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plexes. The frequencies of the v l r  ~ 4 ,  and Ye absorp- 
tions might well be used to assign the oxidation state of 
a complexed lanthanide or actinide in the unlikely 
event of its being in doubt. The infrared spectrum of 
C~Pa(N03)6*~ supports this possibility. In  this con- 
text, the uranyl ion behaves both in some chemical 
properties and as regards the infrared spectra of its 
nitrato complexesz7 as if i t  were -O-U4+-O-. 

The effect of coordination on the P-0 frequency of 
phosphine oxides has been discussed previously. 28 The 
shift to  low frequency is here much greater than ob- 
served3vZ3 for lanthanide(II1) complexes and similar to  
that  observed2 for U(IV), and we attribute the addi- 
tional shift to delocalization of the P-0 a-electron 
density into the metal 5d (Ce) or 6d (Th) orbitals. 

(26) D. Brown and P. I. Jones, J. Chem. SOC. A ,  733 (1966). 
(27) F. A. Har t  and J. E. Sewberry,  J .  I n o v g .  Nucl .  Chem., 28, 1334 

(28) F. A.  Cotton, R. D. Barnes, and E. Bannister, J .  Chem. SOC., 2199 
(1966). 
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However, the mean P-0 distance of 1.53 A indicates 
that this link still possesses considerable double-bond 
character. It is relevant that  the lanthanide contrac- 
tion increases the P-0 frequency along the series La- 
( I I I ) -LU(I I I ) ,~~  suggesting that metal-oxygen T bond- 
ing is here unimportant, compared with coupling with 
the metal-oxygen bond and the inductive effect on the 
P-0 u bond. Indeed, the generally accepted view that 
there is little covalent character in lanthanide com- 
pounds but moderate covalent character in actinide 
compounds probably reflects not so much the difference 
in principal quantum number as the difference in com- 
monly occurring oxidation states. 
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Reaction of PCL with Tic14 in POCll has led to a crystalline product of empirical formuk PTiClo. The crystal system is tri- 
clinic, space group Crl-Pi.  The cell constants for the reduced cell are a = 8.919 (1) A, b = 9 474 (1) A, c = 6.913 (1) A, 
(Y = 95 90 (l)', p = 95.90 (l)', and y = 100.98 (1)'. The calculated density of 2.34 g/cm3 for 2 PTiClg formula units per 
cell is to be compared to the observed density of 2.32 f 0.02 g/cm3. Of 3387 independent reflections collected by counter 
methods, 2571 were considered to be observed and were used to refine the structure by full-matrix least squares to  a conven- 
tional R factor of 6.970. The structure consists of PCla+ and edge-bridged bioctahedral TizClloZ- ions, the latter located on 
crystallographic centers of inversion. Reaction of a solution of PC13 in SOClp with TiClr in SOClz led to a crystalline product 
of empirical formula PTi~C113. The cTystal system is orthorhombic with possible space groups Dzhl6-Pnrna or Cz,@-Pn21a. 
The cell constants are a = 29.126 (12) A, b = 10.621 (2)  A, and c = 11.514 (3) A. The calculated density for eight PTinClls 
formula units per cell is 2.22 g/cm3 and the observed density is 2.28 f 0.04 g/cm3. A total of 1950 counter-collected ob- 
served and unobserved reflections were used to refine the structure by full-matrix least squares to a conventional R factor of 
7.67,, assuming space group Pnma. The structure 
consists of PCL+ and Ti&%- ions. The anions are an unusual example of face-shared bioctahedra containing first-row 
transition metal ions in the formal oxidation state +4. 

Some indication of disorder or lower space group symmetry was found. 

Introduction 
Adducts of the type (PC15)..mTiC14, where n and m 

are integers, were first reported by Weber.2 Treatment 
of a PC13-TiCI4 solution with Clz gas led to the com- 
plex PC15.TiC14. In a series of experiments3-5 Groene- 

* T o  whom correspondence should be addressed. 
(1) (a) This work was supported in  part  by the Advanced Research Pro- 

jects Agency under Contract SD-131. (b) Union Carbide Corp. predoctoral 
fellow. 

(2) R. Weber, Pogg. A m . ,  132, 452 (1867). 
(3) W. L. Groeneveld, R e d .  Trav. Chim.  Pays-Bas,  71, 1152 (1952). 
(4) W. L. Groeneveld and A. P. Zuur, i b i d . ,  12 ,  617 (1953). 
(5) W. L. Groeneveld, ibid., 75 ,  594 (1956). 

veld studied the reaction of PC15 and Tic14 in Poc1, 
and SOCIz. Addition of PC15 to  a solution of Tic14 
in Poc13 produced the complex PC15.TiC14. Addition 
of Pc13 to a solution of TiC14 in SOClz was also re- 
ported to  give the 1: 1 adduct. Conductometric titra- 
tion of a solution of TiC1, in POC& with Pc15 in POCIS 
indicated complexes of stoichiometry Pc&, Tic14 and 
2PCls.TiCl4. Only the 1 : l  adduct was reported to  
be isolable. Payne6 found that the conductometric 
titration of TiC14 in CH3CN with PC15 in CHSCN 
(6) D. S. Payne, ibid., 76 ,  620 (1956). 
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showed a considerable increase in conductance a t  1 : 1 
and 2 : l  ratios of PC15 to TiC14. Neither complex 
was isolated. 

We have reinvestigated the products formed by the 
reaction of PC16 and Tic14 in POCla and SOC12. The 
solid product formed in POCla solution has been shown 
by X-ray structural analysis to  be the 1 : l  adduct. 
The structure consists of PC14+ and edge-bridged bi- 
octahedral Ti2Cllo2- ions. The solid reaction product 
formed from the reaction of a PC&-SOC12 solution 
with a TiCl&OC12 solution, however, has the stoi- 
chiometry of PC15 '2TiC14. This structure consists of 
PC1, + and the unusual face-shared bioctahedral TizCle- 
ion. To the best of our knowledge this is the first 
X-ray structural study of a first-row transition metal 
ion with a formal charge of +4 existing in this con- 
figuration. 

Experimental Section 
All starting materials were reagent grade and used without 

further purification. 
Addition of a solution of 2 g (20 mmol) of PCla in 35 ml of 

POC13 (80') to a solution of 2 ml (18 mmol) of Tic14 in 10 ml of 
POC13 (80') initially produced a yellow-orange precipitate. 
The mixture was then brought to approximately loo', and the 
mother liquor was decanted and allowed to cool. Yellow-orange 
plates of [PCl4]2[TizCll0] formed within a few hours. Anal. 
Calcd for PTiClg: Ti,  12.0; C1, 80.2. Found: Ti, 12.1; C1, 
78.7; Cl/Ti ratio, 8.8. Crystals for X-ray examination were 
mounted in thin-walled glass capillaries. 

Addition of 4.8 ml (54 mmol) of PClg to a solution of 2 ml (18 
mmol) of Tic14 in 40 ml of SOCln (1.3 ml of solvent is required 
for a 1 : 1 PC4: Ticla mole ratio') produced bright yellow crystals 
of [PCld] [Ti~Clg] in about 24 hr. Anal. Calcd for PTiZC113: 
Ti, 16.3; C1, 78.4. Found: Ti, 16.0; C1, 74.9; Cl/Tiratio, 6.4. 
The above results are an average of 16 different samples. Crys- 
tals for X-ray examination were mounted in thin-walled glass 
capillaries. 

Both crystalline products were extremely water sensitive and 
all manipulations were carried out in a drybox under an argon 
atmosphere. 

I n  a further experiment, i t  was found that addition of 2 g (20 
mmol) of PClb to 2 ml (18 mmol) of Ticla in 25 ml of SOClz a t  
70" yielded a yellow solution with a slight residue of PCla re- 
maining (PC4 itself has only limited solubility in SOClz). The 
mother liquor was decanted and allowed to cool. After about 24 
hr, bright yellow crystals of [PCL] [TizCl~] formed. Anal. 
Calcd for PTiZC113: Ti, 16.3; C1, 78.4. Found: Ti, 15.9; 
C1, 75.6; Cl/Ti ratio, 6.4. 

