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The title compounds are new and were prepared by reaction of the elemental components in a tin flux. 
They crystallize with the monoclinic (C21c) TiMn:P,:-type structure, which was refined for NbMnzPu 
(R = 0.044 for 70 variable parameters and 1688 structure factors) and MoMnzPlz (R = 0.020 for 70 
variables and 2871 F values). Chemical bonding in these compounds can be rationalized on the basis of 
classical two-electron bonds. In this simple bonding model the Mn atoms with octahedral P coordi- 
nation (“d2sp3 hybrid”) obtain a (“low spin”) dS system. They are displaced from the centers of their P 
octahedra to permit Mn-Mn bonding (Mn-Mn distances of 285.1 and 287.7 pm for the Nb and MO 
compounds, respectively), thus compensating their spins. The early transition-metal atoms have 
square-antiprismatic P coordination (“d4sp’ hybrid”). In this model their fifth d orbital is filled with 
one (Nb) or two (MO, W) electrons. Consequently MoMn2Plz and WMn2P12 are diamagnetic, while 
NbMn2P12 shows paramagnetism with a magnetic moment of p = 1.96 pa. The metallic conductivity of 
the three compounds is rationalized by the overlap of bonding and antibonding bands (“semimetal”). 
None of the compounds 7Mn2P,2 (T = Ti, Nb, MO, W) becomes superconducting down to 
1.8 K. 0 1988 Academic Press, 1~. 

Introduction 

The classical model of the two-electron 
bond is useful in organic as well as in solid- 
state chemistry. In solids, formed between 
highly electropositive metals and the main- 
group elements, it allows us to predict the 
near-neighbor coordinations within the 
polyanion (“Zintl compounds”). It has 
been applied successfully also to rationalize 
and predict the electrical conductivity be- 
havior (Z-3) and the atomic environments 
(4) of essentially covalent solids with low 

main group elements and the late and post- 
transition metals. The two-electron bond 
model was used recently also to rationalize 
the structures and physical properties of 
MoFe2Pi2, WFe2Pi2 (5), and TiMnzP12 (6), 
where the early transition-metal atoms 
have square-antiprismatic coordination of 
eight phosphorus atoms. Here we show the 
usefulness of the two-electron bond model 
to rationalize the magnetic properties of 
new compounds with TiMn2P12-type 
structure. 

coordination numbers (tetrahedral, square- 
planar, and octahedral) composed of the Synthesis and Chemical Properties 

The compounds were prepared by reac- 
* To whom correspondence should be addressed. tion of the elemental components in a tin 
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flux. Starting materials were powders of ni- 
obium (~250 pm, 99.8%), molybdenum 
(cl50 pm, 99.95%), tungsten (cl50 pm, 
99.98%), manganese (~40 pm, 99.9%), and 
pieces of red phosphorus (Hoechst- 
Knapsack: “ultrapure”) and tin (99.9%). 
They were mixed in various atomic ratios 
as, for example, Nb:Mn:P:Sn = 5:2: 
10:17, Mo:Mn:P:Sn = 1:2:30:20, 
W:Mn:P:Sn = 1:2:15:20 and sealed in 
evacuated silica tubes. The samples were 
annealed for up to 2 weeks at various tem- 
peratures of between 600 and 950°C and 
usually quenched to room temperature. 
The tin-rich matrix was dissolved in slightly 
diluted (1 : 1) hydrochloric acid, which 
practically does not attack the transition- 
metal polyphosphides. Various amounts of 
the binary polyphosphides NbP2 (7, S), 
MoP2, (Y-, P-WPz (7-IO), and the three 
stacking variants of MnP4 (11-15) were fre- 
quently observed in the reaction products. 
They were mechanically separated from the 
crystals of the ternary compounds under 
the microscope. Energy dispersive fluo- 
rescence analyses in a scanning electron 
microscope did not reveal impurity ele- 
ments heavier than sodium, like silicon or 
tin (detectability limits 0.5%). 

