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pounds and those for the germanium compounds. In 
all it is felt that considerable reliance can be placed on 
both the tin and the germanium assignments. 

Earlier, in the discussion of the germanium assign- 
ments, i t  was pointed out that  the metal-halogen and 
metal-oxygen stretching bands occur a t  higher fre- 
quencies and the oxygen-hydrogen stretching bands a t  
lower frequencies in the hemiporphyrazine. This led 
to the suggestion that the substituent-germanium bond 
is stronger in the hemiporphyrazines than in the 
phthalocyanines and that the pyridine rings of the 
heniiporphyrazine macrocycle retain much of their ordi- 
nary character in the macrocycle. The newly com- 
pleted set of assignments for the tin complexes is seen 
to parallel the set for the germanium complexes and to 
lead to analogous conclusions. Both sets, then, sug- 
gest that  the resonance form of Figure IC is more im- 
portant than that of Figure l b  for the tin and germa- 
nium hemiporphyrazines. 

The infrared data also provide evidence supporting 
the formulation of the dehydration product of hpSn- 

(OH)2, (hpSnO),, as a polymer. The spectrum of this 
compound, while similar to that  of hpSn(OHj2, shows a 
broadening of some of the ligand bands and the ab- 
sence of others. It also shows a relatively strong and 
broad nonligand absorption at 895 cm-l. These obser- 
vations all are in keeping with a polymeric formulation 
for the compound, the broadenings and absences being 
attributable to coupling and the 895 cm-l absorption 
(by analogy with (hpGe0),2) to the Sn-0 asymmetric 
vibration. (Using a line of reasoning similar to that 
applied to (hpGeO),, further evidence for the polymeric 
nature of (hpSnO). is provided by the prominent 3.67-A 
line in its powder pattern. Such reasoning also leads 
to an Sn-0 bond length of 1.84 A,) 

Finally, i t  is worth noting that the spectra of the two 
forms of hpLiH show bands identifiable as N-H bands. 
For yhpLiH bands a t  598 and 3419 cm-l can be as- 
signed to the bending and stretching modes, while for 
P-hpLiH bands at 582 and 3418 cm-1 can be similarly 
assigned. The bands given comparable asignments for 
hpHz are a t  574 and 3452 cm-I, respectively. 
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h method is described by which single crystals of the monoclinic lanthanide sesquisulfides were easily prepared. The crystal 
structure of one member, Ho&, was determined using three-dimensional X-ray data. The monoclinic crystals have cell 
dimensions a = 1T.50 =I= 0.03, b = 4.002 =t 0.005, c = 10.15 + 0.02 A, and p = 99.4 & 0.2'. The space group is P21/m 
with 12 Ho atoms and 18 S atoms per cell. Half of the holmium atoms 
are six-coordinated and the others are seven-coordinated, while two-thirds of the sulfur atoms are four-coordinated and thc 
rernaindcr are five-coordinated. Thus the average coordination number of holmium is 61/2; that  of sulfur is 41/3. These co- 
ordination numbers are intermediate between those shown by the sesquisulfides of larger atomic radii (defect Th3P4 structure) 
and those of the smaller atomic radii lanthanides (a-AlaOs, Sc& structures). 

-411 atoms are in the e positions: Y ,  : /d,  z; 2, J / ~ ,  2 .  

Introduction 
The sesquisulfides of the four lanthanide elements Y, 

Ho, Er,  T m  have been prepared previously in single- 
crystal form and the dimensions of their monoclinic 
unit cells reported.', However, the crystal structure 
of this group has been unknown and forms the largest 
single gap in our knowledge of the crystal chemistry 
of the lanthanide sesquichalcogenides. The situation 
with rcgard to the sulfides is shown in Table I where the 
notation is the same as that used in discussing the 
sesquichalcogenides as a  hole.^ The non rare earth 
elements Y and Sc are placed in positions corresponding 
to their ionic radii. Since it was established4 that 

(1) J. Flahaut,  ?VI. Guittard, J. Loriers, and hI. Patrie, C o m p t .  Reizd., 245, 

( 2 )  &I. Picon, L. Domange, J. Flahaut, M. Patrie, and M. Guittard,  

(3) J. P. Dismukes and J. G. White, J ? z w g .  C h m . ,  4 ,  970 (1965). 
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Ce2S3 has a defect Th3P4 structure i t  has been found that 
the sesquisulfides of the ten elements from La to Dy 
crystallize in this structure type. Yb& and Lu2S3 (E) 
have the a-AlnOa structure type5 while Sc2S3 (F)e is 
isostructural with a large number of rare earth sesqui- 
selenides and sesquitellurides. 