Collection and Reduction of the Intensity Data 
Both sets of intensity data were collected on an 

automated Picker four-circle diffractometer equipped 
with a highly orientated graphite monochromator crys- 
tal. Mo K a  radiation was used for intensity data 
collection. The 8-28 scan technique was used with a 
scan rate of 1 "/min. Stationary-crystal, stationary- 
counter background counts of 10 sec were taken a t  
the beginning and end of the scan. Lattice constants 
and standard deviations were obtained from a least- 
squares fit t o  the angular settings of 12 high-angle 
(28 > 40") reflections. Strips of copper foil were 
automatically inserted to  attenuate the diffracted beam 
whenever the counting rate exceeded 10,000 cps. The 

(7) The stoichiometry calculations were based on the reaction 3PCla f 
SOClz + PCls + POCls + PSCla reported by P. H. Michaelius, Jena .  Z. 
M e d .  Natuuwiss., 6, 239 (1870). 

raw intensities were corrected for background, Lorentz- 
polarization effects, and absorption.* The polarization 
correction used for the monochromatic radiation was 
(COS' 28, + COS' 28)/(l + cos2 28,) where 8, is the 
Bragg angle of the monochromator crystal. 

Unobserved reflections [IO < 3 [ a 2 ( I )  + U ~ ( B K G ) ] ~ / ~ ,  
where IO is the background corrected peak count, ~ ~ ( 1 )  
the total integrated peak count in a scan time TC, 
and aa(BKG) = (TC/TB)2(B~ + Bz), with BI and B2 
the background counts in a time TB/2] were given a 
raw intensity of + ~ ~ ( B K G ) I ' / ~ . ~  

Preliminary optical and X-ray examination of the 
crystals of [PCI4I2 [TiCllo] showed the crystal system 
to  be triclinic. With the aid of the computer program 
 TRACER,^^ the reduced cell was determined and the 
reflections were indexed on the basis of this cell. The 
cell constants for the reduced cell are a = 8.919 Z!Z 

0.001 A, b = 9.474 A 0.001 A, c = 6.913 It 0.001 A, 
a = 95.90 f 0.01', /3 = 95.90 h O.0lo, y = 100.98 f 
O.0lo, and V = 565.91 A3 (ZS', X(Mo Kal) 0.70926 A). 
The calculated density of 2.34 g/cm3 for 2 PTiCle 
formula units per cell agrees with the observed density 
of 2.32 Z!Z 0.02 g/cms measured by flotation methods 
in a mixture of benzene and diiodomethane. The 
linear absorption coefficient for Mo K a  radiation is 
29.11 cm-l. 

The crystal mounted for intensity measurements 
was a parallelepiped with dimensions 0.13 X 0.28 X 
0.38 mm along b*, c*, and a*, respectively. One form 
of data (hkl, Lkl, hkl, f ikl)  was collected. The takeoff 
angle was set a t  1.6', where 75% of the maximum 
peak height as a function of takeoff angle was ob- 
served. A symmetrical scan range of 1.3' was taken 
about the position calculated for Kal. A full width 
a t  half-height measurement in an w scan of a Kal- 
resolved peak a t  48' in 28 was 0.12" indicating a 
satisfactorily low mosaic spread. Two standard re- 
flections were collected following every 40 reflections. 
Both of their intensities had decreased by approxi- 
mately 9% a t  the termination of the first form of 
data, and i t  was decided not to  collect a second form. A 
correction curve was derived by averaging the drop 
in intensity of the two standards and fitting the re- 
sulting data points to  a curve. The data in each 
interval of 40 reflections were scaled by the midpoint 
of the interval determined from this curve. A total 
of 3287 independent reflections were collected to 60' 
in 28. Of these, 2571 reflections were considered to  
be observed by the above criterion and were used in 
the structural refinement. The raw data were corrected 
for background, Lorentz-polarization effects, and ab- 
sorption. The range of transmission factors was 0.63- 
0.74. Statistical tests" including both observed and 

(8) D. J. Wehe, W. R. Busing, and H. A. Levy, "ORABS, a Fortran Pro- 
gram for Calculating Single-Crystal Absorption Corrections," USAEC 
Report ORNL-TM-229, Oak Ridge National Laboratory, Oak Ridge, Tenn. ,  
1982. 

(9) W. C. Hamilton, Acta C;ystallogr., 8, 185 (1955). 
(10) S. L. Lawton and R. A. Jacobson, "TRACER, a general Fortran Lat- 

tice Transformation-Cell Reduction Program," USAEC Report IS-1141, 
Ames Laboratory, Ames, Iowa, 1965. 

(11) R .  K. Dewar, A. L. Stone, and  E. B. Fleischer, "Program FAME," 
private communication, 1966. 
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TABLE I 
POSITIONAL AND THERMAL PARAMETERS FOR [PCla]i [Ti&0] 

Atom X Y e Bii" B2z Bas BU Bl8 B23 
T i  0.3638(2)b 0.3212 (1) 0.3856 ( 2 )  0.0079 (2) 0.0053 (1) 0.0090 (3) 0.0010 (1) 0.0029 (2) -0,0001 (1) 
Cl(1) 0.5789(2) 0.2210 (2) 0.3770(3) 0.0099 (3) 0.0073 (2) 0.0133 (4) 0.0030 (2) 0.0036 (3) 0.0008 (2) 
Cl(2) 0.1637 (2) 0.4380 (2) 0.4192 (3) 0.0086 (3) 0.0095 (2) 0.0174(5) 0.0032 ( 2 )  0.0031 (3) 0,0000 (3) 

Cl(4) 0.2401 (3) 0.1303 ( 2 )  0.5202 (3) 0.0144 (3)  0.0072 (2) 0.0195(5) 0.0001 (2) 0.0082(3) 0.0030 ( 2 )  
Cl(5) 0.6157 (2) 0.5484 (2)  0.2894(2) 0.0097 (2) 0.0057 (2)  0.0082 (3) 0.0011 (2) 0.0028 (2) 0.0013 (2)  
P 0.1936 (2) 0,7774 (2) 0.0490 (3) 0.0089 (3) 0,0060 (2) 0.0104 (4) 0.0012 ( 2 )  0,0033 (3) 0.0009 (2) 

Cl(7) 0.0611 (3) 0.7666 (3) 0.2544 (3) 0.0125(3) 0.0125 (3) 0.0144 (4) 0.0017(2) 0.0073 (3) 0.0003 (3) 

Cl(3) 0.2858 (3) 0.2459 (2) 0.0658 (3) 0.0119 (3) 0.0095 (2) 0.0100 (4) 0.0013 (2) 0.0012 (3) -0,0010 (2) 

Cl(6) 0.2009 (3) 0.5846 (2) -0.0620 (3) 0.0155(4) 0.0088 (2)  0.0182 (5) 0.0020(2) 0.0057 (3) -0,0000 (2) 

Cl(8) 0.1096(3) 0.8781 (3) -0.1527(3) 0.0132 (3) 0.0103 (3) 0.0168(5) 0.0038(2) 0.0024 (3) 0.0042 (3) 
Cl(9) 0.3969 ( 3 )  0.8815 (2) 0.1561 (3) 0.0098 (3) 0.0108 (3) 0.0157 (4) -0.0009 (2)  0,0011 (3) 0.0014 (3) 

a The form of the anisotropic ellipsoid is exp[- (D1lhZ + B22k2 + B33P + 2Blahk + 2B13hZ + 2B23kl)l. * Numbers in parentheses here 
and in succeeding tables are estimated standard deviations in the least significant digits. 

unobserved data strongly indicated the centric tri- 
clinic space group Cil-Pi as the correct space group. 
Weights [l/a2(F,)] were chosen from a Hughes 

4 F m i n j  a(Fo) = F 0 / 4 F m i n ,  where F m i n  was taken to be 
the magnitude of the minimum observed reflection. 