The crystals of the new compounds were 
well developed with diameters of up to 100 
pm and no preferred growth directions. 
They are stable in air and not attacked by 
nonoxidizing acids or bases. NbMnzPu dis- 
solves within a few hours in concentrated 
nitric acid, while MoMnzPlz and WMn2P12 
were only weakly attacked under these 
conditions. Under prolongated treatment 
with aqua regia crystals of MoMnzP1* and 
WMn2P12 showed rounded-off edges and 
corners. 

Physical Properties 

The crystals are brittle and black with 
metallic luster. The electrical conductivi- 
ties of these three polyphosphides were 

measured with a two-probe device for cold- 
pressed pellets squeezed between tungsten 
blocks. The conductivities were deter- 
mined repeatedly both on heating and cool- 
ing at constant current, measuring the volt- 
age differences with a compensator. Within 
the range of liquid nitrogen temperature 
and 250°C the conductivities of the three 
compounds decreased on heating by be- 
tween a factor of 3.5 for MoMnzPiz and 4.5 
for NbMnzPu. The absolute values of the 
specific resistivities were about 0.02 s1 cm 
for NbMnzPlz and 0.04 R cm for MoMn2P12 
and WMn2P1*. Considering the uncertain- 
ties in the estimates for the contacting areas 
and the porosities of the pellets, these val- 
ues were judged to be correct within factors 
of about 3. Thus, both the temperature de- 
pendencies and the absolute values of the 
electrical conductivities are typical for me- 
tallic conductors. 

Samples of TMn2P12 (T = Ti, Nb, MO, W) 
were investigated for superconductivity 
using the UC susceptibility method. None of 
these metallic polyphosphides showed a 
transition to a superconducting state down 
to 1.8 K. 

The magnetic susceptibilities of the three 
polyphosphides were determined with a 
Faraday balance (16, 17) for polycrystalline 
samples of crystals selected under a micro- 
scope with total weights of 35, 6, and 2 mg 
for NbMn2P12, MoMnzPu, and WMn2Pi2, 
respectively. MoMnzPlz and WMn2P12 are 
both weakly diamagnetic; however, be- 
cause of the small sample weights these val- 
ues could not be determined accurately. 

In contrast, NbMn2Plz is strongly para- 
magnetic with a room temperature sus- 
ceptibility of x = 1.59(+-0.03) x lop3 cm3/ 
formula unit. Its temperature dependence 
follows the Curie-Weiss law. After cor- 
rection for the temperature-independent 
part of the susceptibility a paramagnetic 
Curie temperature of 8 = + 2( + 1) K and an 
effective magnetic moment of P,,~ = 
1.96( eO.02) ,.,@ was obtained from the slope 
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of the l/x vs T plot (Fig. 1). This value com- 
pares rather well with the theoretical (spin 
only) value for one unpaired electron of 
pea = 1.73 pa, considering that the experi- 
mental values are usually somewhat higher 
for the transition elements of the second 
(Nb) and third long period, due to spin-orbit 
coupling. The correction for the tempera- 
ture-independent part of the susceptibility 
of x = -86 x lop6 cm3/formula unit- 
obtained from the deviation from the 
straight line of the l/x vs T plot-is small, 
however, of the expected magnitude if we 
consider that the diamagnetism is superim- 
posed by the Pauli paramagnetism. 

Structure Refinements 

Single crystals of NbMnzPi2 and 
MoMnzP1;! were investigated in precession 
cameras with MoKcr radiation. They 
showed the Laue symmetry 2/m and the 
systematic extinctions (reflections hkf were 
observed only for h + k = 2n; h01 only for 
I = 2n) led to the space groups Cc and C2/c 
of which the centrosymmetric group C2/c 
was found to be correct during the structure 
refinements. This is also the space group of 
TiMn2Pn and the structure refinements 
showed NbMnZPlz and MoMnzPIZ to be 
completely isotypic with TiMnzPlz. No su- 
perstructure reflections corresponding to 
the primitive monoclinic cell of NbFezPn 
(18) were observed. 