During exploratory synthetic work on the lanthanide 
sulfides a method was discovered by which single crys- 
tals of the structurally unknown group D could be 
prepared relatively easily, and a crystal structure deter- 
mination of one member, Ho&, was undertaken. 

Experimental Section 
Crystal Preparation .-The anhydrous lanthanide chloride was 

melted in a carbon boat a t  1100" and a slow flow of HgS was passed 

( 5 )  J. Flahaut,  L. Domange, and hI. Pardo, Comfit. Rerid., 2S8, 594 
(1964). 
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TABLE I 
CRYSTAL STRUCTURE TYPES OF THE LANTHANIDE SESQUISULFIDES~ 

La Ce Pr Nd Pm Sm Eu  Gd T h  Dy (Y)  Ha Er T m  Yb Lu (Sc)  

M2S3 A A A A A A A A A A D D D D E E F 
a A, defect ThaP4 structure; D, H02S3 structure; E, or-Al203 structure; F, SczSa structure. 

over the molten chloride. A passage of 30 cc/min for 3 hr has 
yielded good results although these conditions can be changed 
within wide limits. On removal of the boat from the reaction 
tube, a continuous layer of sulfide was found covering the boat. 
Underneath this layer were found well-defined crystals of the 
sulfide usually as needles but sometimes broadened into platelets. 
Crystals of Y2S3,  H O & ,  Er2S3, and Tm& were prepared by this 
method. 

Crystal Data for HozSs.-The crystal data for H0& are: mol 
wt, 426.05; absent spectra, OR0 with k odd; monoclinic, space 
group P2i /m,2 = 6; a = 17.50 f 0.03, b = 4.002 + 0.005, c = 
10.15 =t 0.02 A, /3 = 99.4 zt 0.2”; v = 701.1 A3; doaicd = 6.06 g 
c m P .  

The crystals of holmium sesquisulfide used for X-ray measure- 
ments were in the form of long needles elongated in the direction 
of the monoclinic b axis. No pyroelectric effect could be de- 
tected, suggesting a centrosymmetric space group. 

Three-dimensional X-ray intensity data were recorded with 
Zr-filtered Ma Kor radiation using the equiinclination Weissen- 
berg technique. The multiple-film method was used and the 
intensities were estimated visually by comparison with a standard 
scale. The bulk of the data was obtained from a crystal 0.05 X 
0.07 mm in cross section and 0.5 mm long set for rotation about 
the b (needle) axis. The zones hOZ-h51 were measured from this 
crystal and approximate absorption corrections were made by 
treating the crystal as a cylinder of equal cross-sectional area. 
For rotation about the c axis a suitably shaped crystal could not 
be obtained and the one actually used to record the hkO, hkl, and 
hk2 zones measured 0.03 X 0.08 mm in cross section. As a con- 
sequence, there was considerable error in the correlation of the 
intensities in the different layers of the b-axis rotation, and a t  a 
later stage in the analysis these were separately scaled against 
the calculated values. For the structure analysis the reflections 
with d >, 0.665 A were used although some photographs showed 
reflections of considerably smaller spacings. 

Structure Determination and Refinement 
One very striking feature of the experimental data 

was the parallelism of the intensities of the hkO, hk2, 
and hk4 zones and also of the h k l ,  hk3, and hk5 zones. 
A careful examination of the intensities along reciprocal 
lattice lines perpendicular to b showed no discon- 
tinuity in the series k = 0, 2, 4 and k = 1, 3 ,  5. This 
was very strong evidence that, of the two space groups 
P21 and P21/m formally possible from the observed 
extinctions, the second was correct and all atoms were 
in the mirror planes in the positions e : x,  l / q ,  z; 3, 3/4, X. 

