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The crystal structure of trans-tetrakis(pyrazole)-
bisisothiocyanatomanganese(ll), (C3H4N,)s( NCS),-
Mn(Il), was determined from single-crystal three-
dimensional X-ray diffractometer data. The com-
pound crystallizes as almost colourless cubes in the
space group C2/c. The unit cell parameters are a =
11.485(4), b=12513(4), c=14.554(11) A and B =
105.04(5)°, Z= 4. The structure was solved by
Patterson and Fourier syntheses and the full-matrix
least-squares refinement of 877 unique reflections
gave the final value of R= 0.040. There are discrete
molecules in the crystal. The structure consists of
centrosymmetric complex units in which the central
Mn(II) ion is in an octahedral planar arrangement of
two N{1) coordinated and two N(3) coordinated
pyrazole molecules occupying the equatorial sites at
distances of 2.247(5) and 2.237(5) A, respectively.
The apical sites are occupied by two symmetry-
related N(5) coordinated isothiocyanato anions at
2.202(6) A and in trans-positions with respect of each
other, as are the opposite pyrazole molecules in the
basal plane. The neighboring pyrazole planes are
tilted toward each other and the basal plane. The
structure is held together primarily through hydrogen
bonds approximately in b- and c-directions from S(1)
atom of each isothiocyanato anion to two pyrazole
NH groups of the neighboring molecule and the inter-
action of the stacked parallel pyrazole rings, especial-
ly in the c-direction.

The paramagnetic susceptibility follows the Curie-
Weiss law at temperatures from 93 to 298 K. The IR
spectrum shows M-N bands. The reflectance
spectrum has one band at 23260 cm™ ! assigned to
the °A,y— *T,, transition. The TG curve points to
two kinds of pyrazole with different bonding
strengths in the structure.

Introduction

The two possible five-membered diazole cyclic
compounds, imidazole and pyrazole, and their metal
complexes have been objects of intensive investiga-
tions already during three decades [1], mainly
because of physiologically or medically important
biological compounds and process systems [2].
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Usually the complexes between pyrazole and
metal ions of the first transition metal series are of
the form M(Hpz),X,,, where M =metal, Hpz=
pyrazole and X =anion [1]. The pyrazole ring is
coordinated to the metal through ‘the pyridine nitro-
gen’, 2 N [3]. As in the case of imidazole also the
second nitrogen atom, the socalled ‘pyrazole nitro-
gen’, > N—H participates to hydrogen bonds in the
complexes [4]. Such mononuclear compounds are
usually formed by direct reaction between pyrazole
and metal salts in neutral or weakly acid solutions
[1]. Instead, in alkaline conditions polymers,
[M(Pz);],, where Pz=deprotonated pyrazole, are
formed [1]. The geometry of the pyrazole ligand
allowes it to act as a bridge between two metal atoms
[1, 5]. The structure may then be polymeric or also
binuclear, when two pyrazole ligands are bonded to
two metal atoms [1].

Pyrazole is easily substituted at positions 3 and 5.
A substituent at position 3 of the pyrazole ring causes
a steric hindrance, when six such ligands have not
enough space to coordinate to one metal atom [1].
On the contrary at position 5 substituted pyrazole
ligand is said to be able to form such a complex [1],
M(5L-Hpz)g™, although the crystal structure of no
such compound has been elucidated. Only four of the
extensively studied 3,5-dimethylpyrazole ligands are
coordinated to the same metal atom [1]. On the
other hand a substituent at the position 4 affects not
the coordination ability of the ligand, but eg. 4-
methyl-pyrazole behaves as the unsubstituted
pyrazole molecule [1].

A literature search showed that the crystal struc-
tures of about 35 complexes of pyrazole or substi-
tuted pyrazoles with the metals of the first transition
series have been solved so far, most of them nickel,
cobalt and copper complexes. The majority of these
belong to the monoclinic or triclinic systems. The
coordination number of the metal ion varies in these
complexes from 2 to 6, as in imidazole complexes.
The most frequent coordination number is undoubt-
edly six, and a distorted octahedron is the most
general coordination polyhedron.

In general the crystal structure determinations
have been made after the complexes have been
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studied first from a magnetochemical viewpoint, and
with several spectroscopic methods [1].