TM)- 

FIG. 1. Reciprocal magnetic susceptibility of 
NbMnzPu as a function of temperature. 

The lattice constants (Table I) were ob- 
tained by least-squares fits of the Guinier 
powder data, recorded at 24”C, using 
a-quartz (a = 491.30 pm, c = 540.46 pm) as 
a standard. To assure proper assignment of 
indices to the numerous diffraction lines, 
the observed patterns were carefully com- 
pared with the patterns calculated (29) from 
the refined structures of NbMnzP12 and 
MoMnzPlz, respectively. As an example 
the evaluation of the powder pattern of 
WMn2P12 is shown in Table II. 

Intensity data for the structure re- 
finements were recorded in an automated 
four-circle diffractometer with graphite- 
monochromated MoKa radiation, a scintil- 
lation counter, and a pulse-height discrimi- 
nator. The background was determined at 
both ends of each d/28 scan. All reflections 

TABLE I 
LATTICE CONSTANTS AND CALCULATED DENSITIES OF POLYPHOSPHIDES WITH 

TiMnzPlz STRUCTURES 

a (pm) b (pm) c (pm) P (“) V (nm’) pc(dcm3) 

TtMnzPub 1605.8(3) 579.4(l) 1063.6(2) 115.23(l) 0.8952 3.928 
NbMn2P12 1609.8(2) 578.1(l) 1065.2(l) 115.63(l) 0.8937 4.280 
MoMnzPlz 1597.2(2) 571.8(l) 1054.6(l) 115.86(l) 0.8667 4.437 
WMnzPtz 1597.6(2) 571.7(l) 1053.7(l) 115.85(l) 0.8662 5.102 

a Standard deviations in the last listed digits are given in parentheses. 
b Data from Ref. (6). 
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TABLE II 

POWDER PATTERN OF WMn2P12 WITH TiMn2P12-TYm 
STRUCTURE” 

hkl QO PC 

200 192 194 
110 351 354 

-202 382 382 
-111 402 402 

002 443 445 
Ill 529 530 

-311 660 661 
-112 673 671 
-402 706 707 

310 741 741 
400 773 774 

-312 803 802 
202 895 894 
112 929 927 
311 1045 1045 

-113 1165 1163 
-313 1167 1166 

020 122s 1224 
-511 1307 1307 
-512 1320 1321 

021 1336 1335 
-221 1400 1401 
-602 1418 1419 
-204 1460 1461 

510 1515 1515 
-404 1531 1530 

113 1547 1547 
-513 1559 1557 

312 1571 1570 
-222 1607 1606 

022 1671 1669 
402 1732 1731 
600 1742 1742 

-314 1756 1753 
004 1781 1779 

-421 1855 1853 
-604 1985 1986 

420 2ooo 1998 
-223 2035 2034 

222 2118 2118 
-712 2225 2226 

z 1, hkl 

w 34 -423 
VW 4 313 

m 58 -713 
w 28 421 

VW 6 114 
“S 100 -802 
m 37 512 

VW 8 -224 
w 26 -621 
w 19 -515 

VW 14 -115 
VW 5 -623 

m 52 -804 
VW 6 602 
VW I2 422 I 

m 40 620 
m 47 131 
w 32 024 
s 71 -132 

VW 8 330 
VW 4 -624 

m 38 -715 
YW 10 711 

w 17 -406 
VW 11 -606 

w 25 115 
w 28 331 
w 33 -913 
m 37 -425 
w 22 -225 
w 25 404 

VW 5 -914 
w 30 -822 

VW 7 -531 
w 18 -911 

VW 16 -532 
w 19 -821 

VW 9 332 
VW 8 -806 

m 35 -824 
VW 4 

Q. Qc Z c 

223 1 2231 VW 6 
2319 2318 VW 10 
2335 2334 w 24 
2365 2365 VW 15 
2389 2390 VW 11 
2518 2518 VW I1 
2600 2600 VW 16 
2685 2685 w 19 