Preliminary optical and X-ray examination of the 
crystals of [PCld] [ T ~ P C ~ S ]  showed that the crystal sys- 
tem was orthorhombic. The cell constants are a = 
29.126 f 0.012 A, b = 10.521 f 0.002 A, c = 11.514 i 
0.003 A, and I/ = 3528.29 kf3 (28", X(Mo K n )  0.71069 
A). Systematic absences as determined by precession 
(Mo K a )  and Weissenberg (Cu K a )  photographs were 
Okl, k + 1 # 2n; hkO, h # 2n. These absences are 
consistent with the orthorhombic space groups D2,,l6- 

Pnma (centric) or Cza9-Pn21a (acentric), The cal- 
I culated density of 2.22 g/cm3 for 8 PTi2C113 formula 

units per cell agrees fairly well with the observed density 
of 2.28 f 0.04 g/cm3 measured by flotation methods 
in a mixture of iodomethane and diiodomethane. The 
linear absorption coefficient for Mo Ka radiation is 
30.32 cm-I. 

The crystal mounted for intensity measurements 
was a block with dimensions 0.11 X 0.22 X 0.37 
mm along a, c, and b,  respectively. One form of data 
(hkl) was collected. The takeoff angle was set a t  1.2", 
where 70% of the maximum peak height as a function 
of takeoff angle was observed. A symmetrical scan 
of 1.4" was taken about the position calculated for 
Koc. A full width a t  half-height measurement in an w 
scan of a Ka peak a t  about 40" in 28 was 0.20" and 
suggested a satisfactorily low mosaic spread. Two 
standard reflections were monitored after every 40 
reflections. The intensities of both standards had de- 
creased by approximately 25y0 a t  the termination of 
the hkl data set. During the course of data collection 
the crystal had to  be realigned several times to  correct 
for slippage. The crystals seem to be chemically un- 
stable in the isolated environment of the capillary 
tube, and i t  was decided that this was as good a data 
set as could be obtained. A decomposition correction 
of the type described above was used to correct for 
the loss in intensity. The intensities of 3143 total 

scheme : I 2 - l 4  Fo 5 4 F m i n t  g ( F o )  = 4 F m i n / F o ;  F o  > 

(12) E. a'. Hughes, J .  Amer .  Chem. Soc., 63, 1737 (1941). 
(13) S. C. Abrahams and J. &I. Reddy, J .  Chem. Phys . ,  43, 2533 (1965). 
(14) S. C. Abrahams, Acta Cryslallogr., Sect. A ,  26, 165 (1969). 

reflections were measured to 50" in 20. Elimination 
of reflections forbidden by symmetry and the unob- 
served data between 40 and 50" in 28 left a data set 
of 1966 reflections of which 1163 mere considered to 
be observed. The raw data were corrected for back- 
ground, Lorentz-polarization, and absorption effects. 
The range of transmission factors was 0.54-0.'i2. Six- 
teen low-angle, high-intensity reflections which were 
extinction affected were eventually rejected from the 
data set. The results of statistical tests based on 
all reflections, observed and unobserved, were incon- 
clusive but favored the centric space group Pnma. 
Weights [1/u2(Fo) ] were chosen from the Hughes12-'4 
scheme described above with F m i n  taken as the mag- 
nitude of the minimum observed reflections of this 
data set. 

In  both structures the scattering factors for Po, 
Tio, and C10 were taken from the compilation of Han- 
son, Herman, Lea, and Skillman.15 Anomalous dis- 
persion corrections (Af' aud Aj") were taken from 
Table 3 . 3 . 2 ~  of the "International Tables for X-ray 
Crystallography," Vol. 111, 1962, and applied to the 
calculated structure factors. 

Solution and Refinement of the Structures16 
(1) [PCl4Iz [Ti2Cllo].-There are two highly prob- 

able structural possibilities for the compound of em- 
pirical formula PTiCl9: (a) isolated PC&+ and TiClE- 
ions and (b) PC14+ and Ti&llo2- ions. Possibility (b) 
is the most likely due to  the known preference of Ti4+ 
for octahedral geometry. For two molecules of PTi- 
C19 in the centric space group P i  (a) would require 
one independent PC14 + and one independent TiCls-, 
while (b) would require one independent PC14+ and a 
TizCllo2- dimer located about one of the centers of 
inversion. 

A Patterson solution was attempted, but a vector 
interpretation could not be made. The symbolic addi- 

(15) H. P. Hanson, '8. Herman, J. D. Lea, a n d S .  Skillman, ib id . ,  17, 1040 
(1964). 

(16) Least-squares refinements, error analyses, and the thermal ellipsoid 
plots were calculated using local versions of the following programs: V R F L S ,  

minimizing Zur(Fo - Fc)2 ,  written by W. I<. Busing, K. 0. Martin, and H. A. 
Levy, 1962; ORFFC, written by W .  I<. Busing, K. 0. Martin, and H. A.  Levy, 
1964; ORTEP, written by C. K.  Johnson, Oak Ridge iiational Laboratory, 
Oak Ridge, Tenn.,  1955, Patterson function, Fourier, and E map calcula- 
tions were carried out with a Fourier Summation Program written by J. 
Gvildys, Argonne National Laboratory, Argonne, Ill., 1968. 
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tion procedure of Karle and Karlel’ was used to  solve 
the structure. Several different phasing combinations 
were employed. The resulting E maps18 had the com- 
mon feature of octahedra, sharing edges, and an apex 
(the center of one of the octahedra being a phosphorus 
atom and the center of the other a titanium atom). 
None of these possibilities could be refined to an  Rl 
(=ZllFoI - ~ F c ~ ~ / Z / F o ~ )  value of less than 0.33. The 
relocation of the edge-shared octahedra relative to  
the center of inversion provided the solution to  the 
structure. Specifically, on one of the E maps cal- 
culated, a molecule of the stoichiometry 

hl(1) c1 

was found (R, = 0.35 for isotropic refinement) with M” 
on the inversion center a t  ( l / ~ ,  l/z, l / z ) .  A Fourier 
calculation in P1 with M’ and Cl(1) through Cl(5) 
atoms included showed that  the true center of inversion 
was between M‘ and M“ leading to  a TizCllo2- dimer. 
Calculation of new coordinates for these six atoms 
and a Fourier calculation in P i  allowed the positioning 
of the atoms of the independent PC1df ion. Refine- 
ment of positional and isotropic temperature param- 
eters reduced R1 to 0.158. A difference Fourier syn- 
thesis showed strong indication of anisotropic motion. 
Several cycles of anisotropic refinement on all atoms 
gave final discrepancy factors of R1 = 0.069 and Rz 
(= (Zw(Fo  - Fc)2/wF,2)”2)  = 0.081 based on the 2571 
observed reflections. The parameters from the last 

CIl9) 

Figure 1.-A perspective view of the inner coordination about 
the phosphorus in [PC141z [T~zCIIO]. Thermal ellipsoids are 
scaled to  include 50% probability. 

(17) I. L. Karle and J.  Karle, Acta Cvystallogr., 16, 969 (1963). Computer 
calculations were carried out using the package program MAGIC-LINK-SYMPL: 
R.  K. Dewar, A. L. Stone, and E. B. Fleischer, private communication, 
1966. 

(18) I. L. Karle, H. Hauptman, J. Karle, and A. B. Wing, Acta Crystal- 
l o g y . ,  11, 257 (1958). 

