. The compound was prepared by reacting
Tc metal and Cl, (Tc:Cl, 1:2.5) at 450 °C in a Pyrex sealed tube for 24
h according the method previously reported (Supporting Information
S1).! After the reaction, the f-TcCl, crystals obtained at the center of
the tube were used for the structure determination and conductivity
measurements without any further thermal treatment. The powder
obtained at the hot end of the tube was used for magnetic and band
gap measurements. X-ray powder diffraction measurements (Figure
S1) show the powder to contain Tc metal and TcCl,.

Single Crystal X-ray Diffraction (SCXRD). Intensity data were
collected on a STOE IPDS 2T diffractometer equipped with a graphite
monochromatized Mo radiation (1 = 0.71073 A) source and an Image
Plate (IP) detector. The data were collected with an w-scan technique
from 0 to 180° and an arbitrary @-angle. Data reduction was
performed with the X-Area package.'> The length determination and
refinement of the g-vectors was performed with the Peaklist 2.01
software part of the X-Area suite using a least-squares refinement
algorithm. An analytical absorption correction was performed (X-
Shape within X-Area) and all structures were refined with JANA2006
software.'® Direct methods of SHELXTL software'” were used to find
the atomic positions in the subcell. The distortion (positional or
temperature parameter) of a given atomic parameter x, in the subcell
can be expressed by a periodic modulation function p(x,) in a form of
a Fourier expansion (eq 1):

pk + x,) = 2 A, sin[27g (k + x,)]

n=1

+ Z A, cos[Zﬂ'q_n(k + x,)]
n=1 (1)

where Ay, is the sinusoidal coefficient of the given Fourier term, A, is
the cosine coefficient, n is the number of modulation waves used for
the refinement, and k is the lattice translation. g, = Y2, @,.q; where a,;
are the integer numbers for the linear combination of the
incommensurate modulation vectors g, A useful coordinate ¢ that
characterizes and describes the real three-dimensional structure
constructed as a perpendicular intersection with the forth dimensional
axis is defined as t = x, — q-r, where r is a vector in the real three-
dimensional reciprocal space.

Occupational distortions sometimes cannot be described by a
relatively small number of harmonic waves as we assumed in the
previous case. The occupational modulation pattern may look like a
step-like discontinuous function with sharp changes on the occupied
fraction from 0 to 1. The so-called Crenel functions are discontinuous
periodic functions constructed for the description of such cases. The
occupational modulation often occurs as atomic blocks that are

occupied by one kind of atom. These blocks can have different width
and order. Such a model can be described by a periodic discontinuous
modulation function (eq 2):'®

p(x,) = Lforx, € () — A/2, x) + A/2)
p(x,) = Oforx, & (x) — A/2, x) + A/2) (2)

where A and ) are the width and center of the Crenel function. The
Fourier transform of this function gives eq 3,

P.(A, xf) = exp(ZHimxf) sin(zmA) /wm 3)

that modifies the atomic contribution to the structure factor. Such a
modulation induces strong satellites up to very high order. Similarly as
for the harmonic modulation, the diffraction pattern has isotropic
character but the number of observable satellites is much higher.
According to eq 3, intensities of satellites are dropping off as 1/m?.
The Crenel like modulation was originally introduced to account for a
strong occupation modulation in one special structure'® but nowadays
plays a very important role as it allows the description of a general
discontinuity in a modulated structure.

The substitutional modulation naturally induces some periodic
incommensurate tension in the crystal as the two different atoms
cannot generally fit to the same position and coordination. This often
causes an additional positional modulation. The Crenel function is
applied on the last wave of the overall modulation (possible
combination of waves for positional distortion) and it significantly
reduces the number of parameters compared to the use of a large
number of Fourier series of harmonic waves.

Satellite reflections of first order were observed and used for the
refinement of B-TcCl,. A single modulation wave for positional and
thermal parameters was used for all Cl atoms. Additionally, an
occupational step-like function, Crenel function, was used to describe
the discontinuous modulation of the Tc atoms due to the long-range
ordering of Tc occupancies. A modulation wave for thermal
parameters for Tc was also used. Only the symmetry allowed Fourier
terms were refined.