- 2693 - 7 
2697 26% w 28 

2815 

2831 2828 VW 6 

2951 

2966 
2978 
3002 
3118 
3187 
3209 

3233 
3240 

- 
3454 

- 

2965 w 18 
2977 VW 14 
3003 VW 6 
3119 VW 13 
3189 s 63 
3209 m 32 
3218 - 10 
3236 s 57 
3242 w 27 
3442 - 5 
3454 VW 31 
3492 - 5 

3500 

3558 
- 
3698 
3736 
3753 
3766 

- 
3920 
4018 
4029 
4050 

3558 w 26 
3577 - 11 
3701 VW 16 
3741 VW 9 
3754 VW 7 
3760 VW 14 
3768 - 7 
3919 VW 12 
4018 VW 7 
4029 VW 6 
4052 VW 4 

a All observed reflections and all those with calculated intensities IC > 
4 are listed. Q = lOOid (nmm2); VW, very weak; w, weak; m, medium; s, 
strong; “s, very strong. The intensities were calculated assuming posi- 
tional parameters as obtained in the stnxtnre refinement of MoMnzP,~. 

within one half of the reciprocal sphere up 
to 28 = 90” were measured. This resulted in 
a total of 7697 reflections for the crystal of 
NbMnzPlz (with dimensions of 20 x 60 x 60 
pm3) and 7430 reflections for the MoMn2P12 
crystal (70 x 70 x 130 pm3). Empirical ab- 
sorption corrections were made from 
@scan data. The linear absorption coeffi- 
cients p(Mo&) are 59.6 and 63.0 cm-’ for 

the Nb and MO compound, respectively. 
After omitting reflections with F,, < 3o(F,) 
and averaging equivalent values (internal 
residual Ri = 0.042), 1688 structure factors 
remained for the refinement of the structure 
of NbMnzPlz (for MoMn2Pi2: Ri = 0.018 for 
2871 averaged nonequivalent reflections). 

As starting parameters for the full-matrix 
least-squares refinements we used the posi- 
tional parameters as obtained for TiMn2Pi2 
(6). The atomic scattering factors (20) were 
corrected for anomalous dispersion (21). 
The weighting schemes were according to 
the counting statistics, and parameters ac- 
counting for isotropic secondary extinction 
were refined and applied to the calculated 
structure factors. For structure refinements 
with isotropic thermal parameters (a total 
of 32 variables) conventional residuals of 
R = 0.047 and R = 0.022 were obtained for 
NbMnzPiz and MoMn2Pi2, respectively. 
Structure refinements with ellipsoidal ther- 
mal parameters reflected (as is frequently 
observed) the inadequacy of the absorption 
corrections from +-scan data. Least- 
squares calculations with variable occu- 
pancy parameters showed no significant de- 
viations from full occupancies for any 
atomic position. The extrema varied for 
NbMn;?Pu from 98.6(6)% occupancy for the 
P(3) position to 101.6(j)% for the P(5). For 
the more accurately determined structure 
of MoMnzPiz the occupancy parameters 
were even closer to the ideal values: 
99.8(2)% for the P(5) and P(6) positions and 
100.2(l)% for the MO position (standard de- 
viations in the position of the least-signifi- 
cant digit are given in parentheses). In the 
final least-squares cycles the occupancy pa- 
rameters were again kept at the ideal val- 
ues. The conventional residuals and the 
weighted residuals were R = 0.044 and 
R, = 0.050 for NbMnzP12 (70 variable pa- 
rameters, 1688 structure factors) and R = 
0.020, R, = 0.017 for MoMn2Plz (70 vari- 
ables, 2871 F’s). The atomic parameters 
and interatomic distances are given in Ta- 
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TABLE III 
POSITIONALANDTHERMALPARAMETERSOF 