The sections of the three-dimensional Patterson func- 
tion a t  y = 0 and y = ’/P were computed, using data 
sharpened to correspond to atoms a t  rest. For 12 H o  
atoms in the twofold positions given above, the Pat- 
terson section a t  y = 0 should contain 15 independent 
vectors between H o  atoms in the same plane, while 
that a t  y = ‘ / z  should contain 21 vectors between Ho 
atoms, 15 between independent atoms in the two planes 
y = 1/4,  y = 3/4, and 6 of the type 2x, 22 between 
the pairs of atoms related by a screw axis. After a few 
trials, all such vectors could be identified and the posi- 
tions of all of the Ho atoms determined. The S atom 
positions were then found from an electron density map 

prepared using the phases calculated from the positions 
of the Ho atoms. 

Refinement was carried out through six cycles of 
computation of Pobfid and Pobsd - Pcalod three-dimensional 
electron density maps using separate isotropic tem- 
perature factors for each atom. The procedure by 
which the data of separate reciprocal lattice layers had 
been scaled separately against the calculated values 
would, of course, vitiate any attempt to determine an 
anisotropic component of the temperature factor in the 
y direction. No pronounced anisotropic effects were 
observed in the xz plane. 

The final atomic parameters are given in Table I1 
with their standard  deviation^.^ The observed and 
calculated values of the structure factors are listed in 

The atomic scattering factors used are 

TABLE I1 
ATOMIC PARAMETERS FOR Hoes 

X Y z 0 ,  A 
0.0208 0.2500 0.1894 0.002 
0.4300 0.2500 0.1242 0,002 
0.7806 0.2500 0.8292 0,002 
0.7203 0.2500 0.1872 0,002 
0.3981 0.2500 0.4867 0,002 
0.1156 0.2500 0.5494 0.002 
0.5756 0.2500 0.0531 0.009 
0.8731 0.2500 0.2683 0.011 
0.9672 0.2500 0.6167 0,009 
0.2808 0.2500 0.6372 0,009 
0.2689 0.2500 0.0081 0.008 
0.6306 0.2500 0.7108 0,009 
0.9239 0.2500 0.9506 0,011 
0.1825 0.2500 0.3192 0,012 
0.5319 0.2500 0.3678 0.009 

B, A2 

1 . 2  
1 . 2  
1.3 
1.3 
1 . 4  
1 . 2  
1 .4  
1 . 4  
1.1 
1 . 3  
1 . 2  
1 . 2  
1 . 3  
1 .4  
1 . 3  

those given in the “International Tables”* modified by 
anomalous dispersion corrections. For 1920 observed 
reflections R = 0.097. 

Discussion 
A view of the crystal structure of HoZS~ in the direc- 

tion of the crystal b axis is shown in Figure 1. The 
atoms indicated by full circles represent the atoms in 
the plane y = l / 4 ,  while the dashed circles repre- 
sent the screw axis related atoms in the plane y = 3/4.  

The circles are approximately half the ionic size for the 
two types of atoms. 

It is clear that the structure is not a simple close- 
packed one, and, in fact, the coordination system is 
quite complex. The atoms Ho(3) ,  Ho(4 ) ,  Ho(5) are 
bonded to six S atoms while the other three Ho atoms are 
in sevenfold coordination. Of the S atoms, S(3 ) ,  S(5), 
and S(6) are each in fivefold coordination while the 

(7) D. W. J. Cruickshank, Acta Cryst., a,  65 (1949). 
(8) “International Tables for X-ray Crystallography,” Val. 111, The Ky-  

(9) C. H. Dauben and D. H. Templeton, Acta Cryst., 8, 841 11955). 
noch Press, Birmingham, England, 1962. 
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a 
Figure l.--?he crystal structure of H02S3 projected down the 

Full circles represent atoms in the plane y = l / 4 ;  crystal b axis. 
dashed circles, those in the plane y = 3/4. 

others are fourfold coordinated by Ho atoms. A con- 
sequence of the peculiar coordination is the occurrence 
of large empty channels running through the crystal 
in the y direction. The bond angles show consider- 
able distortion. Of the three octahedrally coordinated 
Ho atoms Ho(3) has a maximum deviation of 8.0' and 
an average deviation of 4.2' from 90' bond angles. 
The least distorted S-centered tetrahedron has one 
angle almost 20' greater than the regular tetrahedron 
angle. The average Ho-S bond distance is 2.76 A. 