Magnetic Susceptibility. Magnetic susceptibility was measured
from 4 K to room temperature using a Quantum Design Magnetic
Properties Measurement System (MPMS) superconducting quantum
interference device (SQUID) magnetometer. Temperature-dependent
magnetic susceptibilities were measured in a gelatin capsule containing
20.1 mg of powdered sample with an applied field of 500 Oe.

Band Gap Measurement. A Nicolet 6700 IR spectrometer
equipped with a diffuse-reflectance kit was used for the 4000—400
cm™" spectral region. The spectrum was referenced against a metallic
mirror used as a nonabsorbing reflectance standard. The generated
reflectance-versus-wavelength data were used to estimate the band gap
of the material by converting reflectance to absorbance data according
to the Kubelka—Munk equation: @/S = (1 — R)*/(2R), where R is the
reflectance and & and S are the absorption and scattering coefficients,
respectively.”’~

Charge Transport Measurements. Four-probe high-temperature
electrical resistivity measurements were performed under vacuum from
room-temperature to 530 K on the crystal used for the X-ray data
collection. Measurements were made for arbitrary current directions in
the ac-pseudotetragonal plane using standard four point contact
geometry. A homemade resistivity apparatus equipped with a
nanovoltmeter (Keithley 2182A), precision direct current (DC)
source (Keithley 6220), and a high-temperature vacuum chamber
controlled by a temperature controller (K-20 MMR Technologies)
was used. Data acquisition were computer controlled by custom-
written software.”® Seebeck coefficient measurements were performed
using a commercial MMR SB-100 Seebeck Measurement System
under vacuum between 308 and 530 K. A needle-like $-TcCl, crystal
was mounted with silver paste in parallel with a constantan reference
to monitor the temperature difference across the samples.**

Theoretical Methods. First-principles total energy calculations on
a-TcCl, and p-TcCl, single chains were performed using spin-
polarized density functional theory (DFT) as implemented in the
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Vienna ab initio simulation package (VASP).>® The exchange-
correlation energy was calculated using the generalized gradient
approximation (GGA) with the parametrization of Perdew and Wang
(PW91).2%*” The interaction between valence electrons and ionic
cores was described by the projector augmented wave (PAW)
method.® The Tc(4p,5s,4d) and Cl(3s,3p) electrons were treated
explicitly as valence electrons in the Kohn—Sham (KS) equation and
the remaining core electrons together with the nuclei were represented
by PAW pseudopotentials. The KS equation was solved using the
blocked Davidson iterative matrix diagonalization scheme followed by
the residual vector minimization method. The plane-wave cutoff
energy for the electronic wave functions was set to a value of 350 eV,
ensuring the total energy of the system converged to within 1 meV/
atom. Periodic supercells containing model linear chains with 12
[Tc,"Cls] units (ie., Z = 24 (Figure 5) were used in the calculations.
Chains were oriented along the z axis in a 10 X 10 X z A® simulation
cell. Electronic relaxation was performed with the conjugate gradient
method accelerated using the Methfessel-Paxton Fermi-level smear-
ing®® with a Gaussian width of 0.1 V. Ionic relaxation was carried out
using the quasi-Newton method and the Hellmann—Feynman forces
acting on atoms were calculated with a convergence tolerance set to
0.01 eV/A

Electronic structure calculations on a-TcCl, and f-TcCl, extended
structures were performed using the self-consistent full-potential
linearized augmented plane wave method (LAPW)*® within density
functional theory (DFT)*" and using the generalized gradient
approximation (GGA) of Perdew, Burke and Ernzerhof> for the
exchange and correlation potentials. The values of the atomic radii
were taken to be: 2.0 au for Tc and 2.1 au for Cl atoms, where au is the
atomic unit (0.529 A). Convergence of the self-consistent iterations
was performed for 308 k points inside the irreducible Brillouin zone to
within 0.0001 Ry with a cutoff of —6.0 Ry between the valence and the
core states. The calculations were performed using the WIEN2k
program.