TABLE I1 
BOND DISTANCES (A) AND ANGLES (DEG) FOR [PCla]z[TizCllola 

Bond Distances 
Ti-Cl( 1) 2.300 (3) 
Ti-Cl(2) 2.291 (3) 
T-Cl(3) 2.247 (2) 
Ti-Cl(4) 2.269 (2) 
Ti-Cl(5) 2.506 (2) 
Ti-C1(5)’b 2.481 (2) 

P-Cl(6) 1.924 (3) 
P-Cl(7) 1 936 (3) 
P-Cl(8) 1.936 (3) 
P-Cl(9) 1,924 (3) 

Bond Angles 
Ti-C1(5)-Ti’ 101.21 (9) 
C1(6)-P-C1(7) 109.33 (13) 
Cl(6)-P-Cl(8) 109.28 (14) 
C1(7)-P-C1(8) 108.80 (14) 
C1(8)-P-C1(9) 109.70 (13) 

Bond Angles 
Cl(l)-Ti-C1(2) 174.18 (23) 
Cl(l)-Ti-C1(3) 92.02 (9) 
Cl(l)-Ti-C1(4) 91 15 (9) 
Cl(l)-Ti-C1(5) 88.60 (8) 
Cl(l)-Ti-C1(5)’ 87.12 (8) 
C1(2)-Ti-C1(3) 93 ,07  (9) 
C1(2)-Ti-C1(4) 90.70 (9) 
C1(2)-Ti-C1(5) 88.73 (8) 
C1(2)-Ti-C1(5)’ 87.29 (8) 
C1(3)-Ti-C1(4) 100.33 (9) 
C1(3)-Ti-C1(5) 88.37 (8) 
C1(3)-Ti-C1(5) ’ 
C1(4)-Ti-C1(5) 
C1(4)-Ti-C1(5) ’ 
C1( 5)-Ti-C1(5) ’ 
C1(6)-P-C1(9) 
C1(7)-P-C1(9) 

167.10 (12) 
171.30 (14) 
92.52 (9) 
78.78 (8) 

110.21 (15) 
109.49 (13) 

a Errors in the lattice parameters are included in the estimated 
standard deviations. Primed atoms are symmetry related to  
the atoms of the same designation by inversion through the cen- 
ter of inversion a t  (I/z, I/z, 1 / 2 ) .  

TABLE I11 
SELECTED NONBONDED DISTANCES (A) FOR [PC14]~[Ti~Cllo] 

Near-Neighbor Distances 
within an Ion 

Cl(1)-Cl(3) 3.272 (3) 
Cl(1)-Cl(4) 3.263 (3) 
Cl(l)-C1(5) 3.360 (3) 
Cl(l)-C1(5)’” 3.300 (3) 
C1(2)-C1(3) 3.294 (3) 
C1(2)-C1(4) 3.244 (3) 
C1(2)-C1(5) 3.358 (3) 
C1(2)-C1(5)’ 3.297 (3) 

Il’ear-Neighbor Distances 
between Ions 

C1(2)-C1(6) 3.756 (3) 
C1(2)-C1(7) 3.664 (3) 
C1(3)-C1(6) 3.608 (3) 

C1(5)-C1(9) 3.688 (3) 
Cl(1)-Cl(7)‘ 3.864 (3) 
Cl(l)-C1(9)’ 3.462 (3) 
C1(4)-C1(9)’ 3.769 (3) 

C1(5)-C1(6) 3.612 (3) 

~, 
C1(3)-C1(4) 3 .468 (3) 
c1(3)-c1(5) 3, 319 (3) Near-Neighbor Distances 
C1(4)-C1(5)’ 3.435 (3) within an Ion 
C1(6)-C1(7) 3.149 (3) c1(5)-c1(5)’ 3.165 (3) 
Cl(6)-Cl(9) 3.156 (3) Ti-Ti‘ 3.855 (3) 
C1(7)-C1(9) 3,152 (3) c1(6)-c1(8) 3.148 (3) 

C1(7)-C1(8) 3.148 (3) 
C1(8)-C1(9) 3.156 (3) 

a Primed atoms are symmetry related to the atoms of the 
same designation by inversion through the center of symmetry a t  
( I /% =/2, l/z). 

cycle of anisotropic refinement are given in Table I .  
The estimated standard deviation of an observation 
of unit weight is 1.10. A final difference map showed 
no peaks greater than 1.3 e-/AB. The function w((Fo 
- IFcj)z showed no significant variation with IFo 
or (sin @ / A .  A summary of the bond distances and 
angles appears in Table 11. Table I11 gives a partial 
summary of the nonbonded distances. The observed 
and calculated structure amplitudes are compared in 
Table IV. Table V is a collection of the root-mean- 
square displacements for all atoms. Figures 1-3 are, 
respectively, perspective views of the coordination of 
the PC14+ ion, the edge-bridged TizCllo2- ion, and 
the unit cell contents. 
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TABLE IV 
OBSERVED ASD CALCULATED STRUCTURE AMPLITUDES FOR [PC14]2 [Ti&h~] 

[OBS = lOF,, CAL = lo&, F(000)  = 38001 

(2) [PC14] [Ti2C19].-This complex was the reaction 
product of what was to have been an alternative method 
of synthesis of [PCl4I2 [TizCllo]. This reaction product 
differs from [PCII]z [Tid&] in color, chemical analysis, 
and crystallographic properties. The stoichiometric 
formula (PC16 .2TiCI4) has been confirmed by the struc- 
tural analysis. 

Preliminary X-ray photographs showed an unusual 

.. 0 h .  6, 

.7 -, I .  41  

distribution of intensities in the following respects: 
(1) the 001 reflections mere unusually strong relative to  
the rest of the data and ( 2 )  the odd levels in k were 
weaker than the even levels indicating a subcell with 
h' = b / 2 .  The latter was especially evident on Okl 
(which already has the restriction that k -I- 1 be even 
to be observed) where only even k and even 1 were ob- 
served except for a small number of weak reflections 
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Figure ?.-A perspective view of the edge-bridged bioctahedral Ti2Clloa- ion in [PC14]2 [TinCllo]. Thermal ellipsoids are scaled to in- 
clude 50% probability. 

Figure 3.-A stereoview of the arrangement of the unit cell contents for [PC14]2[TizCllo]. 

TABLE V 
ROOT-MEAN-SQUARE AMPLITUDES OF VIBRATION (A) 

ALONG THE PRINCIPAL AXES, R , a  

Ti 0 130(2) 0 154 (2) 0 183 (2) 
Cl(1) 0 151 (3) 0 182 (3) 0 204 (3) 
C1(2) 0 158 (3) 0 202 (3) 0 216 (3) 

Cl(4) 0 147(3) 0 198 (3) 0 265 (3) 
Cl(5) 0 130(3) 0 157(2) 0 197 (2) 
P 0 143 (3) 0 160 (3) 0 193 (3) 
C1(6) 0 153 (3) 0 194 (3) 0 255 (3) 
C1(7) 0 142 (3) 0 224 (3) 0 253 (3) 
CI(8) 0 178(3) 0 212 (3) 0 232 (3) 
Cl(9) 0 176 (3) 0 193 (3) 0 241 (3) 

Atom Ri Rz Rs 

Cl(3) 0 147 (3) 0 206(3) 0 221 (3) 

a See Figures 1 and 2 

where k and 1 were both odd This result was taken to 
indicate a possible high population of atoms on the 
mirror planes a t  (0, l/.,, 0) and (0, 3/4, 0). As expected, 
the statistical tests‘l reflected this hypersymmetry. 
Since a sufficiently random distribution of atoms was 
not present in the unit cell, no definite conclusion about 
the choice of space group was drawn from the statistical 
results. 

A sharpened, origin-removed Patterson function was 
calculated using (EZhLt - 1) vafues as coefficients. As- 
suming the centric group Pnma, several attempts were 
made to interpret the vector map. The map was 

characterized by large overlap of vectors and because of 
this poor resolution and the equiatom nature of the 
problem did not yield a sufficient number of correct 
phases t o  solve the structure. A symbolic addition” 
solution was attempted and readily provided the cor- 
rect structure. All 24 atoms in the asymmetric unit 
were located from an E map. Sixteen of the atoms lie 
on the mirror a t  y = and 8 are in general positions. 
An initial Rl value calculated from the positions pro- 
vided by the E map was 0.32. There are two inde- 
pendent PCI4 f ions with crystallographic mirror sym- 
metry and two independent TizC19- ions, each with 
crystallographic mirror symmetry. The TizC19- ion 
has the geometry of a face-shared bioctahedron. Re- 
finement in Pnma of the positional and isotropic ther- 
mal parameters reduced R1 to  0.164. At this stage it 
was evident that  some low-angle, high-intensity re- 
flections were severely affected by secondary extinction. 
Sixteen reflections were removed from the data set for 
this reason. Several cycles of refinement of the posi- 
tional and anisotropic thermal parameters gave as final 
discrepancy factors R1 = 0.076 (observed data) and 
RZ = 0.081 (observed and unobserved data) for the 
1950 reflections of the data set. The estimated stan- 
dard deviation of an observation of unit weight is 1.84. 
The function w(lF,,l - IFcl)2 showed no significant 
variation with IFo/ or (sin e)/x. 
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TABLE VI 
POSITIONAL AND THERMAL PARAMETERS FOR [ PC14] [Ti2Clg] 