NbFezP1r AND MoFezPlza TABLE IV 

Atom a/c x 
INTERATOMIC DISTANCES (pm)~~ NbMnzPlz 

Y z &q&W 
AND MoMnZPuO 

Nb 4e 0 0.3034(l) f 0.167(7) i 
Mn 8f 0.18181(4) O.lsQZ(l) 0.04609(7) 0.206(8) NbMn2Pu MoMnZPb 
P(l) 8f 0.15561(8) 0.1757(3) 0.2432(l) 0.31(2) 
P(2) 
P(3) 
P(4) 
P(5) 
P(6) 
MO 
Mt? 
P(l) 
P(2) 
P(3) 
P(4) 
P(5) 
P(6) 

8f 0.46770(9) 
8f 0.3834@(9) 
8f 0.32246(g) 
8f 0.43754(9) 
8f 0.27326(8) 

4e 0 
8f 0.18005(l) 
8f 0.15185(2) 
8f 0.46747(3) 
8f 0.38405(3) 
8f 0.32252(2) 
8f 0.43898(2) 
8f 0.27252(2) 

0.4520(3) 
0.0526(3) 
0.3268(2) 
0.1465(2) 
0.3208(3) 

0.304fw3) 
0.1918X4) 
0.17637(7) 
0.4569X7) 
0.05383(7) 
0.32453(7) 
0.14087(7) 
0.32251(7) 

0.0732(l) 
0.4952(l) 
0.16560) 
0.3346(l) 
0.4250(l) 

0.04611(2) 
0.24114(4) 
0.07447(4) 
0.49650(4) 
0.16561(4) 
0.33388(4) 
0.423%(4) 

0.27(2) 
0.29(2) 
0.27(2) 
0.31(2) 
0.28(2) 

0.227(2) 
0.234(3) 
0.346(5) 
0.361(6) 
0.365(5) 
0.322(5) 
0.353(6) 
0.333(S) 

Nb: 

Mn: 

a Standard deviations in the place of the last listed position are given in 
parentheses. The last column lists the equivalent isotropic thermal pa- 
rameters Bequlv (x 100 in units of nm*). 

bles III and IV. Listings of observed and 
calculated structure factors can be obtained 
from the authors (22). A stereoplot and a 
projection of the TiMnzPiz-type structure 
are shown in Figs. 2 and 3. 

Discussion 

In the polyphosphides of the transition 
metals with high phosphorus content the 
metal atoms usually have octahedral phos- 
phorus coordination. Square-planar (Ni, 
Pd), tetrahedral (Cu, Ag), and linear two- 
fold coordination (Au) are also known (23). 
The polyphosphides with TiMnzPlz-type 
structure are the first examples, where the 
(early) transition-metal atoms have eight 
phosphorus neighbors forming an almost 

P(1): 

P(2): 

P(3): 

P(4): 

P(5): 

P(6): 

P(5) 
P(l) 
P(2) 
P(3) 

255.8(2x) 
264.2(2x) 
266.3(2x) 
267.9(2x) 

P(4) 220.8 
P(4) 222.8 
P(6) 223.3 
P(3) 229.9 
P(l) 231.5 
P(2) 233.2 
Mn 285.1 

P(4) 220.0 
P(6) 220.6 
Mn 231.5 
Nb 264.2 

P(5) 226.1 
P(2) 228.6 
Mn 233.2 
Nb 266.3 

P(6) 222.7 
P(5) 229.5 
Mn 229.9 
Nb 267.9 

P(l) 220.0 
P(5) 220.8 
Mn 220.8 
Mn 222.8 

P(4) 220.8 
P(2) 226.1 
P(3) 229.5 
Nb 255.8 

P(6) 219.4 
P(l) 220.6 
P(3) 222.7 
Mn 223.3 

MO: P(5) 248.6(2x) 
P(1) 257.4(2x) 
P(2) 261.0(2x) 
P(3) 262.9(2x) 