B RESULTS AND DISCUSSION

Crystallographic Structure. A f-TcCl, single crystal
obtained after the reaction of Tc metal and chlorine was used
for the structure determination. Single crystal diffraction
experiments revealed additional supercell reflections around
the main ones centered at a commensurate distance of 1/2a* +
1/2b* + 1/4c*. The absence of cross term satellite reflections
(reflections coming from the addition and subtraction of
modulation vectors) suggested the presence of two twin
domains with a single modulation vector rather than a single
domain with two individual g-vectors. The commensurate
supercell was solved using a (3 + 1)-dimensional crystallo-
graphic approach. A tetragonal subcell with a = b = 8.591(1) A,
¢ = 3.4251(6) A and a commensurate g-vector at 1/2a* + 1/
2b* + 1/4c* were used for the structure refinement. The best
solution was obtained for the monoclinic superspace group 12/
m(1/21/2y)s0. The a-TcCl, polymorph crystallizes in the
monoclinic superspace group P2/m(0)00 and a commensu-
rate g-vector at 1/2a* + 1/2b*."" Additionally, a pseudomer-
ohedral twin law was used with a corresponding matrix of [0
—1010000 1] and a refined fraction of 31.7(6)%. The total
agreement factor for all the reflections 4977 (1576 main +3402
satellites) was 7.87%, (Table S1, Supporting Information).
Since the atomic domain along the fourth dimension was not
continuous for the Tc atoms (see contour plot in Figure 2), a
special step-like Crenel function was used and centered on the
electron density (solid red lines in Figure 2).

The structure of f-TcCl, consists of infinite chains of face
sharing [Tc,Clg] units running along the c-axis (Figure 1). The
Tc,Clg units form tetragonal square prisms with are slightly
elongated along the c-axis; in those prisms, the height is ~8%

(A) B B
Tc
Cl

© N 1§

L7 L N

Figure 1. Ball and stick representation of the structure of -TcCl,. (A)
Single -TcCl, chain. The orientation of the Tc=Tc bond changes
every two [Tc,Clg] units within a single chain. (B) View along the c-
axis of the 2 X 2 X 4 supercell of f-TcCl, showing the packing of the
chains. (C) View down the c-axis of a single #-TcCl, chain. Tc atoms
are in black and chlorine atoms in red.
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Figure 2. Contour plot of the Tcl atom along the x1(a-axis)-x4
(fourth dimension) direction. Each black solid line represents an
electron density of 10 e-A™>. Notice that the electron density is not
continuous along the forth direction but it has a step-like character.
The application of a Crenel function yielded the correct atomic
domain shown in solid red lines.

longer than the edge of the square basis. In the [Tc,Clg] units,
the metal—metal separations (i.e., 2.131(2) and 2.142(2) A) are
indicative of a Tc=Tc triple bonds (vide infra). In a chain, two
orientations (A and B) of the Tc=T<c bonds are observed: the
Tc=Tc bonds of two adjacent [Tc,Clg] units being either
parallel or perpendicular (Figure 1B). The orientation of the
Tc=Tc bonds changes every two [Tc,Clg] units (ie.
AABBAABB...) and Tc=Tc bonds with the same orientation
have the same length. The distances between Tc=Tc bonds of
parallel (i.e.,, 3.425(2) A) and perpendicular [Tc,Clg] units (i.e.,
3.744(2) A) preclude any metal-metal interaction between
adjacent units.

The average Tc—Cl distance in the [Tc,Clg] units is 2.398[3]
A. The average bridging <Tc—Cl—Tc> angle between two units
with parallel Tc=Tc bonds (i.e., 91.25[5]°) is smaller than the
one between two units with perpendicular Tc=Tc bonds (i.e.,
102.65[5]°). The interatomic distances determined by SCXRD
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in f-TcCl, are in good agreement with the ones found by
EXAFS spectroscopy and DFT techniques (Figure 3 and Table

Figure 3. Ball and stick representation of a portion of a -TcCl, chain.
Tc atoms are in black and chloride atoms are in red.