Several manganese(Il) complexes of pyrazole and
its derivatives are reported to have been prepared,
including Mn(Hpz),(NCS), [6], and studied with dif-
ferent physical methods [1] but the crystal structure
of only two has been solved [7]. The present paper
tries to give further information in this respect. The
prepared  trans-tetrakis(pyrazole)bisisothiocyanato-
manganese(Il) was also studied with respect to
magnetic susceptibility, IR and reflectance spectra
and thermal behaviour; the results are reported below
and discussed.

Experimental

Reagents, Syntheses and Analyses

For preparation of the Mn(C3H4N,)4(NCS), com-
plex 7.92 g (0.04 mol) MnCl,-4H,0 (p.a., Merck) in
10 cm?® hot water was added with stirring into a hot
aqueous solution (30 cm?®) of 2.73 g (0.04 mol)
pyrazole (purum, Fluka AG) and 19.44 g (0.2 mol)
KSCN (p.a., Merck). The mixture was allowed to
evaporate slowly and stand overnight. The separated
colourless cubical shaped crystals were filtered on a
sinter, recrystallized from hot water (2% in KSCN)
and stored in a desiccator. The other reagents used
were of guaranteed quality. For analysis manganese
was determined by EDTA titration [8], sulphur gravi-
metrically as silver thiocyanate [8], and other ele-
ments by micro combustion analyses. Anal. Found:
C, 37.44; H, 3.50; N, 31.50; S, 14.38; Mn, 12.13.
Calcd. for CyuH¢NigS;Mn: C, 37.92; H, 3.64; N,
31.59;8,14.46;Mn,12.39%.

Data Collection and Structure Determination

Weissenberg photographs established the space
group as monoclinic Cc or C2/c from systematic
absences h+k= 2n + 1 and /=2n+1. The space
group C2/c was assigned on the basis of the complete
structure analysis.

Powder diffraction data were obtained from
photographs taken on a Guinier-Higg camera
(Philips) using 19.7 per cent of CaF, (¢ =54638 A
[9]) as an internal standard and CuKe, radiation (A =
1.5405 A). The observed and calculated d spacings

TABLE II. Crystal Data for Mn(C3H4N;)4(NCS),.
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TABLE 1. Observed and Calculated d Spacings (A) and
Estimated Relative Intensities for Mn(C3H4N3)4(NCS),.

hkl  dg d, /I, hkl dg d, 11,
110 7.846  7.845 s 202 3.392 3.393 m
002 7.028 7.028 m 133 3.286 3.287 w
112 6.605 6.604 m 242 2724 2724w
020 6.264 6258 wvw 223 - 2571 -
200 5.03¢4 5034 w 116 2.518 2518 vwvw
221 4207 4207 m 400 - 2517 -
222 4.148 4.148 m 421 2490 2490 vwvw
204 3.885 3.887 m 744 2438 2437 w
023 3.749 3750 m 420 2.335 2.335 vw
132 3674 3676 w 512 2207 2206 vw
312 3659 3659 w

313 3.542 3.543 w

113 3490 3489 w

(A) and observed relative intensities are given in
Table I and the corresponding unit cell dimensions
are in Table II.

The crystal selected for intensity data collection
had the dimensions of 0.40 X 0.40 X 0.40 mm?. The
unit cell parameters (Table II) were determined by
least-squares treatment of the adjusted angular
settings of 12 reflections measured on a Syntex P2,
diffractometer. The intensity measurements were
carried out at room temperature (23 2 °C) with
graphite-monochromated MoKa radiation and the
620 scan technique. The scan rate varied from 2.0
to 29.3° min~!, depending on the number of counts
measured in a fast preliminary scan through the peak.
A set of 1961 unique reflections was obtained from
the 2037 reflections measured up to the maximum
value of 20 = 50°. 877 reflections with / > 3o(/) were
considered as observed and used in the refinement.
Two strong reflections monitored periodically
exhibited no significant variation of intensity. The
intensities were corrected for Lorentz and polariza-
tion effects but corrections for absorption and extinc-
tion were considered unnecessary.