Atom X Y Z Biia Bz2 Baa Bl2 B13 B23 

Ti(1) 0.2813 ’/4 0.2383 (3) 0.0013 (1) 0.0054 (4) 0.0026 (3) 0 0.0001 (1) 0 
Cl(1) 0.3451 (2) ‘ / 4  0.1327 ( 5 )  0.0009 (1) 0.0103 (8) 0.0059 (5) 0 0,0004 (2) 0 
Cl(2) 0.1997(2) ‘/4 0.3006 (4) 0.0012 (1) 0.0091 (7) 0.0045 ( 5 )  0 0.0004 (2) 0 
Cl(3) 0.2984 (2) 0.0917 ( 5 )  0.3584 (3) 0.0017 (1) 0.0086 (5) 0.0058(3) -0.0002 (2) -0.0001 (1) 0.0027 (4) 
Cl(4) 0.2456 (1) 0.0995 (4) 0.0966 (3) 0.0013 (1) 0.0061 (4) 0.0044 (3) 0.0001 (1) -0.0001 (1) -0,0017 (3) 
Ti(2) 0.1795 (2) ‘/4 0.0867 (3) 0.0012 (1) 0.0082 (6) 0.0047 (3) 0 -0.0004(1) 0 
Cl(5) 0.1299 (2) 0.0921 (5) 0.1098(4) 0.0015(1) 0.0086 (6) 0.0104 (5) -0,0006 (2) -0.0004 (2) ’ 0.0007 (5) 
Cl(6) 0,1833 (3) ‘/4 -0.1031 ( 5 )  0.0015 (1) 0.0152 (9) 0.0048 (5) 0 -0.0008 (2) 0 
Ti(3) 0.0919 (2) l / 4  0.5852 (4) 0.0013 (1) 0.0107 (6) 0.0041 (3) 0 0.0003(1) 0 
Cl(7) 0.0882 (3) ‘/4 0.3951 (5) 0.0015 (1) 0.0381 (21) 0.0044 (6) 0 0.0008 (2) 0 
Cl(8) 0.0702 (2) ’/a 0.7994 (4) 0.0014 ( I )  0.0096 (7) 0.0034 (4) 0 -0.0007 (2) 0 
Cl(9) 0.1401 (2) 0.0914 (6) 0.6120 (5) 0.0015 (1) 0.0130 (7) 0.0133 (6) 0,0011 (2) -0.0001 (2) -0.0012 (6) 
Cl(10) 0.2571 (2) 0.1012 (t5) 0.5939 (4) 0.0015 (1) 0.0131 (6) 0.0074 (4) -0.0017 (2) 0.0005 (1) -0.0052 (5) 

Cl(11) -0.0290 (2) 0.0928 (5) 0.8499 (4) 0.0021 (1) 0.0134 (6) 0.0077 (4) -0.0015 (2) 0.0012 ( 2 )  0.0020 ( 5 )  
Cl(12) -0.0746 (2) ‘/4 0.6229 (6) 0.0011 (1) 0.0363 (9) 0.0060(6) 0 -0.0004(2) 0 

Ti(4) -0.0104 (2) l / 4  0.7309 (4) 0.0010 (1) 0.0124 (6) 0.0039 (3) 0 0.0003 (1) 0 

P(1) 0 .3046(2)  ‘/4 0.7312 (5) 0.0013 (1) 0.0081 (7) 0.0029 (4) 0 0.0001 (2) 0 
Cl(13) 0.3083 (2) 0.1019 (5) 0.8266 (4) 0.0026 (1) 0.0084 (5) 0.0070 (4) -0,0001 (2) 0.0003 (2) 0.0027 (4) 
Cl(14) 0.3549 (2) ‘/4 0.6207 (5)  0.0013 (1) 0.0120 (9) 0.0056 (5) 0 0.0006 (2) 0 
Cl(15) 0.2478 (3) ‘/4 0.6474 (7) O.OOlS(1) 0.0159 (11) 0.0098 (7) 0 -0.0003 (2) 0 
P(2)  0.4579 (3) ‘/4 0.3111 (5) 0.0013 (1) 0.0121 (9) 0.0037 (5) 0 0.0004 (2) 0 
Cl(16) 0.4235 (2) 0.1000 (6) 0.3566 (4) 0.0016 (1) 0.0138 (7) 0.0091 (4) -0.0008(2) -0.0002 (2) 0.0020 (5) 
Cl(17) 0.5177 (2) ‘/4 0.3845 (5) 0.0015 (1) 0.0122 (8) 0.0061 (6) 0 -0.0008 (2) 0 
Cl(l8) 0.4661 (3) ‘ / 4  0.1453(5) 0 .0020(1)  0.0234(1) 0.0038(5) 0 0.0008 (2) 0 

a The form of the anisotropic ellipsoid is exp[- (BllhZ + B29kZ + B33P + 2B12hk + 2B13hZ + 2B23kZ)l. * Due to uncertainty in the 
exact model for the structure of [PC14] [TizCl~], the estimated standard deviations quoted here and in Tables VI1 and VI11 may be under- 
estimated. 

TABLE VI1 TABLE VI11 
BOKD DISTAXCES (A) AND ANGLES (DEG) FOR [PCL] [TizCl~]” SELECTED NOXBONDED DISTANCES (A) FOR [PCld] [TitCl9Ia 

Bond Distances 
Ti  (l)-Cl( 1) 2.221 (7) 

Ti (  1)-C1(3) 2 , 2 2 1  ( 5 )  
Ti  (l)-C1(2) 2.480 (8) 

’ Ti(l)-C1(4) 2 .500  (5) 
Ti(Z)-CI (2) 2 ,  532 (7) 
Ti(Z)-C1(4) 2,494 (6) 
Ti(Z)-C1(5) 2.218 (6) 
T i  (2) -C1(6) 2.188 (7) 
Ti(3)-Cl(7) 2.192 (8) 
Ti  (3)-C1(8) 2.546 (6 )  
Ti  (3)-C1(9) 2 , 2 0 3  (6) 
T i  (3)-C1(10) 2.486 (6) 
T i  (4) -C1(8) 2 ,477  (9) 
T i  (4)-C1(10) 2.469 (6) 
T i  (4)-C1( 11) 2 .215  (6) 
T i  (4)-C1( 12) 2 .245  (9) 

P(l)-C1(14) 1.940 (9) 
P (l)-C1( 15) 1.916 (10) 
P (2)-C1(16) 1 , 9 4 2  (h 
P(2)-C1(18) 1 ,924  (8) 

P(l)-Cl( 13) 1 , 9 0 9  ( 5 )  

P(Z)-C1(17) 1 , 9 3 5  (9) 

Chlorine-P-Chlorine Angles 
Cl(l3)-P(l)-Cl(l4) 109,5 (3) 
Cl(l3)-P(l)-Cl(l5) 109 .8  (3) 

Cl(l4)-P(l)-Cl(l5) 108.8 (4) 
C1(16)-P(2)-C1(17) 110. 3 (3) 
C1(16)-P(2)-C1(18) 109.4 (3) 
C1(16)-P(2)-C1(16)’ 108.7 (4) 
C1(17)-P(2)-C1(18) 108 .8  (5) 

Cl(l3)-P(l)-C1(13)’ 109.3 (4) 

Terminal-Ti-Terminal Angles 
Cl(l)-Ti(l)-Cl(3) 98 .8  (2) 
C1(3)-Ti(l)-C1(3)’b 9 7 . 2  (3) 
C1(5)-Ti(2)-C1(5) ’ 97.0  (3) 
C1(5)-Ti(Z)-CI (6) 9 8 . 8  (2) 

Cl(Q)-Ti(3)-Cl(Q)’ 98 .5  (4) 
Cl(l l)-Ti(4)-Cl(l l)’  9 6 , 6  (3) 
Cl(ll)-Ti(4)-C1(12) 9 8 . 0  (2) 