Table 1. Average Bond Distances (Figure 3) Found by
SCXRD, EXAFS," and DFT for f-TcCl, and Found by
SCXRD for a-TcCL"" ¢

SCXRD? EXAFS DFT SCXRD”

bonds p-TcCl, p-TcCl, p-TcCl, a-TcCl,

Tc—Tc[A] 2.136(3) 2.13(2) 2.073 2.127(2)

Tc—Cl 2.398(3) 2.42(2) 2417 2.372(9)

Tc—Tc[B] 3.425(2) 3.45(3) 3425 3.417(2)

Tc—Tc[C] 4.037(3) 4.01(4) 4.020 4.025(2)
Tc—Tc[D] 3.744(2) 3.79(4) 3.740 i

“Estimated standard deviations are in parentheses. bSCXRD measure-
ments were performed at 100 K for #-TcCl, and 140 K for a-TcCl,.
“No perpendicular units are present in a-TcCl,.

1). The structure of B-TcCl, is closely related to that of a-
TcCly; both dichlorides consist of infinite chains of eclipsed
[Tc,Clg] units."" In the [Tc,Clg] units, the average Tc—Tc and
Tc—Cl distances for f-TcCl, are slightly larger than the ones
found for a-TcCl, (Table 1). For the two compounds, there are
four chains in the reduced subcell that run along the c-axis. The
volume of the B-TcCl, reduced subcell (ie., 252.78(7) A%) is
slightly larger than the one of a-TcCl, (i.e., 250.0(2) A®). The
interchain Cl---Cl distance in -TcCl, (i.e., 3.534(2) A) is larger
than the one in @-TcCl, (3.522(1) A) and slightly less than the
sum of van der Waals radii (3.60 A).

Physical Properties. The magnetic and transport proper-
ties of technetium dichloride were investigated. For the
magnetic properties, the compound obtained as the powder
(20.1 mg) was placed in a gelatin capsule and the zero field
cooled magnetic susceptibility was measured with an applied
field of 500 Oe. The representation of the magnetic
susceptibility as a function of the temperature (Figure 4A)
indicates the compound to be diamagnetic.*®

The transport properties of technetium dichloride were
initially studied by diffuse reflectance spectroscopy. This
technique is commonly used to determine optical gaps in
semiconductor materials.>*** In this method, the optical band
gap is determined by fitting the linear portion of the absorption
part of the reflectance spectra. For technetium dichloride, the
diffuse reflectance spectrum (Figure 4B) was recorded at room
temperature on a powder sample. A band gap of 0.12(2) eV
was found by fitting the linear portion of the spectrum (Figure
4B; fit in red) indicating that the compound is a narrow gap
semiconductor.
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Figure 4. (A) Molar magnetic susceptibility of the TcCl, powder as a
function of temperature showing a diamagnetic response. (B) Diffuse
reflectance spectrum of the TcCl, powder at room temperature. Fit of
the absorption edge is in red. (C) Resistivity as a function of
temperature of $-TcCl, single crystal. Red solid line represents the
Arrhenius fit with an activation energy of 0.17(2) eV. (D) Seebeck
coefficient as a function of temperature of S-TcCl, showing p-type
character.

The semiconducting nature of technetium dichloride was
also verified by high temperature electrical resistivity measure-
ments on a S-TcCl, single crystal. The room-temperature
resistivity (Figure 4C) decreases from 8 to 0.3 uQ-cm at 530 K.
The corresponding Arrhenius fit (red solid line in Figure 4C)
indicates of a simple mechanism of carrier excitation with an
activation energy of 0.17(2) eV. High temperature Seebeck
measurement on a f-TcCl, single crystal (Figure 4D) was
positive and in the range of 50—70 4V/K (room temperature to
530 K) suggesting -TcCl, is a p-type semiconductor with
holes being the dominant type of carriers, Figure 4D.