In the space group C2/c with Z =4 the Mn atoms
must lie on special positions. On the basis of three
dimensional Patterson synthesis Mn was situated at
0.25, 0.25, 0.5 and the sulphur atom of the thio-
cyanate group at 0.3963, 0.1342, 0.080. The rest of

Monoclinic C2/c (No. 15)

(Syntex P2;) (Powder)

a = 11485(4)A 11477(D) A
b= 12.513(4) 12.515(2)

¢ = 14.554(11) 16.022(4)

g = 105.04(5)° 118.69(2)°
v =2020(2) A3 2019¢3) A3

F.W. =443.4

z = 4

dm = 1.46Mgm 3
d, = 1.46
AMoKa) = 0.71609 A
uMoKa) = 0.86 mm™!
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the non-hydrogen atoms were found during successive
Fourier syntheses. With anisotropic temperature
factors for the non-hydrogen atoms, a difference map
calculated after full-matrix refinement revealed the
positions of all four hydrogen atoms. Full-matrix
least-squares refinement with all non-hydrogen atoms
as anisotropic and hydrogen atoms with uniform
isotropic thermal parameters (U=0.05 A?) led to
R =Z||IF| — IFll/IFol =0.040 and R, = (Zw(|F,| —
IF)2/ZWIF, 132 =0.043, where w=1/0(F3).
After the last cycle the average shift/error was 0.044
and maximum shift/error 0.292. A final difference
map was practically featureless.

Scattering factors were from Cromer and Mann
[10] and the anomalous dispersion correction was
applied [11]. All calculations were performed on
a Univac 1108 computer with X-RAY 76 by Stewart
[12]; for planes a program MPLN by Truter [13a]
was used, and for powder data the program PIRUM
[13b].

Physical Measurements

Magnetic susceptibility measurements of the
powdered compound (particle size 60—140 mesh)
were done on a variable-temperature Gouy balance
system (Newport Instruments Ltd.) at ten degree
intervals in the temperature range 93.2—-293.2 K. The
system was calibrated with copper(II) sulphate penta-
hydrate [14]. The magnetic susceptibility data are
mean values from measurements on four magnetic
fields. The calculated diamagnetic correction used
was —234.6 X 107® e.m.u.

Infrared spectra were recorded in KBr disks (1.5
mg of the compound: 200 mg of KBr) on a Perkin-
Elmer Grating Infrared Spectrophotometer Model
577.

Reflectance spectra were recorded on a Beckman
DK-2A spectrophotometer using a filter paper treated
with a paraffin oil paste of the studied compound.

TG curves were run on a Perkin-Elmer TGS-1
Thermobalance. The sample amount was about 2 mg,
the cups used from Al, the heating rate 10 °C min™!
and the atmosphere dynamic nitrogen, with a flow of
about 35 cm® min~!.

Densities of the crystals were determined by the
flotation method in toluene-CCl, mixtures.

Results and Discussion

Description of the Structure

The fractional atomic coordinates and the equiva-
lent values of the anisotropic temperature factor coef-
ficients (Ueq) for non-hydrogen atoms are listed in
Table III and the calculated fractional coordinates for
the hydrogen atoms in Table IV. A list of observed
and calculated structure factors and anisotropic
thermal parameters is available on request from the
Editor.
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TABLE IIl. Fractional Atomic Coordinates (x10%) and
Equivalent Values of the Anisotropic Temperature Factor
Coefficients? (X 10%) of Non-hydrogen Atoms with e.s.d. s in
Parentheses.

Atom  x y z Ueq Ay
Mn 2500(0) 2500(0) 5000(0) 337(8)

N(1) 2707(4) 1863(4) 6477(3) 370(33)
N(2) 3380(5) 1016(5) 6829(5) 500(45)
N(3) 3764(5) 3815(4) 5652(4) 427(37)
N@4) 3515(6) 4873(5) 5609(4) 556(47)
N(5) 4023(5) 1483(4) 4892(4) 513(38)
C() 3460(7) 881(7) T777(6) 578(58)
C(2) 2812(6) 1667(6) 8050(5) 516(51)
C(3) 2367(6) 2262(5) 7228(5) 463(51)
C4) 4493(9) 5451(7) 6052(6) 680(66)
C(§5) 5342(10) 4753(10) 6381(7) 770(79)
C(6) 4916(7) 3737(7) 6143(5) 553(56)
C(7) 4845(6) 1417(5) 4592(4) 388(40)
S(1) 6029(2) 1341(2) 4137(1) 567(13)

Ueq= 1 I T Ujjafafdy-a [16].
1]

TABLE IV. Fractional Atomic Coordinates (X103) for
Hydrogen Atoms with e.s.d. s in Parentheses.

