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The crystal and molecular structure of one-dimensional ammonium tetracyanoplatinate chloride trihydrate, (N- 
H4)2[Pt(CN)4]C10 3.3H20, NH4CP(CI), has been elucidated in detail using single-crystal neutron and x-ray diffraction 
techniques. The compound NH4CP(CI) crystallizes with two molecules in the tetragonal cell C4,’-P4mm of (neutron, x 
ray) dimensions a = 10.048 (7), 10.087 (5) A and c = 5.861 (4), 5.840 (2) A, respectively. The x-ray diffraction study 
was undertaken in order to alleviate the problem of large NH4+ ion thermal motion and resultingly large esd’s obtained 
for the Pt-Pt intrachain distances derived in the neutron diffraction study. It is likely that only a low-temperature neutron 
diffraction investigation will reduce the NH4+ ion motion sufficiently to allow us to derive more precise Pt-Pt distances. 
In the neutron diffraction experiment, a total of 81 1 reflections were averaged to yield 390 independent reflections (3 12 
with F? > lu(F2)). The x-ray diffraction data set consisted of 340 independent reflections of which 307 had F: > lu(F$). 
The structure is isomorphous with that of the prototype one-dimensional conductor K2[Pt(CN),] Bro 3*3H20, KCP( Br). 
Using full-matrix least-squares techniques, the final refinement yielded R(F2)  values (neutron, x ray) of 0.131 and 0.122. 
The structure consists of linear Pt-Pt chains arising from the stacking of square-planar Pt(CN),’ ’- groups. Adjacent Pt(CN): ’- 
moieties have a staggered configuration yielding a C-Pt-Pt-C torsion angle of 45’. The Pt-Pt spacings are different at 
2.914 26) and 2.947 (26) A (neutron) and (more precise) 2.910 (5) and 2.930 (5) A (x rays). The average Pt-Pt separation 
(2.92 6 ) in NH4CP(C1) is -0.04 A longer than that observed in KCP(Br). The combined effects of the increased, and 
now unequal, intrachain Pt-Pt separations in NH4CP(CI) appear to be the main cause of its diminished conductivity compared 
to KCP(Br). From the neutron diffraction data, we find that three of the four NH4+ group hydrogen atoms participate 
in hydrogen bonding interactions thereby resulting in formation of NH.--NEC and one NH.e.0 bonds. The neutron and 
x-ray diffraction data yield different results regarding placement of the Cl- ion. The neutron data may be interpreted in 
terms of a “two-site” model for the CI- ion, at  (0.5, 0.5, 0.4838) and (0.5, 0.5, 0.6055), which yields a derived total CI- 
occupancy factor of 0.41 (18). This value is not significantly different from the accepted Value of 0.30 for KCP(Br), KCP(CI), 
and RbCP(C1) and therefore a value of 0.30 has been adopted for this study (vide infra). The x-ray data provide evidence 
for only one CI- ion at (0.5,0.5,0.5). However, the CI- occupancy factor could not be refined, using least-squares techniques, 
to a reasonable value. 

Introduction 
One-dimensional partially oxidized tetracyanoplatinate 

(POTCP) conductors continue to be of interest not only 
because they have anisotropic electrical properties but also 
because metal bond formation produces short metal-metal 
spacings (typically -0.1-0.2 A longer than in Pt metal).3 
However, the crystalline environment about the metal-atom 
chains influences the one-dimensional conduction properties 
and associated phenomena, such as Peierls’ distortions and 
charge density wave formation. By varying the ligands, 
cations, anions, and degree of lattice hydration, one should 
observe a discernible, logical, and predictable pattern of varying 
electrical conductivity. 

Variable-temperature conductivity studies of four such 
closely related POTCP compounds have been reported by 
Underhill et al.,4 viz., M2[Pt(CN)4]C10.3~3HZ0, Mf = K’, 
Rb’, and NH4+, and “(NH4)2~2[Pt(CN)4]Clo,5~3H20”. Al- 

though it was assumed that these one-dimensional salts all 
possess similar crystal structures and because Rb’ and NH4+ 
have nearly identical ionic radii (- 1.48 A), the conductivity 
studies indicated a surprising trend, viz., K > Rb > NH4 in 
MCP(C1). NH4CP(Cl) is of additional interest because of 
the distinct possibility that it contains unequal intrachain Pt-Pt 
separations as we have recently observed in Rb2[Pt(CN),]- 
Clo,3.3H20.6 As reported elsewhere the NH4+ ion containing 
materials pose troublesome synthetic  problem^.^-^^^^ Finally 
the possibility of hydrogen bond formation between NH4+ ions 
and lattice water molecules is of interest because such in- 
teractions might serve to increase interchain coupling thereby 
rendering thermal breakdown of the correlated Peierls dis- 
tortion more difficult. 