Computational Studies. To better understand the
structure and properties of technetium dichloride, electronic
structure calculations were performed on a-TcCl, and f-TcClL,.
Calculations performed on a single f-TcCl, chain (Figure S)
indicate that bond distances (Tc—Tc = 2.073 A and Tc—CI =
2417 A), are in good agreement with the experimental data

{ AE=0.000eV/f.u.
g

[ AE=-0007e&V/fu. -'

Figure S. Relaxed structures of a@-TcCl, chains and S-TcCl, (Z = 24)
calculated using spin-polarized density functional theory. The relative
total energy difference per formula unit (fu.), AE, is also reported. Tc
atoms are in black and Cl atoms are in red.
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(Table 1). Energetic calculations show a difference of 0.007 eV/
fu. between the a-TcCl, and B-TcCl, chain, indicating that the
P-TcCl, chain is energetically slightly more favorable than the
a-TcCl, chain.

Further electronic structure calculations at the density
functional level were performed in order to study and compare
the total energy and band structure of the a-TcCl, and S-TcCl,
(2 X 2 X 4 supercell) forms. The possibility of a different
orientation and packing of the TcCl, chains in a-TcCl, was also
examined. Three different models (Figure 6A—C) with

(A) ry ?"){ H }’{C}{ H H
iﬁﬁiﬁiiii
IT)_.:S" —ﬁ‘ }ij_}:{ ﬁE)HW H_‘

(D )‘3'0 R [

Vi

40 1{\1‘5;‘“ /'{F
Figure 6. Models used for the calculation of @-TcCl,: Model 1 (A);
Model 2 (B); Model 3 (C). Band structure calculation of (D) a-TcCl,
(Model 1) and (E) S-TcCl,.

different intergrowth forms of a-TcCl, were examined;
calculations indicate Model 1 (Figure 6A) to have the most
energetically stable arrangement of a-TcCl, chains. Models 2
(Figure 6B) and 3 (Figure 6C) are 182 and 200 meV higher in
total energy, respectively. The band structure of Model 1
(Figure 6D) suggests a semiconducting behavior with an
indirect band gap of around 0.6 eV. Band structures of Model 2
(Figure S3) are similar to Model 1 and indicate either a very
narrow semiconducting behavior or a semimetal. In agreement
with the experimental results (vide supra), the band structure of
the supercell of 5-TcCl, (Figure 6E) suggests a semiconductor
with an indirect gap of around 0.5 eV.

Review of the Synthesis and Structure of Transition
Metal Dichloride. Second and third row transition metal
dichlorides can be obtained by many different routes, ie.,
reaction between the elements at elevated temperature, thermal
decomposition and/or disproportionation of tri- or tetra-
chloride precursors, reaction between metal-chloride species
with gaseous reagents (e.g, Cl,, HCI) at elevated temperatures,
and metallothermic reduction of higher-valent binary chlorides.
The various routes are summarized in Table 3.

Technetium dichloride has been obtained by two different
routes: (1) reaction between the elements at elevated
temperature, and (2) thermal decomposition of TcCl, under
vacuum.

Table 2. Shortest Tc—Tc, Tc—Cl,, and Tc—Cl; Distance (A)
in Technetium Binary Chlorides”

compound Tc—Tc Tc—Clg Tc—Cly
a-TcCl, 2.127(2) 2.372(9)
B-TcCl, 2.136(3) 2.398(3)
a-TcCly 2.444(1) 2.373(3) 2.238(2)
B-TcCl, 2.861(3) 2.316(1)
TcCl, 3.6048(3) 2.3786(3) 2.2355(6)

“Cly and Cly stands for bridging and terminal chloride, respectively.

For the first route, a-TcCl, and f-TcCl, were obtained in
low yield as single crystals in sealed tubes in different
conditions of pressure, deposition temperature and reaction
time. Single crystals of -TcCl, (yield ~5%), located in the
center part of the tube (T ~ 420 °C), were obtained
congruently with TcCl, and f-TcCl; after the reaction of Tc
metal and Cl, at 450 °C (24 h);*° these f-TcCl, crystals were
characterized by SCXRD (this work) and EXAFS spectrosco-
py.14 In agreement with the X-ray structure, EXAFS spectros-
copy shows the presence of parallel and perpendicular Tc,Clg
units in the compound. Concerning a-TcCl,, the black powder
obtained after the reaction of Tc metal and Cl, at 450 °C was
transferred in a second tube, sealed with AICl; and reacted at
450 °C; during this experiment, the pressure of AL, Clg in the
tube was estimated at ~1.6 atm. After 4 days of treatments,
single crystals of a-TcCl, were obtained at the cold end of the
tube (T ~ 280 °C) and used for SCXRD determination."'
These results emphasize the role of the experimental
parameters (reaction time, deposition temperature, pressure,
chemical transport agent) on the structure of technetium
dichloride; it is anticipated that varying these parameters will
lead to other polymorphs of technetium dichloride.