Atom x ¥y z

H(1) 362(5) 61(5) 650(4)
H(2) 379(5) 22(5) 798(4)
H(3) 278(5) 186(4) 875(4)
H(4) 197(5) 298(5) 711(4)
H(5) 274(5) 517(5) 535(4)
H(6) 451(5) 625(5) 618(4)
H(7) 599(5) 480(6) 661(5)
H(8) 527(5) 310(4) 617(4)

The bond lengths and angles are shown in Table V.
The least-squares planes through the pyrazole’s N
atoms coordination sphere around the Mn atom and
of the neighboring pyrazole rings and distances of the
atoms from the planes are given in Table VI. The
hydrogen bond data are collected in Table VII. An
ORTEP drawing [15] of the complex showing the
molecular geometry and atom numbering scheme is
presented in Fig. 1, The molecular packing and
hydrogen bond directions in the unit cell are seen in
Fig. 2.

The Mn Coordination Sphere

The asymmetric unit includes a half of the Mn
atom, one isothiocyanato ion and two pyrazole
molecules. According to this the Mn atom is hexa-
coordinated to four pyrazole molecules at N(1),
N(1), N(3) and N(3)' and to two isothiocyanato
anions at N(5) and N(5)' atoms. The Mn coordination
sphere is a slightly distorted octahedron, with four
pyrazole molecules in the equatorial positions and the
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TABLE V. Bond Distances (A) and Angles (°) with e.s.d. s C(1)-C(2)-H(3) 127(3)
in Parentheses. C(3)-C(2)-H(3) 128(3)
C(2)-C(3)-H4) 132(3)
N(1)-C(3)-H(4) 114(3)
Symmetry code
i N -H(5) 0.95(5) N(3)-N(4)—H(5) 125(3)
Superseript C4)-H(6) 1.01(6) C4-N@-H()  124(3)
None X y z C(5)-H(7) 0.73(6) N(4)-C(4)—H(6) 126(3)
. C(6)—H(8) 0.89(5) C(5)-C(4)-H(6) 128(3)
i 0.5 -x 05~y 1-z C(4)—C(5)—H(7) 133(6)
s C(6)-C(5)—-H(7) 116(5)
(a) Manganese coordination sphere C(5)—C(6)—H(8) 133(4)
Mn-N(1)  2.247(5) Mn-N(1)-C(3) 131.54) N(3)-C(6)—H(8) 118(3)
Mn-N(@3) 2.237(5) Mn—-N(1)-N(2) 123.8(4)
Mn-N(5)  2.202(6) Mn—-N(3)-N(4) 126.5(4)
Mn-N(3)-C(6) 128.2(5)
(Uncoordinated) Mn-N(5)-C(7) 145.2(5)
Mn-N(2) 3.187(6) N(1)-Mn-N(3) 87.7(2)
Mn-N(4) 3.229(6) N(1)-Mn—N(3)! 92.3(2)
Mn-C(3) 3.298(5) N(1)-Mn—N(5) 88.5(2)
Mn-C(6) 3.235(D N(1)-Mn—N(5)! 91.5(2)
N(3)-Mn—N(5) 90.9(2)
N(3)—Mn—N(5)! 89.1(2)
(b) Pyrazole ligands
N(1)-N(2) 1.332(7) N(1)-N(2)-C(1) 111.4(6)
N(2)-C(1) 1.369(11) N(2)-C(1)-C(2) 107.9(6)
C(DH)-C(2) 1.353(11) C(1)—C(2)-C(3) 104.1(7)
C(2)-C(3) 1.389(10) C(2)-C(3)-N(1) 112.3(6)
C(3)-N(1) 1.347(9) C(3)-N(1)-N(2) 104.2(5)
N(3)-N@4) 1.353(8) N(3)-N(4)-C4) 111.3(6)
N#®H-C(4) 1.351(11) N)-C(H-C(5) 105.4(8)
GO 1D GOOCS  O e amout ot e M9 om
plex (wi parameters) showing the molecular geome-
CO-N3) 1.334®) C(6)-NG)-N@) 10546) try and atom numbering scheme. Thermal ellipsoids are
drawn at 50% probability level for the non-hydrogen atoms.
(c) Isothiocyanato ion
NG)-C(T)  1.141(9) N(S)-C(N-5(1) 178.7(5) two isothiocyanato anions occupying the axial sites.
C(M-8(1)  1.663(7) The Mn—N(1) length is 2.247(5), the Mn—N(3)
length 2.237(5) A and the angle N(1)-Mn—N(3) is
(d) Hydrogen atoms 87.7(2)°. The Mn—N(5) length is 2.202(6) A and the
N)-H(1) 0.79(7) N(D-NQ2)—H(1)  123(4) angles N(5)-Mn- N(ol) and .N(S)—Mn-—N(3) are
C(1)-H(2) 0.93(5) C(1)-N(2)-H(1) 125(4) 88.5(2) and 90.9(2) 5 respectlvely.Because of the
C(2)~-H(3) 1.06(6) N(2)-C(1)-H(2) 111(4) centro symmetry, the Mn atom lies in the equatorial
C(3)-H(4) 1.00(5) C(2)-C(1)-H(2) 140(4) plane.