Av 9 8 . 1  (3) 

Terminal-Ti-Bridge Angles 

C1(3)-Ti( l)-C1(2) 9 2 . 0  (2) 

Cl(5) -Ti (2) -C1(2) 9 2 . 0  (2) 
C1(5)-Ti(Z)-C1(4) 91,2  (2) 

9 0 . 4  (2) 
C1(7)-Ti (3)-C1( 10) 9 0 . 1 ( 2 )  
C1 @)-Ti (3) -C1(8) 9 1 , 3  (2) 
C1 @ - T i  (3) -C1(10) 90 .7  (2) 
Cl(ll)-Ti(4)-Cl(8) 92 .0  (2) 
Cl(ll)-Ti(4)-Cl(lO) 91 .5  (2) 
C1(12)-Ti(4)-C1(10) 90. 1 (2) 

Av 91 .0  (2) 

C1(7)-Ti (3)-C1(9) 9 9 . 9  (2) 

C1 (l)-Ti( l)-C1(4) 8 9 . 5  (2) 

C1(3)-Ti (1) -C1(4) 9 1 . 4  (2) 

Cl(6) -Ti (2) -C1(4) 

Bridge-Ti-Bridge 
Cl(2)-Ti(l)-Cl(4) 
C1(4)-Ti (l)-C1(4) ’ 
C1(2)-Ti (2)-Cl(4) 
C1(4)-Ti(2)-C1(4)’ 
C1(8)-Ti(3)-C1(10) 
Cl(lO)-Ti(3)-C1(10)’ 
C1(8)-Ti(4)-C1(10) 
CI(lO)-Ti (4) -Cl(lO)’ 

1 .. 

Angles 
77.9 (2) 
7 8 . 6  (2) 
77. l ( 2 )  
7 8 , 8  (2) 
7 6 . 6  (2) 
78. 1 (3) 
7 8 . 4  (2) 
7 9 . 1  (3) 
-0  T ,II\ 

Near-Neighbor Distances 
within an Ion 

Ti(l)-Ti(2) 3.439 (6) 
Ti(3)-Ti(4) 3.420 (7) 
Cl(l)-C1(3) 3.372 (6) 
Cl(l)-C1(4) 3,329 (7) 
C1(2)-C1(3) 3.387 (7) 
C1(2)-C1(4) 3.131 (6) 
C1(2)-C1(5) 3.424 (7) 
C1(3)-C1(3)’ 3.331 (9) 
C1(3)-C1(4) 3 ,385 (6) 
C1(4)-C1(4)’ 3.167 (8) 
C1(4)-Cl(5) 3.373 (7) 
C1(4)-C1(6) 3.330 (7) 
C1(5)-C1(6)’ 3.322 (10) 
C1(5)-C1(6) 3 .345 (8) 
C1(7)-C1(9) 3.364 (8) 
C1(7)-C1(10) 3.317 (8) 
C1(8)-C1(9) 3.405 (7) 
C1(8)-C1(10) 3.119 (6) 
CI(S)-Cl(ll) 3.380 (8) 
C1(9)-Cl(9)’ 3.338 (12) 
C1(9)-C1(10) 3,341 (8) 
Cl(l0)-Cl(l0)’ 3.132 (10) 
Cl(lO)-Cl(ll) 3.352 (6) 
C1(1O)-C1(12) 3.333 (8) 
Cl(11)-Cl(l1)’ 3.308 (1 1)  
Cl(l1)-Cl(12) 3 .367 (8 )  

h-ear-Neighbor Distances 
between Ions 

C1( 1)-C1(18) 3.529 (10) 
C1(2)-C1(7) 3.427 (10) 
C1(3)-C1( 16) 3.645 (7) 
C1(4)-C1( 13) 3.607 (6) 
C1(5)-C1(7) 3.876 (8) 
C1(5)-C1( 17) 3.667 (8) 
C1(6)-C1(8) 3.481 (10) 
C1(6)-C1(9) 3.889 (8) 
C1(6)-C1( 15) 3.432 (10) 
Cl(7)-C1(18) 3.585 (12) 
C1(9)-C1( 15) 3.575 (9) 
Cl(lO)-C1(18) 3.612 (8) 
Cl(11)-Cl(l6) 3.683 (8) 
Cl(l1)-Cl(17) 3.643 (6) 
C1(12)-C1(18) 3.309 (10) 

Near-Neighbor Distances 
within an Ion 

C1(13)-C1(13’) 3.115 (10) 
C1(13)-C1(14) 3,144 (7) 
C1(13)-C1(15) 3,130 (8) 
C1(14)-C1(15) 3.135 (11) 
C1(16)-C1(16)’ 3.157 (12) 
C1(16)-C1(17) 3.182 (8) 
C1(16)-C1(18) ’ 3.156 (7) 
C1(17)-C1(18) 3.137 (9) 

a” ( 0  I (0 ,  

a See Figure 7. 

The results of the refinement in Pnma contain a 
Ti(B)-Cl( 10)-Ti(4) 87 6 (2) somewhat anomalous feature. Some of the atoms re- 

stricted to  the mirror in Pnma showed excessive aniso- 
tropic motion perpendicular to  the mirror plane. In  

were considered: (1) a disordered model in Pnma in 

Ti-Bridge-Ti Angles 
Ti (  l)-C1(2)-Ti (2) 86.6 (2) 
T i (  l)-Cl(4)-Ti(2) 87 0 (2) 
T i  (3)-CI @)-Ti (4) 85  8 (2) 

Av 86 .7  (2) 
a Errors in the lattice parameters are included in the estimated 

standard deviations. Primed atoms are symmetry-related to 
the atoms of the same designation by reflection through the mirror 
a t  (0, ‘/4, 0). 

an attempt to  remove this anomaly three further models 
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TABLE IX 
OBSERVED AND CALCULATED STRUCTURE AMPLITUDES FOR [PC4] [Ti2C19] 

[OBS = lop,, CAL = lOF,, F(000) = 22,4001" 

. ..... *. ..,.. 

...e.. ". ,..... 1 

* ..... *. 2 1  .... 

a Unobserved reflections are indicated with an asterisk. 

which all 16 of the atoms restricted to y = 1/4 were 
moved off the mirror, (2) a disordered model in Pnma 
in which only the titanium and phosphorus atoms were 
restricted to the mirror a t  y = l / 4 ,  and (3) refinement in 
the acentric space group Pn21a,. In the refinement of 
the disordered models, some atoms which had pre- 

......*.*I.... ' 

.. *..**.I*..... 

......*. I S . . . . .  

viously been restricted to y = moved a substantial 
distance off the mirror (0.10-0.20 A) leading to un- 
realistic bond distances and angles. These atoms also 
developed nonpositive definite temperature factors. 
The acentric model proceeded slowly through isotropic 
refinement and provided a slightly lower R1 value than 
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Figure 4.-A perspective view of the coordination geometry of 
Thermal one of the independent PCld+ ions in [PCld] [TizC19]. 

ellipsoids are scaled to include 50% probability. 