For the second route, TcCl, decomposes stepwise to a-
TcCl; after 2 h and to TcCl, after 14 h at 450 °C in a sealed
tube under vacuum.’’ Because the formation of a-TcCl,
requires extensive thermal treatment with AICl;, it is expected
that the decomposition product of TcCl, is f-TcCl,. The
thermal behavior of technetium chlorides differ from those of
thenium and are more similar to those of platinum. For
rthenium, ReCl, disproportionates to ReCl; and ReCls, the
trichloride volatilizes as the Re;Cly cluster and no decom-
position has been reported.***” Similar to technetium, platinum
tetra- and trichloride decompose to the dichloride (8-PtCl,).*
The thermal behavior of technetium tetrabromide® has
recently been reported.*” At 450 °C under vacuum in a pyrex
ampule, TcBr, yields the Tc(II) compound Na{[TcBr;,],Br}.
We note that PtBr; and PtBr, are both unstable and decompose
to the dibromide.*

Among the second and third row transition metals, f-TcCl,
is the 12th dichloride phase to be structurally characterized. Its
structure is closely related to that of a-TcCl, and both
compounds consist of infinite chains of eclipsed [Tc,Clg] units.

Polymorphism is common in transition metal dichlorides and
two MoCl,, two PtCl, and four PdCl, phases have been
reported (Table 3). Transition metal dichlorides can be
classified into one of four categories, viz., those composed of
[M,Clg] units, those composed of square planar MCl, units,
those containing [M4Clg]*" hexanuclear clusters, and ZrCl,.
The various motifs encountered in the dichloride phases are
presented in Figure 7.

Dichlorides composed of [M,Cl;] units are encountered for
technetium (a-TcCl, (Figure 7A) and f-TcCl, (Figure 7B))
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Table 3. Second and Third Row Transition Metal MCl, Phases (M = Hf, Zr, Mo, W, Tc, Pd and Pt) and Their Method of

Synthesis
MClI, phase Experimental conditions

HfCL* Disproportionation of HfCl; at 450 °C in a evacuated sealed glass tube.’

ZrCl, Reaction between ZrCl,(g) and ZrCl at 650—750 °C in a sealed tantalum tube under a He atmosphere (<0.5 atm).?

a-MoCl, Disproportionation of MoCl; at 800 °C in an evacuated, sealed quartz tube.*” Reduction of MoCls with Al in an evacuated, sealed glass tube at

(MogCl,,) 450 °C.

p-MoCl, Reaction of Mo,(0,CCH,), with flowing HCI(g) at 250—350 °C.%*

wcl, Disproporstéonation of WCl, at 450 °C in an evacuated sealed glass tube.*” Reaction of WClg with Al in an evacuated sealed glass tube at
450 °C.

a-TcCl, Reaction between the elements in a glass sealed tube at 450 °C followed by treatment (4 days) of the powder 450 °C with AIC, in a sealed
tube.

p-TcCl, Reaction between the elements in a glass sealed tube at 450 °C. Decomposition of TcCl, at 450 °C in an evacuated, sealed glass tube.””

a-PtCl, Treatment of Pt,Cl,, at 500 °C in an evacuated sealed tube.”> Reaction between the elements in a sealed tube at 550 °C.%

B-PtCl, (Pt,Cl},)

Treatment of Pd metal with aqua regia followed by evaporation to dryness and thermal treatment of the resulting solid at 150

Decomposition of PtCl, at 350 °C or PtCl; at 400 °C.* Reaction of H,PtCl¢-6H,0 with flowing ClL,(g) at 475 °Cc.