TABLE VI. Analyses of the Most Significant Planes with Displacements of Each Atom. The e.s.d. s
in Parentheses.

PLANE N(1)NG)IN(11)N(@31) 9.48603x — 6.97046y — 4.33609z = ~1.539152
N(1), N(3), N(11), N(31), Mn all 0.000(0)

PLANE N(1)N(2)C(1)C(2)C(3) 8.98831x + 7.23386y + 0.28955z = 3.97020
N(1) —0.002(6), N(2) 0.000(6), C(1) 0.002(7), C(2) —0.003(7), C(3) 0.003(6)

PLANE N(3)N(4)C(4)C(5)C(6) —5.95920x — 0.75726y + 13.94480z = 5.35316

N(3) —0.003(6), N(4) 0.005(6), C(4) —0.004(9), C(5) 0.002(8), C(6) 0.001(7)

2x,y, z are the fractional coordinates in direct space.
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TABLE VII. Distances and Angles in Interactions of the Type D—H---A.

D H A D-H D---A He A D-H-:-A
A A) 7:N) )

N(Q)@ H@) S(1) 0.79(7) 3.41(2) 2.68(6) 154

N@)® H(5) S(1) 0.95(5) 3.60(9) 2.71(8) 156

Symmetry position of atom D: (a) —x + 1, —y, —z + 1;(b) x +%, y _.%, z.

Fig. 2. Stereo arrangement of the molecules in a unit cell viewed down B.

TABLE VIII. Comparison of the M—X, M—N(1) and M—N(3) Bond Lengths (A) in Some Pyrazole Complexes.?

Compound Mn(HPz)4(NCS), [Mn(HPz),Cl,] o, Mn(MPz),B:, Ni(HPz)4(ONO), Ni(HPZ)4Cl,
Reference [This work] [7b] [7a] [17] [18]

M-X 2.202(6) 2.592(2), 2.594(2) 2.727(2) 2.09(1), 2.14(1) 2.507(1)
M-N() 2.247(5) 2.201(3) 2.256(3) 2.097(4) 2.097(2)
M-N(3) 2.237(5) 2.201(3) 2.243(3) 2.079(4) 2.087(3)
Compound Ni(HPz)4Br, Ni(HPz)¢(NO3), Co(DMPPz),(NCS), Cu(HPz)4Cl,

Reference [19] [20] [21] [22]

M-X 2.682(1) 1.947(6), 1.962(6) 2.840(1)

M-N(1) 2.1014) 2.125(3) 2.036(5) 2.024(1)

M-N(@3) 2.080(5) 2.125(3) 2.022(6) 2.009(D)

2MPz = 5-Methylpyrazole, DMPPz = 3,5-Dimethyl-1-phenylpyrazole.

The Mn—ligand bond lengths agree well with those
found in other Mn complexes, though the Mn—N(5)
length is rather short for a hexacoordinated Mn com-
plex as seen in Table VIII, where M—ligand bonds in
several pyrazole complexes are compared. From the
values it is seen that the octahedron in this complex is
less distorted from its ideal geometry than is the case
in other Mn complexes [7].

The opposite pyrazole molecules in the basal plane
around the Mn atom are in trans-arrangement in
respect of each other. Their planes are parallel, but
tilted to neighboring ring and the equatorial plane.
The N(1) and N(3) containing pyrazole ring planes
are in 72.3(2)° and 117.9(3)° angles to the basal
plane, respectively, and to each others in 104.1(3)°

angle. The reason lies obviously in the intermolecular
hydrogen bonds causing the inclination of the cor-
responding pyrazole rings toward S(1) atoms.