Figure 5.-A perspective view of the Ti(l)-Ti(2) bioctahedron 
in [PCld] [ T i & , ] .  Thermal ellipsoids are scaled to include 5OYc 
probability. 

the ordered centric model. However, upon aniso- 
tropic refinement some of the atoms developed non- 
positive definite thermal parameters. In view of the 
experimental difficulties encountered in data collection 
and the relatively low ratio of observations to  variables 
in the disordered and acentric models, it is felt that  we 
cannot conclusively rule out these models on the basis 
of the above refinements. However, the calculations 
based on the ordered centric model provide a fairly 
accurate fit of the experimental data, and the results of 
that  refinement are reported here. Table VI gives the 
positional and thermal parameters derived from the 
final anisotropic refinement in Pnma. Tables VI1 and 
VI11 contain summaries of the bond distances and 
angles and nonbonded contact distances. The ob- 
served and calculated structure amplitudes are com- 
pared in Table IX.  The magnitudes of the root-mean- 

TABLE X 

ALONG THE PRINCIPAL AXES, Ria 
Atom Ri Rz R8 

Ti(1) 0.132 (7) 0.173 (7) 0 ,238  (7) 
C1U) 0,180 (10) 0.214 (9) 0.241 (9) 
C1(2 ) 0.169 (9) 0,226 (9) 0.232 (9) 
C W )  0.163 (7) 0.245 (6) 0.275 (6) 
CU4) 0.146 (8) 0,205 (6) 0 ,240 (6) 
Ti(2) 0.170 (7) 0.215 (6) 0 ,230 (7) 

0 ,278 (7) c u 5 )  0 ,209 (7) 
C1(6) 0.167 (10) 0.264 (10) 0.292 (9) 
Ti(3) 0.164 (6) 0.235 (7) 0.245 (7) 
CU7) 0.159 (12) 0.265 (12) 0.463 (12) 
cm 0.139 (10) 0 ,232 (9) 0.249 (9) 
C1(9 1 0.226 (8) 0.286 (7) 0.307 ( 7 )  
Cl(10) 0.160 (8) 0.230 (7) 0.333 (7) 
Ti(4) 0.159 (7) 0.215 (7) 0.264 (6) 
Cl(11) 0.180 (8) i 0.276 (7) 0.330 (7) 
Cl(12) 0,191 (11) 1 0.226 (11) 0.452 (12) 
P(1) 0.140 (10) ' 0.213 (9) 0.240 (9) 

Cl(14) 0.183 (9) 0.248 (9) 0.260 (9) 
Cl(15) 0.252 (9) 0.282 (11) 0.298 (10) 
P(2) 0.153 (11) 0.236 (10) 0 .261 (9) 
Cl(l6) 0.231 (7) 0.251 (7) 0.302 (7) 
Cl(17) 0.186 (10) 0,262 (9) 0.269 (10) 
Cl(18) 0.150 (11) 0.299 (10) 0.362 (10) 

ROOT-MEAN-SQUARE AMPLITUDES O F  VIBRATION (b)  

0,250 (6) 

Cl(13) 0.173 (7) 0.252 (7) 0 ,333  (7) 

a See Figures 4-6. 

square displacements for all atoms are given in Table 
X. Figure 4 is a view of one of the independent PC14+ 
ions, and Figures 5 and 6 are views of the two inde- 
pendent TizC19- ions. A perspective view down [ O l O  J 
of the arrangement of the ions in the y = plane is 
given in Figure 7. A final difference map showed no 
peaks higher than 1.5 e-/A3 and had an average back- 
ground of 0.5 e-/A3. 

Discussion 
The geometry of the Tid&?- ion in [PCl4Iz [TizCllo] 

is similar to  that  of the edge-bridged dimer found in the 
structure of [Poc13 .Tic1412 reported by Branden and 
Lindquist.lg The four-membered bridge system is 
nearly identical in the two structures (Cl-Ti-C1 angles 
of 78.5 (3) and 78.78 (8)" and Ti-Cl(bridge)-Ti angles 
of 101.5 (4) and 101.21 (9)", respectively, for TizCl& 
and the POC13 complex), The Ti-Cl(bridge) distances 
are considerably less asymmetric in the ion than in the 
molecular dimer (2.481 ( 2 )  and 2.506 ( 2 )  A vs .  2.44 (I) 
and 2.54 (1) A). The C1-C1 bridge distances in the 
TizCllo2-, TizC19-, and [Poc13 9 Tic1412 species average 
3.16 A. This is nearly identical with the average C1- 
C1 bridge distance (3.17 A) previously reportedzoa 
for other chlorine-bridged compounds and further sup- 
ports our suggestion that C1-C1 bridge interactions are 
primarily responsible for determining bridge geometries 
in many chlorine-bridged systems. We also note that 
the average C1-C1 bridge distance is approximately 
0.20 A less than the nonbridging C1-C1 distances and 
0.44 A less than the normal van der Waals Cl-Cl ap- 

(19) C. I. Branden and I. Lindquist, Acta Ckem. Scand., 14, 726 (19601. 
(20) (a )  F. K. Ross and G. D. Stucky, . I .  Ameu. Ckem. Soc., 92, 4538 

(b) K. Mucker, G. S .  Smith, and Q. Johnson, Acta C r y s l a l b ' . ,  (1970); 
Sect. B, 24, 874 (1968). 
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Figure 6.-A perspective view of the Ti(3)-Ti(4) bioctahedron in [PCle] [Ti2ClD]. Thermal ellipsoids are scaled to include 50% prob- 
ability. 

Figure 7.-A perspective view down [ O l O ]  of the arrangement of 
the ions in the y = '/4 plane for [PCld] [TizClo]. 

proach (3.60 A). The bridging chlorine atoms are 
situated between two strong electropositive centers 
and can be expected to be more like Cl0 and less like 
C1- than are the nonbridging chlorine atoms. Our 
earlier tentative suggestionzoa that  the asymmetry in the 
(M-C1) bridged distances is caused by intra-ring metal- 
metal repulsions does not appear to be correct since, 
if the nonbridging ligands are ignored, symmetry argu- 
ments require that  all metal-chlorine bridge distances 
be the same. This means that  the bridge asymmetry 
must be due to asymmetry introduced into the mole- 
cule by bonding and nonbonding interactions involving 
the nonbridging ligands and/or lattice effects. The Ti  
atoms do not lie a t  the centers of the octahedra and this , 

accounts for the variance of the Cl(termina1)-Ti-Cl(ter- 
minal) angles from 90". 

The molecular geometry of TizClloz- is very similar to 
that  exhibited by RezCllo.20b The terminal equatorial 
Ti-Cl distances 2.247 (2) and 2.269 (2) A are to  be 
compared to the average of eight terminal Re-Cl 
distances of 2.244 (12) A. There is no significant 
difference in the axial and equatorial Re-Cl bond 
lengths in RezCllo, while the axial lengths in TizCllo2- 
are -0.05 A longer than the equatorial lengths due to 
steric and Coulombic interactions with the PC14 + ions 
(see Figure 3). Somewhat surprising perhaps is the 
fact that  the repulsion between the Re5+ centers ap- 
pears to  be somewhat less than between the Ti4+ cen- 
ters as evidenced by the shorter metal-metal distance 

(3.739 V S .  3.855 A), the larger Cl(bridge)-metal-C1- 
(bridge) angles (81 as compared to 79")] and the smaller 
shift of the metal atom from the center of the octahedra 
in the Re compound. This is probably due to the 
higher degree of covalency in the rhenium compound 
than in the titanium compound and a subsequent reduc- 
tion in the metal-metal repulsions. 

Reich and Wiekerzl on the basis of infrared and 
Raman studies have concluded that  the adduct PC15 + 

SnCI4 should be formulated as [PC14]z[Sn~Cl~~] with a 
structure exactly analogous to  that  found here for 
[ P c h ] ~  [Ti~ClloI. 

The occurrence of Ti2C19- in [PCl4][TizC19] is the 
first X-ray confirmation of a first-row transition metal 
in the +4 formal oxidation state to assume the ge- 
ometry of the face-shared bioctahedron. However, 
Creighton and Greenzz have recently reported the 
existence of the Ti&&- ion in [(CzH5)4N][TiZClg] on 
the basis of infrared data. The two crystallographically 
independent TizClg- ions have very similar sets of bond 
distances and angles. The distortions from octahedral 
geometry observed in TiZC19- are typical of bridged 
metal-metal systems with no metal-metal bonding.23 
The average C1-C1 distance in the shared face is 3.137 
(9) A, while that  for the terminal chlorines is 3.343 (8) 
A. This unusually close C1-C1 contact can be compared 
to  that  found in the TizCl& edge-shared ion of 3.165 
(3) A. The average Cl(bridge)-Ti-Cl(bridge) angle 
has closed to 78.1 (3)", while the average Cl(termina1)- 
Ti-Cl(termina1) angle has opened to  98.1 (3)". The 
sharing of faces in this ion has considerably shortened 
the Ti-Ti distance (3.439 (6) and 3.420 (7) A) com- 
pared to the edge-bridged ion (3.855 (3) A). 