°C 53,54

y-PdCl,
a-PdCl, Treatment of y-PdCl, at 400 °C in a glass tube under argon.54
6-PdCl, Treatment of @-PdCl, at 500 °C in a glass tube under argon.>*

B-PACL, (Pd(Cl},)
acid®

“X-ray structure not reported.

Reaction between Pd and SO,CL, in an evacuated, sealed glass tube at 400 °C.>* Reaction between Pd;(0,CCH;)s with HC(aq) in acetic

(A) (B)§ (C) (D) é(E) é
(F) i :r:. i é (G) (H) %

Figure 7. Ball and stick representation of the structural motif in
second and third row transition metal dichlorides: (A) a-TcCl,; (B) -
TcCly; (C) f-MoCly; (D) a-MoCl,, WCly; (E) a-PtCl,, a-PdCl,, &-

PdCl,; (F) y-PdCly; (G) B-PdCL, S-PtCly; (H) ZrCl,. Metal atoms are
in black and CI atoms are in red.

and molybdenum (f-MoCl,, Figure 7C). For technetium, the
structure of a-TcCl, and f-TcCl, consists of infinite chains of
[Tc,Clg] units (vide supra). In the [Tc,Clg] units, the metal—
metal separation is characteristic of Tc=Tc triple bonds.”
Electronic structure calculations on @-TcCl, confirm the
presence of a triple bond."" In these compounds, the Tc=Tc
triple bond exhibits the o*z*6’6** electronic configuration,
which is also in agreement with the diamagnetism of the
compound (vide supra). The Tc—Tc separation in the [Tc,Clg]
unit in B-TcCl, (i.e, Tc—Tc = 2.136(3) A) is also similar to the
one found in the Tc,Clg*™ anion (ie, Tc—Tc = 2.13(1) A in
[NH,];Tc,Clg2H,0).** The influence on the electronic
configuration on the metal—metal bonding in complexes with
Tc,™ core (n = 6, 5, 4) has been investigated;**® results
indicate that the 7 component is stronger in the Tc,”* and
Tc,** cores than in Tc,* core, which is likely the origin of
shorter Tc—Tc separation in complexes with Tc,** and Tc,**
cores.

In technetium binary chlorides, the electronic configuration
of the Tc atoms has an effect on the metal—metal separation in
the coordination polyhedra and the Tc—Tc separation (Ar.r.)
follows the order: Aqcr(f-TcCl) =~ Arg(a-TcCl) <
ATcTc(a"I‘CC13) < ATcTc (ﬂ-TCC13) < ATcTc (TCC14) (Table
2). For the Tc—Cly (Bridging) and Tc—Cly (Terminal)
separation, the electronic configuration has a minimal effect
and no trends are observed.

For f-MoCl,, a single crystal X-ray structure is still elusive,
but EXAFS measurements revealed the presence of the
[Mo,Cl;,] unit.'* The latter consists of two face-sharing
[Mo,Clg] units, and the Mo(u-Cl),Mo separations are
consistent with Mo—Mo single bonds between the [Mo,Clg]
units. The metal-metal separation in [Mo,Clg] (Table 4) is
indicative of a Mo=Mo triple bond.** The presence of single
and triple bonds in B-MoCl, is in agreement with the low
magnetic susceptibility of the compound.*”**

Table 4. Shortest Metal—Metal Separation (M—M in A) in
Second and Third Row Transition Metal Dichlorides

phase M-M (A) phase M-M (A)
ZrCl, 3.3819(3)* a-PtCl, 3.073(4)%!
a- MoCl, 2.61(1)% S-PtCl, 3.319(2)%
S-MoCl, 2212)" a-PdCl, 3.339(2)%*
WCl, Not reported*’ S-PdCl, 3.283(1)%
a-TcCl, 2.129(1)" 5-PdCl, 3.288(1)*
B-TcCl, 2.131(2)" 7-PdCl, 3.742(2)%

“This work.

Dichlorides composed of the [MClg]*" clusters are found for
tungsten and molybdenum, Figure 7D. In these compounds,
the octahedral [M4]"** core is bonded to eight face—cayoping Cl
ligands ([M¢Clg]*") and six terminal chlorine ligands. 9 The
crystallographic and electronic structure of the [MgClg]**
clusters have been extensively studied, and the results indicate
the presence of metal—metal single bonds.>” "% The [M,]'**
core has 24 electrons shared between 12 single bonds, which is
in agreement with the diamagnetism of the compounds.”’