The most remarkable feature of the H0& structure 
is the odd-numbered coordination of half the Ho atoms 
and one-third of the S atoms. In Table I V  the aver- 

T A B L E  I i '  
AVERAGE COORDINATION NUMBERS IN 

LANTHANIDE SESQUISULFIDES 

Av coordn A v  coorrln 
Structure type no. of metal no. of S 

Ce& (defect ThsP4) 8 5l/3 
H02S3 6'/2 4'/3 
Yb& (a-AleOs) 6 4 
SceS3 6 4 

age coordination numbers are given for the four prin- 
cipal structure types of the rare earth sesquisulfides. 
For the Ce2S3 group the S atoms are ideally in sixfold 
coordination positions but one-ninth of the metal 
atoms are randomly missing. The coordination num- 
bers of the Ho& group are intermediate between those 
of the Ce2S3 group with larger metal radii and those 
of the Yb2S3 group with smaller metal radii. In a very 
recent abstractlo i t  has been found that in the 01 form 
of Gd& half of the Gd atoms are seven-coordinated 
and the other half, eight-coordinated. The coordina- 
tion in this crystal is thus intermediate between that  
of the Ho2S3 structure and that  in the defect Th3P4 
structure. 

It is intended to carry out more sophisticated an- 
alyses, using counter-measured intensity data, on 
crystals of the end members of the series, IT& and 
Tm&, in the hope that  a detailed comparison of the 
bonding and the thermal vibrations may shed light on 
why the Ho& structure becomes unstable with re- 
spect to the Ce& and Yb2S3 structures. 

(10) C. A. Prewitt and A. W. Sleight, American Crystdl1ographic Associa- 
tion Winter Meeting, Atlanta, Ga., Jan 1967. 
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Compounds of the series (CeHs)n(CeF5)s-nSnMii(cO)j ( n  = 0, 1,2) have been prepared by reactions of CsFaLi or CsFSMgBr 
with ( CsH;),Cl3-,SnMn( CO)s. A 
linear relation between carbonyl stretching frequency and electronegativity of substituents on tin suggests a Pauling elec- 
tronegativity of about 2.4 for the CeF:, group. The compounds ( C , S F ~ ) ~ S ~ [ M ~ ( C O ) J Z  and ( O C ) N n (  CcH~)aSn-Sn(Ce€Ia)n- 
Mn( CO); have also been prepared, the latter containing a four-metal chain. I n  both of the bis-pentacarbonylmangatiese 
compounds, the number of strong carbonyl bands is greater than five, suggesting that a substantial coupling of Mn( CO), 
groups takes place across the intervening tin atoms. 

Carbonyl stretching frequencies are assigned and approximate force constants given. 

Introduction more stable than their hydrocarbon analogs. A recent 
communication from this laboratory suggested that a 
combination Of coupling constant and chemical shift 

(2) For reviews, cf. P. M. Treichel and P. G. A. Stone, Adaniz. Oignizoinetal. 

leading references, cf. F. J. Hopton, A. H.  Rest,  D. T. Rosevear, and F. G. A. 
Stone, J .  Chem. SOL., Secl. A ,  1326 (1966); C. Tamborski, E. J. Soloski, 
and  S. M. Dec, J .  Oi.gn?zo?neLnl. Chcm. (Amsterdam), 4, 446 (1985). 

Numerous pentafluorophenyl organometallic corn- 
pounds of both main and transition group metals have 
been reported in recent years' Convenient synthetic 
methods are available, and the compounds are normally Cizem., 1, 143 (1904); F. G. A. Stone, E ~ ~ P U V O Z W ,  26, 33 (1966). For recent 
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1368 (1967). 