Table XI contains a summary of the thermally cor- 
rected terminal titanium-chlorine bond distances in 
TizCllo2- and TizClg-. The riding model of Busing 
and Levy24 has been used in the thermal analysis since it 
was felt that it  provides a good representation for the 

(21) P. Rei& and W. Wieker, Z. Nalurfotsch. B,  89, 739 (1968). 
(22) J. A. Creighton and J. H. S. Green, J .  Chem. SOC. A ,  808 (1968). 
(23) F. A. Cotton, Rev. Pure Aggl .  Ckem.,  17, 25 (1967). 
(24) W. R.  Busingand H. A. Levy, Acta Crysfallogr., 17, 142 (1964). 
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covalent structure of the titanium-chlorine bond, As 
has been previously mentioned, the axial Ti-Cl bond 
lengths in the TizCllo2- edge-bridged ion are signifi- 
cantly longer than the equatorial bonds and remain so 
after thermal correction. The average lengthening of 
the Ti-Cl bonds is approximately 0.01 k due to  thermal 
motion. 

TABLE XI  
TERMINAL TITANIUM-CHLORINE BOND DISTANCES IN 

Ti2Cllo2- AND Ti2C19- 
Uncor- Riding Uncor- Riding 
rected model rected model 

[PCla]z[Ti2C110], Site Symmetry 1 
Ti-CI(1) 2.300 (3) 2.305 (3) Ti-CI(3) 2.247 (2) 2.256 (2) 
Ti-Cl(2) 2 .291  (3) 2.299 (3) Ti-CI(4) 2.269 (2) 2.281 (2) 

[PCL] [TizCl~], Site Symmetry m 
Ti(l)-CI(l)  2 .221  (7) 2.230(7) Ti(3)-C1(7) 2.192 (7) 2.229 (8) 
Ti(l)-C1(3) 2 .221  ( 5 )  2.233 (5) Ti(3)-C1(9) 2.203 (6) 2 .224  (6) 
Ti(2)-C1(5) 2.218 (6) 2.231 (6) Ti(4)-C1(11) 2.215 (6) 2 . 2 3 4  (6) 
Ti(2)-C1(6) 2.188(7) 2 ,200  (7) Ti(4)-C1(12) 2 .245  (9) 2.280 (9) 

There are no symmetry requirements on the PCI4+ 
io'n in [PC14]2 [TizCllo]. The molecular symmetry of 
PCI4+ is, however, very nearly tetrahedral. The two 
independent PC14+ ions in the structure of [PCI4]- 
[TizClg] exhibit the same nearly tetrahedral symmetry 
as found in [PCI,] [FeC14Iz6 and [PC~~]Z[T~ZCIIO] .  
As a result of the structural studies of [PC14] [FeC14],25 

[PC14]2 [TizCllo], and [PC14] [TizCl~], we have observed 
the tetrachlorophosphonium ion in a variety of crystal 
structures. The crystallographic site symmetry in no 
individual case is required to  be higher than mirror 
syhmetry.  Of the 18 independent angles found in the 
three structures, the maximum deviation from the ideal 
tetrahedral angle of 109.5" is 1.2' found in [PC14]- 
[FeCI4]. The PC14+ ion in this structure shows the 
largest corrections for thermal motion. Since bond 
angles cannot be corrected for thermal motion using the 
approximations applicable to  bond lengths, 2 4  this devia- 
tion may in part be due to a lack of consideration of the 
thermal effects. The 12 independent P-Cl bond dis- 
tances observed in the three structures have been cor- 
rected for shortening due to  thermal motion using the 
riding model of Busing and Levyz4 and are compared 
in Table XII .  There are two major features to be con- 
sidered: (1) the order of magnitude of the correction 
varies both among structures and within a structure, 
and ( 2 )  the bond distances have converged upon cor- 
rection for thermal motion. The average of these 12 ' 
corrected distances is 1.944 (6) k .  This value represents 
the best approximation for the phosphorus-chlorine 
bond distance in the Pe l4+  ion. 

As has been previously mentioned in the Introduc- 
tion, the reaction of PClj and TiC14 in P0Cl3 and the 
reaction of PC13, SOCl,, and Tiel4 in SOClz were both 
reported3 to give a compound of empirical ,formula 
PTiCIg. 1%-e have found, however, that the second 
reaction yields [PC14] [TizClg] rather than [PC14]2 [Tiz- 
Cll0]. Before proceeding to a discussion of the factors 
that may be involved with this result, one further result 

(25) T. J. Kistenmacher a n d  G. D. Stucky, Inoug. C h e w  , 7, 2150 (1068). 

TABLE XI1 
PHOSPHORUS-CHLORIXE BOND DISTANCES IX THE Pela  ION 

Site 
sym- 

Uncorrected Riding model metry 

[PClr] [FeC1rla 
P-Cl(4) 1.912 (1) 1,951 (1) 2 

[PCLI 2 [Ti~C1101 
P-Cl(6) 1 ,924 (3) 1 ,935 (3) 1 

1.942 (1) P-Cl(5) 1.902 (1) 

P-Cl(7) 1.936 (3) 1.949 (3) 
P-Cl(8) 1.936 (3) 1 ,948 (3) 
P-Cl(9) 1 ,924 (3) 1 ,936 (3) 

[PCla] [Ti2C19] 
m 1,932 (6) 

P(l)-C1(14) 1.940 (9) 1,950 (9) 
P(l)-Cl( 15) 1.916 (10) 1 ,939 (10) 
P(2)-C1( 16) 1,942 (7) 1.958 (7) 
P (2)-C1( 17) 1 ,935 (9) 1.944 (9) 
P(2)-C1( 18) 1,924 (8) 

P (  1 )-C1( 13) 1,909 ( 5 )  

1,949 (8) 

[PClrI [PCldb 
P(1)-Cl(II1) -1.97 4 

[PCla] [ClICl]C 
P-c1 1 .98  4 

- 

- 

a Reference 25. D. Clark, H. M. Powell, and A. F. Wells, 
W. F. Zelezny and N. C. Baen- J .  Chem. SOC., 642 (1942). 

ziger, J .  Anzer. Chem. SOC., 74, 6151 (1952). 

will be described. In the Experimental Section a third 
reaction besides the two used to provide crystals for the 
X-ray analyses is given. In  this reaction PC15(s) was 
allowed to  react with Tic14 in SOClz and yielded [PC14]- 
[TizClg]. This result coupled with the other synthetic 
data leads to the conclusions that the reaction of PCls 
and Tiel4 in POC13 yields the I: 1 adduct, that  the re- 
action of PCI6 and TiCI, in SOCI, yields the PC1,. 
2TiCI4 adduct, and that the product is independent of 
the method of introduction of the PClj (as solid PClj 
or by the reaction of PC13 with SOCIz). The solvent is 
apparently the dominating force in the selection of the 
stoichiometry and geometry of the anion formed. 
There are two solvent characteristics of major irnpor- 
tance: (1) dielectric constant and (2) coordinating 
ability. The dielectric constants for SOClz and POCI, 
are 9.25 and 13.3. The formation of the dinegative 
Ti2Cllo2- mould certainly be more favorable in the 
higher dielectric solvent (P0Cl3) as is found to be the 
case. However, the strongest force determining which 
anion is formed is probably the coordinating ability of 
the solvent. Sheldon and TyreeZ6 have shown on the 
basis of freezing point diagrams and infrared data that  
POcl3 is a much stronger base toward Tiel4 than SOC12. 
The formation of solvated species has been shown 
to be of importance in nonaqueous solvent  system^.^' 
Although we have no specific information on the num- 
ber or kind of solvated species formed in the reaction 
systems studied here, the formation of solvated species 
such as the dimeric form of POCl3.TiCll would cer- 
tainly sterically hinder the formation of the face-shared 
bioctahedron and favor the edge-bridged dimer. 

(26) J. C. Sheldon and S. Y .  Tyree, Jr . ,  J .  Arne?. C h e m .  S O L . ,  81, 2290 

(27) R. S. Drago and  K.  F. Purcell, P y o g y .  Inovg. Chein . ,  6, 271 (1964). 
(1959). 