Dichlorides composed of square planar MCl, units are
encountered for platinum and palladium. Their structures can
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Journal of the American Chemical Society

either consist of infinite chains of edge-sharing MCI, units (a-
PtClL,%" a-PdCL,'>** §-PdCl,** Figure 7E), infinite layers of
corner-sharing MCl, (y-PdCl,, Figure 7F)>*, or M(Cl,, cubic
clusters composed of four edge-sharing MCl, units (f-
PtCL,%*** and p-PdCL,*>% Figure 7G). In those phases, the
shortest metal-metal separation (Table 3) ranges from
3.073(3) A in a-PtCL®" to 3.742(2) A in y-PdCL;** these
distances are larger than those expected for Pt—Pt and Pd—Pd
single bonds.* Analysis of the electronic structure of S-PtCl,
suggests that minimal metal—metal interaction occurs in the
Pt,Cl,, cubic cluster.’® In the platinum and palladium
dichlorides, the metals have a d® electron configuration and
those compounds are diamagnetic.®’

Finally, ZrCl, consists of infinite layers of edge sharing
deformed ZrCl; octahedra (Figure 7H).® The metal—metal
separation, 3.3819(3) A, is close to the one expected for single
Zr—Zr bond.® The low magnetic susceptibility of ZrCl, is
consistent with the presence of discrete metal—metal
interactions in the compound.®®

Concerning transport properties, -TcCl, is a semiconductor
with a band gap of 0.12(2) eV. To the best of our knowledge, it
is the lowest band gap reported for a transition metal
dichloride. Zirconium dichloride is also a semiconductor and
an activation energy of around 0.3 €V has been estimated from
resistivity measurements.” The semiconducting nature of f-
TcCl, contrasts with a-MoCl, which is an insulator.%’
Concerning PtCl, and PdCl,, no resistivity measurements
have been performed.

B CONCLUNDING REMARKS

A second polymorph of technetium dichloride, #-TcCl,, has
been synthesized from the reaction of Tc metal and chlorine in
a sealed tube at 450 °C. The crystallographic structure and
physical properties B-TcCl, have been investigated. The
structure of f-TcCl, is similar to that of a-TcCl, with an
additional long-range ordering of Tc=Tc vectors and consists
of infinite chains of face sharing [Tc,Clg] units; within a chain,
the Tc=Tc vectors of two adjacent [Tc,Clg] units are either
perpendicular or parallel. In agreement with theoretical
calculations, resistivity measurements indicate -TcCl, to be a
semiconductor while a magnetic susceptibility measurement
shows the compound to be diamagnetic. A Seebeck measure-
ment suggests B-TcCl, is a p-type semiconductor. The
discovery of p-TcCl, brings to 12 the number of transition
metal dichloride phases structurally characterized. Currently,
nine technetium binary halide phases are known (TcFg, TcF;,
TcBr,, TcBry, TcCl, a/f-TcCly, a/B-TcCl,) and it is
anticipated that this number will increase. Because technetium
dichloride can be obtained from the thermal decomposition of
TcCl, and/or from the reaction of the elements in a sealed
tube, it is still an open question whether TcBr, is accessible by
these methods and whether its structure will be similar to that
of TcCl, or a TcgBr, cluster. In this context, the thermal
decomposition of TcBr, in Pyrex has been studied and provides
low yields of Na{[TcsBry,],Br}; the latter contains the TcBr,
trigonal prismatic cluster.*” The reaction between Tc and Br,
(Tc/Br, 1:2) has not yet been performed and is under
investigation. Binary technetium iodides are still unknown and
their preparation is being investigated in our laboratories.
Finally, we note that rhenium dichloride is unknown. This is
surprising in view of the existence of numerous metal—metal
bonded rhenium(II) complexes.70 We anticipate that ReCl,
might be obtained from the metallothermic reduction of ReCls.
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