The Pyrazole Ligand Structure

The pyrazole rings are planar within e.s.d. values,
but are deformed slightly differently by coordination
to the Mn atom as shown by the atom distances from
the planes in Table VI. The N(1) coordination alters
the pyrazole ring geometry by shortening the N(1)—
N(2) bond length, lengthening the other bonds,
closing the N(1)-N(2)-C(1) and C(1)-C(2)-C(3)
angles and opening the others in the ring as compared
with the uncoordinated pyrazole molecule [23]. On
the other hand the N(3) coordination changes the



222

pyrazole ring geometry more radically by shortening
the C(4)—C(5) bond length to 1.304(14) A and
opening the C(4)—C(5)—C(6) and C(6)-N(3)-N(4)
angles to 110.1(7) and 105.4(5)°, respectively. In the
uncoordinated pyrazole the values are 1.346(13) A,
105.2(6) and 103.6(5)°, respectively [23]. All other
bonds are lengthened and angles closed (Table V).

The bond lengths in N(1) coordinated pyrazole
rings are very similar as compared with those in other
pyrazole complexes [7b], whereas the bond angles
differ more. In the case of N(3) coordinated pyrazole
rings the situation is stressed. The reason for these
differences is obviously (in part) the two intermolecu-
lar hydrogen bonds described above.

The Isothiocyanato lon

The two isothiocyanato anions are coordinated
through the N(5) atoms to Mn occupying the axial
sites. They are situated in trans-arrangement in
respect of each other. This confirms the earlier con-
clusion obtained on the basis of the infrared spectrum
[6].

The anion is not perfectly linear, the N(5)—C(7)—
S(1) angle being 178.7(5)°. This is comparable with
that (178.3(1.2)°) of KNCS [26c], whereas the bond
lengths N(5)—C(7) and C(7)—S(1) are a little shorter
(1.149(14) and 1.689(13) A, respectively, in KNCS)
[26¢].

Molecular Arrangement and Hydrogen Bond

System

The structure determining property is that the Mn
atoms form rows in b-direction. The neighboring
chains are displaced by 100, —100, 001 and 00—1.

. 2 2 Vo2 2

In this respect the structure is similar to that of
[Mn(Hpz),(Cl),].. [7b]. The plane defined by the
Mn and four surrounding pyrazole N atoms (the
equatorial or basal plane) is, however, not perpendi-
cular to xz-plane, but 123.9(1)° angle to it. Further,
the plane N(1)~N(5)—N(1)i-N(5)! is nearly perpen-
dicular to the equatorial coordination plane, the angle
between them being 89.1(1)°. Instead of that the
angle between the plane N(3)—N(5)-N(3)-N(5) and
the basal plane is 91.5(1)°. The bond Mn—N(1) is not
in the plane of the N(1) pyrazole ring, but forms an
angle of 7.1° with it. The bond Mn—N(3), however,
lies almost in the plane of the N(3) pyrazole ring, the
angle between them being only 1.1°. The angle be-
tween the mentioned two non-basal planes is 92.4(1)°.

The pyrazole rings form columns approximately
along the [001], [-110] and [110] directions,
although the overlap is far from perfect..The rings in
the columns are parallel with each other. The dis-
tances between the ring planes are approximately
3.64, 849 and 849 A, respectively. The Mn atoms
and isothiocyanato ions lie between these pyrazole
columns, The columnar network is primarily held
together by hydrogen bonds between the two H
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atoms (H(1) and H(5)) of the N(2) and N(4) atoms of
the pyrazole rings and S(1) atoms of the isothio-
cyanato ions of neighboring molecular units (Table
VII). A further stabilization of the crystal structure
is obviously achieved through = electron system inter-
actions of the stacked pyrazole rings in c-direction.
As is commonly found in the crystal structures of
pyrazole complexes [7], the stacking of the pyrazoles
is not very extensive.

The hydrogen bond data in Table VII as compared
with those reported [7b] for [Mn(Hpz),(Cl),]..
implie the N(2)*-H(1)---S(1) and N(4)P—H(5)--"
S(1) hydrogen bonds in the present complex to be
little stronger than the N—H---Cl hydrogen bonds in
the mentioned compound. They are, however, weaker
than N—H:+-+X(halogen) hydrogen bonds in general
[7b].

From the two intermolecular hydrogen bonds the
N(4)P—H(5)--S(1) bond (Table VII) is considered to
be weaker on the basis of the longer bond length and,
because it closes only slightly the Mn—N(3)—N(4)
angle compared to the Mn—N(3)—C(6) angle. The
stronger, shorter N(2)*>~H(1)+-++S(1) hydrogen bond
causes a considerable diminution of the Mn—N(1)—
N(2) angle compared with that of Mn—N(1)-C(3)
(Table V). These circumstances are significant for the
thermal behaviour of the compound as seen later.