Mn: P(4) 220.0 
P(4) 221.7 
P(6) 221.9 
P(3) 226.6 
P(1) 229.1 
P(2) 229.8 
Mn 287.7 

P(1): P(4) 219.8 
P(6) 221.1 
Mn 229.1 
MO 257.4 

P(2): P(5) 227.5 
P(2) 228.3 
Mn 229.8 
MO 261.0 

P(3): P(6) 222.0 
P(5) 229.6 
Mn 226.6 
MO 262.9 

P(4): P(1) 219.8 
P(5) 219.8 
Mn 220.0 
Mn 221.7 

P(5): P(4) 219.8 
P(2) 227.5 
P(3) 229.6 
MO 248.6 

P(6): P(6) 218.7 
P(1) 221.1 
P(3) 222.0 
Mn 221.9 

regular square-antiprism. The manganese 
atoms have octahedral phosphorus coordi- 

” All metal-metal and metal-phosphorus distances 
t ess than 360 pm are listed. The shortest nonbonding 

nation and the phosphorus atoms are all tet- phosphorus-phosphorus distance is a P(3)-P(5) dis- 
rahedrally coordinated either to two metal tance of 289.8 pm in both structures. Standard devia- 

and two phosphorus atoms or to one metal tions computed from those of the lattice constants and 

and three phosphorus atoms. the positional parameters are all equal or less than 0.3 

Using the classical two-electron bond 
pmin NbMnzPlz and 0.1 pm in MoMnzPlz. 

model and oxidation numbers (where the 
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FIG. 2. Stereoplot of the structures of TiMn2Plz, NbMn2Plz, and MoMnZP,z. The differences in the 
positional parameters of the three refinements of this structure are too small to be discernible on the 
scale of this plot. The early transition metals, the manganese, and the phosphorus atoms are drawn 
with large, medium, and small circles, respectively. 

two electrons of the transition metal- 
phosphorus bonds are counted as belonging 
to the phosphorus atoms) the eight phos- 
phorus atoms per formula unit with two 
metal and two phosphorus neighbors obtain 
oxidation number - 1, and the remaining 
phosphorus atoms with one metal and three 
phosphorus neighbors obtain oxidation 
number zero. This is in agreement with the 
phosphorus atoms obtaining an electron oc- 
tet (“sp3 hybrid”). 

The manganese atoms have octahedral 
phosphorus coordination. The MnP6 octa- 
hedra form pairs with one common edge, 
and the manganese atoms are slightly dis- 
placed from the centers of their octahedra 
to form a manganese-manganese bond. 
This is almost the same bonding situation as 
for the manganese atoms in the three modi- 
fications of MnP4 (11-15). There the bond- 
ing was rationalized with oxidation num- 
bers according to Mn+2(P4)-2, i.e., the 
manganese atoms obtain a d5 system. For 
the bonds to the six phosphorus neighbors 
the manganese atoms need six orbitals 
(“8s~~ hybrid”) to interact with the 3s and 
3p orbitals of the phosphorus atoms. The 
corresponding 12 bonding electrons we 

have already counted at the phosphorus 
atoms. The five electrons of the manganese 
atoms, which do not participate in the man- 
ganese-phosphorus bonds, can be accom- 
modated in the three -fzg orbitals. Two of 
these we assume to be doubly occupied 
with a total of four electrons and the third 
one can overlap with the corresponding or- 
bital of the neighboring manganese atom to 
split into a bonding and an antibonding 
(“molecular”) orbital. The bonding orbital 
is filled with two electrons, one from each 
manganese atom, while the antibonding or- 
bital remains empty in this idealized de- 
scription. Thus we have accommodated all 
valence electrons of the manganese atoms 
with compensated spins and we expect this 
part of the structure to be essentially dia- 
magnetic as is indeed observed for the three 
modifications of MnP4, which, in addition, 
are also semiconductors (II, 14, IS). 