In this paper we report the results of a combined neutron 
and x-ray diffraction single-crystal structural investigation of 
(NH4)2[Pt(CN)4]Clo.3.3H20. The structural results provide 
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evidence which suggest that diminished conductivity in this 
class of POTCP materials parallels an increase in Pt-Pt 
separations. Finally, t he  neutron diffraction results allow us 
to discuss the na tu re  of the NH4+ hydrogen bonding inter- 
actions in NH,CP(Cl) .  
Experimental Section 

Crystal Preparation. Initially, K2PtCI, (Johnson Matthey & Co., 
Ltd.) was twice recrystallized from water and was then converted into 
K2Pt(CN)4.3Hz0 with KCN. The K2Pt(CN), was converted into 
H2Pt(CN)4 under N z  using a Dowex 50W-X8 cation-exchange resin. 
The acid was rotary evaporated to an oil, with only gentle warming 
to avoid decomposition. The acid was then neutralized with dilute 
ammonia solution (analytical grade) and one-sixth of the solution was 
saturated with chlorine. Both this solution and the remaining 
five-sixths of the original solution were then separately evaporated 
to dryness with gentle heating (<30 "C) to remove excess chlorine 
and ammonia, respectively. The resulting solids were dissolved in a 
little water to give almost saturated solutions. NH4C1 and water were 
added until the resulting solution was approximately 3.7 M in NH4Cl 
and 0.5 M in the platinum salt. The solution was filtered through 
a Millex 0.45 FM filter and was allowed to evaporate slowly at 20 
"C to yield large crystals. 

Unit Cell and Space Group. Preliminary x-ray diffraction mea- 
surements indicated that NH4CP(C1) is isostructural with tetragonal 
KCP(Br, Unit cell constants were established for the neutron 
diffraction study by centering 18 reflections in the range 35 < 28 < 
60". A least-squares fit of the angles 28, x ,  and r j  (neutron wavelength 
1.142 (1) 8, at 22 "C) yielded a = 10.048 (7) and c = 5.861 (4) A. 
These may be compared with those for Kz[Pt(CN)4]Bro3.3H207 and 
K2[Pt(CN)4]Clo,3.3H208 which are a = 9.907 (3), 9.883 (3) 8, and 
c = 5.780 (2), 5.748 (2) A, respectively. All least-squares refinements 
were conducted using space group P4mm (Cbl). The calculated crystal 
density for two formula units per unit cell is 2.304 g cm-3 and the 
observed value, determined by flotation in methyl iodide and bro- 
moform, is 2.28 (1) g cm-'. 

Neutron Data Collection. A fully automated Electronics and Alloys 
four-circle diffractometer located at the CP-5 research reactor of 
Argonne National Laboratory was used to collect neutron diffraction 
data (A 1.142 (1) A). The diffractometer is operated under the remote 
control of the Chemistry Division Sigma V computer.' The 
monochromatic beam results from the use of a Be single-crystal 
monochromator, with monochromator angle 8, = 30°, yielding a 
neutron flux of -2.9 X lo6 N cm-2 s?. 

A 8-28 stepscan technique was used to collect data (step size equals 
0.1" in 28). Backgrounds were established at  each extremity of the 
scan with the crystal and counter in a stationary position. A total 
of 81 1 reflections were collected to a minimum d spacing of 0.808 
8,. These reflections were averaged over equivalent forms to yield 
390 unique data of which 312 had F: > Ia(F2). Instrument and 
crystal stabilities were monitored by remeasuring two standard re- 
flections every 80 measurements; their combined intensities did not 
vary more than 5% during data collection. 

Structure factors were derived by applying Lorentz and absorption 
corrections (pLcalcd = 2.33 cm-') and the resulting transmission factors 
ranged from 0.63 to 0.75. By use of the absorption-corrected integrated 
intensities the F: were obtained by application of the following 
equation:I0 F: = ( w l  sin 26)/10X3N2v, where Io is the incident 
intensity, h is the wavelength, w is the angular velocity of rotation 
of the crystal, N is the number of unit cells per unit volume, Vis the 
specimen volume, and 8 is the Bragg angle. A cylindrical NaCl crystal, 
for which precise absorption and secondary extinction corrections had 
been made, was used to obtain Io and thereby place the F$ on an 
approximately "absolute scale". The variances of F: were calculated 
from u2(F2) =.u:(F:) + (0.05F$)z, where u~(F:) is determined 
from the counting statistics and 0.05 is an added factor to account 
for the 5% maximum variation in the integrated intensities of the 
standard reflections. 

X-Ray Data Collection. A crystal of NH4CP(C1) measuring 0.16 
X 0.16 X 0.34 mm was mounted on a Syntex P21 four-circle com- 
puter-controlled diffractometer with graphite-monochromatized Mo 
Kcu radiation (A 0.7107 8,). The refined cell Eonstants were a = 10.087 
(5) 8, and c = 5.840 (2) A. 