Magnetic Behaviour

The molar paramagnetic susceptibility corrected
for diamagnetism with Pascal’s constants [24]
follows the Curie-Weiss law: Xpy = 4.812/(T +4.98)
in the temperature range T=93.2 —293.2 K. tq5
varies, respectively, between 6.06 and 6.18 (B.M.)
in accordance with the weakness of the complex and
its spin-free character.

As seen from Table IX and Fig. 3 the magnetic sus-
ceptibility depends from absolute temperature prac-
tically linearly within the used temperature range, but
Uegr is almost constant. The e values are a little
higher than the spin-only value 592 (B.M.) for
manganese(I) ion [24] and imply obviously a weak
orbital contribution. The results are, however, in
agreement with the octahedral coordination around
the manganese(I) ion and its high spin d° (t3ze2) elec-
tron configuration. Measurements of magnetic sus-
ceptibility at temperatures under 90 K would
probably reveal Curie-Weiss law escaping behaviour,
but it would involve single crystal measurements best
made on a vibrating magnetometer.

Infrared and Reflectance Spectra
The absorption band values of the IR spectra of
pyrazole and the complex are collected in Table X. In
addition to the ligand spectrum comparison also the
bands of KSCN taken in KBr disks are presented.
The strong bands at 3430 and 3320 cm™? in the
complex spectrum are assigned to v(NH) stretching
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Fig. 3. 1/Xj and pegr against absolute temperature for Mn(C3HgN,)4(NCS),.

TABLE IX. Magnetic Data for Mn(C3HgN,)4(NCS),.

T (K) pegs (B.M.) Xp(exp.) x 103 Xp(calcd) X105
(cgs emu) (cgs emu)
93.2 6.06 4920 4903
103.1 6.05 4441 4450
1131 6.07 4076 4073
123.1 6.08 3749 3755
133.1 6.09 3484 3484
143.1 6.04 3190 3248
153.1 6.18 3115 3043
163.1 6.11 2861 2862
173.1 6.09 2676 2701
183.1 6.06 2504 2558
193.1 6.15 2447 2429
203.1 6.13 2316 2312
213.1 6.11 2194 2206
2231 6.17 2137 2109
233.1 6.16 2034 2021
243.1 6.12 1929 1939
253.1 6.22 1913 1864
263.2 6.14 1792 1795
273.2 6.11 1707 1730
283.2 6.14 1664 1670
293.2 6.18 1628 1614

frequencies [7b, 25]. The v(CH) stretching frequen-
cies of the ligand appear in the usual range 3150
3100 cm™!. The weak or strong bands in the area
3050—2400 cm™ ! in both spectra are assigned to com-
bination and overtone bands of the organic ligand [25].
Typical is their weakening in the complex formation.

The very strong band at 2078 ¢m™! in the com-
plex spectrum is assigned to p{CN) stretching band
due to isothiocyanato ion NCS™ [26]. The p(ring)
stretching frequencies of pyrazole appear obviously
in both spectra at 1800—1600 cm™! [25]. The
8(ring) bending bands without making detailed
assertment between them are observed in both
spectra or only in the pyrazole spectrum at following
areas 1560-1300, 1240—1220, 950-920 and 660—
620 cm™ ! [25].

The 6(CH) bending bands are also observed at
several ranges. They are 1270—1250, 1070—1030,
900880, 842 and 780-760 cm™! [25]. The § (NH)
bending bands are assigned to 1160—1120 ¢cm™! in
both spectra.

From viewpoint of the complex formation the
most interesting bands appear under 800 cm™!. The
medium band at 870 c¢cm™! is assigned to v(CS)
stretching of the NCS™ ion [26]. The v(M—-NCS)
stretching vibrations appear in the complex spectrum
most probably at 797 and 720--670 cm ! [26]. The
v(M—N) stretching vibrations (which may be due to
interactions between the metal and pyrazole or NCS™)
are assigned to strong bands at 600—540 [26] and
240 cm™! [26, 27]. The 6 (NCS) bending vibration
is obviously recognized at 480 cm™! [26a, 27].

The reflectance spectrum of the complex in paraf-
fin oil appeared to be similar to that reported for
Mn(5-CH;3Hpz),(NO3), {28]. It showed only one
very weak band at 23260 cm™! (430 nm) which is
suggested to be due to the transition A, ~*T,,
[29]. After this the first band at 18000-20000
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TABLE X. Observed Infrared Bands (cm™1) of Pyrazole and Mn(C3H4N3)4(NCS), Complex and their Assignments.