Having assigned oxidation numbers to 
the manganese and phosphorus atoms the 
balance has to be made up by the early tran- 
sition metals (2). We thus obtain the gen- 
eral formula T’4(Mn’2)2(P0)4(P-‘)g, i.e., the 
titanium atoms obtain a do system, the nio- 
bium atoms a d’ system, and the molybde- 
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.-J 
0 l 32 

-7 ii’*@ Ti,Nb,Mo,W 

FIG. 3. Projection of the monoclinic TiMn2P12-type 
structure along the twofold axis. In the upper part of 
the drawing the heights of the atoms are indicated in 
hundredths of the projection direction. Below that the 
P-P bonds within the three-dimensional network of 
the phosphorus-poly-“anion” are shown. The 18- 
membered P-rings surrounding the early transition- 
metal atoms in this projection are connected by chains 
of P atoms, which spiral clock- and anticlockwise 
along the projection direction. In the lower part of the 
figure the linkages of the coordination polyhedra of the 
metal atoms are shown. The MnP6 octahedra form 
pairs with a common edge. All other linkages of the 
MnP, octahedra and the quadratic antiprisms 7’PB (T = 
Ti, Nb, MO, W) are via corners. 

num and tungsten atoms a d2 system. For 
the eight bonds of each T atom to its 
square-antiprismatic phosphorus coordi- 
nation we need eight orbitals (“d4sp3 hy- 
brid”), which overlap with the valence or- 
bitals of the phosphorus atoms to form an 
empty antibonding band and a bonding 
band which is filled by the electrons we 
have counted already at the phosphorus 
atoms. In this simple bonding description 

the remaining dz2 orbital of the T atom is 
unoccupied (Ti), singly occupied (Nb), or 
doubly occupied (MO, W). We thus expect 
diamagnetism for TiMnzPlz , MoMnzPlz , 
and WMn2P12 and paramagnetism for 
NbMn2Plz as is indeed observed. 

This simple bonding description had al- 
lowed us to correctly predict the magnetic 
properties of the TiMnzPlz-type compounds 
before we actually determined them. 
Nevertheless this description could cer- 
tainly be improved by band structure calcu- 
lations. For instance, the Mn-Mn bond dis- 
tances of around 28.5 pm are rather long. 
Shorter Mn-Mn distances, however, are 
not possible because this would cause even 
greater deviations from the ideally tetrahe- 
dral Mn-P-Mn (109”) and octahedral 
P-Mn-P (90”) angles (Table V). Such geo- 
metrically required deviations from the 
ideal bond distances and angles do not need 
to be energetically strictly unfavorable. We 
can assume that at least some interactions, 
which with ideal bond angles are negligible, 
gain in energy with increasing distortions, 
as it was shown for the structurally related 
compounds TX, with marcasite or arseno- 
pyrite structure (24). Nevertheless, the 
simplicity of the two-electron bond model 
makes it attractive also for the rationaliza- 
tion of those structures (22, 25). 

At first sight the metallic conductivity of 
the TiMn2P12-type compounds is unex- 

TABLE V 
COMPARISON OF THE BOND DISTANCES 

AND BOND ANGLES AROUND THE 
MANGANESE-MANGANESE BOND IN TiMn2P,?- 

TYPE COMPOUNDS” 

” The Mn-Mn bond is centrosymmetric. Stan- 
dard deviations of the distances (pm) and angles 
(“) are all equal or less than 0.2 pm and 0.04”. 
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petted. However, the band gaps are al- 
ready small for the late transition-metal 
polyphosphides (26). For polyphosphides, 
containing the early transition metals with 
higher coordination numbers, broader 
bands can be expected, and once the band 
gap is closed (“semimetal”), the tempera- 
ture dependence of the conductivity in- 
verses, and the compound becomes a me- 
tallic conductor. Slight overlaps of bands 
which are labeled “bonding” and “anti- 
bonding” in the simple two-electron bond 
picture may well be responsible for the 
decreasing bond strength of the Mn-Mn 
bond in going from TiMnzPlz to MoMnzPn 
(Table V). 
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