Pyrazole Complex Assignment? Pyrazole Complex Assignment?
3430s® v(NH) 1153vs 1160vs & (NH), & (NH)
3320vs v(NH) 1140vs 1135vs &5 (NH), 6 (NH)

3150vsb 3140w v(CH), v(CH) 1125vs & (NH)
3120s v(CH), v(CH) 1059vs i 1063vs | 6§ (CH), 8 (CH)

3050vs 3050vw c.and o. 1037vs 1047vs § (CH), & (CH)
2980vs 2980w c.and o. 94 3vs 947vs § (ring), & (ring)
2920vw c.and o. 930vs § (ring),

2810sh 2845w c.and o. 922vs 917vs § (ring), & (ring)

2700sh 2710vw c.and o. 896vs 893m § (CH), 8 (CH)

2605s 2580vw c.and o. 880vs 8 (CH),

2490sh c. 870m v(CS)

2395w c. 842vs 8 (CH)

2070w 2078vs v(ring), v(CN) 797vs v(M—NCS)

1765w 1755w v(ring), wv(ring) 773vs § (CH)

1730m v (ring) 763vs 766vs § (CH), 8 (CH)

1630m 1620vw v(ring), wv(ring) 720vs v(M-NCS)

1553m § (ring), & (ring) 695vs v(M—-NCS)
1533m ! 1530s & (ring), & (ring) 677vs v(M—NCS)
1467s 1472s § (ring), & (ring) 654m & (ring)

1398vs 1407vs 5 (ring), & (ring) 623vs 635vw & (ring), & (ring)

1361vs 1357vs § (ring), & (ring) 597s v(M—N)
1315vw § (ring), & (ring) 587s v(M—N)

1265m | 1267m §(CH), &(CH) 548m v(M--N)

1256m 1253w § (CH), &(CH 480m 5 (NCS)

1233sh & (ring) 240s v(M—N)

1227w | & (ring)

2SCN (KSCN) bands: 2805m, 2060vs, 974s, 955m, 753vs, 491vs, 476s.

bp = broad, m = medium, s = strong, sh = shoulder,

v =very, w = weak. v = stretching, 8 = bending, c. = combination, o. = overtones.

TABLE XI. TG Data for Mn(C3H4N2)4(NCS)2.

Process Temperature Residue (% from total)
range (K) Found Calculated

MH(C3H4N2)4(NCS)2

| —2C3H4N, 363-437
Mn(C3H4N,)2(NCS), 69.7 69.3

| —2C3HaN, 437-570
Mn(NCS), 40.2 38.6

| — Ny, 581-750
MnS,(—a-MnS +S) 750 - 27.1 26.9
cm™' due to the transition A, —~*T,, has been the c-direction and containing the N(3) and N(3)!

flattened to unobservable and the other bands charac-
teristic for Mn(I) complexes were melted to one
showing continuously increasing absorption at shorter
wavelengths (>25 000 cm™!).

Thermal Properties

The TG curve of the complex in dynamic nitrogen
atmosphere is shown in Fig. 4 and the thermal
processes elucidated from it in Table XI. The com-
pound is shown to be stable to 363 K, after which it
leaves first two pyrazole molecules to 437 K. These
pyrazole molecules are obviously those unstacked in

nitrogen atoms. Presumably the difference in the
strength of the two intermolecular hydrogen bonds
is the reason for the thermal escape of the N(3)
pyrazole molecules first from the complex. These
conclusions are also in accord to the anisotropic
temperature factors (Table IIl and Fig. 1), which
show the temperature vibrations of the atoms of the
N(3) pyrazole rings to be considerably stronger than
those of the N(1) pyrazole rings.

In the next step the last two pyrazole molecules
escape between 437 and 570 K. Finally the left
Mn(NCS), decomposes to MnS, from 581 to 750 K.
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Fig. 4. TG curve of Mn(C3H4N3)4(NCS); in dynamic N, atmosphere.

At higher temperatures MnS, obviously decomposes
to sulphur and a-MnS [30].

The escape of the pyrazole molecules in two stages
points to two different metal-bonded ligand groups,
in agreement with what has been presented in the
foregoing discussion.

M(Hpz),S04 complexes, where M = Co, Cu, Zn or
Cd, have also been shown to give up the pyrazole
ligands in one or several stages beginning between 353
and 433 K [31].
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