Intensity data were collected using the 8-28 scan technique. The 
scan range was from [28(Mo Ka,) - 1.0'1 to [26(Mo Ka2) + l.OO]. 
Backgrounds ( B ,  and B2) were measured both at  the beginning and 
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Table I. Final Discrepancy Factors (Neutron Data) for 
(NH,), [Pt(CN), 1C1,.,.3H,Oa 

No. of 
reflec- 

Data selection tions R(F,) R(F,*) Rw(Fo2) u1 

All data 390 0.115 0.131 0.120 1.31 
Reflections with 312 0.085 0.121 0.115 1.46 

See Neutron Structure Solution and Refinement section for ex- 

Fo2 > l . O U ( F o 2 )  

planation of R(F,), R ( F O Z ) ,  Rw(Fo2),  and u l .  

at the end of the scan, each for half of the total scan time. Three 
reference reflections were monitored every 80 measurements to observe 
crystal movement or decomposition; the maximum deviation of the 
standards from the average was 3%. 

The net intensity and its standard deviation (~(0) were calculated 
from 

I=SC-(B1+Bz)  
o(l) = [SC + (B1f B z )  + PZP]"Z 

where SC is the count during the scan and P (a factor to account for 
systematic error) was set equal to 0.03. 

Structure factors were derived by applying Lorentz, polarization, 
and absorption corrections. The calculated transmission factors (bald 
= 130.3 cm-I) ranged from 0.13 to 0.18. 

Neutron Structure Solution and Refinement." A starting point for 
the solution of this structure was the assumption of isomorphism with 
KCP(Br) with the NH,' substituting for K'. Initial full-matrix 
least-squares refinement of the nonhydrogen atom positional pa- 
rameters, with isotropic thermal parameters, yielded discrepancy 
indices as follows: 

ZIIFoI- IFcII 
Z/F,I 

= 0.27 R(F0) = 

.ClFo2-Fc2/ 
R(Foz)  = = 0.34 

ZF,2 
and 

Inspection of a difference Fourier map yielded the locations of all 
NH4+ ion hydrogen atoms. The presence of a "second site" for the 
C1- ion was also revealed by the difference maps. 

Full-matrix least-squares refinement was continued by varying all 
positional parameters, anisotropic temperature factors, a scale factor, 
and the occupancy factors for the CI- ions in the main and secondary 
site. This refinement did not proceed smoothly in that the hydrogen 
atoms tended to yield nonpositive definite temperature factors. A 
converged refinement was eventually achieved by damping the pa- 
rameter shifts on the hydrogen atoms, the chlorine atoms, and C(2). 
The large apparent thermal motion of the NH4+ H atoms appeared 
to be the origin of this problem. 

The final refinements gave the agreement figures listed in Table 
I. The final positional and thermal parameters for the neutron 
diffraction study are given in Table 11. The standard deviation of 
an observation of unit weight 

where n is the number of observations and p is the number of pa- 
rameters (93) in the least-squares refinement, was 1.31. The final 
observation to parameter ratio was 4.2:l. 

In order to provide a check of the final least-squares refinement, 
a difference Fourier map was calculated. The largest peak had 
intensity only 4% that of a Pt peak and was located at -0,052). 
Although the scattering density was negative, it was not in a logical 
position for a hydrogen atom. The next 15 largest peaks were of 
intensity only 20% above the background level. The final derived C1- 
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Figure 1. Drawing of a half-unit cell (50% probability ellipsoids) of 
(NH4)2[Pt(CN),]Clo 3.3H20 showing the linear Pt atom chains, the 
unequal Pt-Pt separations, and the asymmetric placement of HzO 
molecules and NH4+ ions in different halves of the unit cell. The 
drawing of the thermal ellipsoids is based on the neutron diffraction 
data while the Pt-Pt spacing is from the x-ray diffraction experiment 
(see text and Table IVA). 

sites and occupancy factors are discussed in Table V. 
For the least-squares refinements, the coherent neutron scattering 

amplitudes which were used for Pt, C, N, 0, CI, and H were re- 
spectively 0.95, 0.663, 0.94, 0.575, 0.958, and -0.372, all in units of 

X-Ray Diffraction Structure Solution and Refinement. The Pt, C, 
N, and 0 atom positional parameters derived from the neutron 
diffraction study were used to calculate p difference Fourier map which 
indicated the presence of only one (Cl-) peak at (0.5, 0.5, 0.5). Final 
positional and thermal parameters for the x-ray study are given in 
Table 111. In contrast to the neutron diffraction result, there was 
no second site for the CI- atom. After introduction of this atom the 
R(F2) = 0.075. However, the atom multiplier consistently refined 
to an impossibly large value of 0.73 (2) whereas the maximum 
chemical occupancy allowed at  (0.5, 0.5, z )  is 0.5. A final difference 
Fourier map calculated at this point was virtually featureless with 
the largest peak corresponding to 1.3 e/A'. These results strongly 
suggest the presence of a higher atomic number scatterer at  this site. 
Therefore, although Br- contamination was very unlikely, a least- 
squares refinement in which the Cl- scattering factor table was replaced 
by Br- led to the following results: (i) R(F2) increased radically from 
0.075 to 0.243, (ii) BBr dropped to an unreasonable value of 0.36 (79), 
and (iii) the Pt-atom temperature factors became nonpositive definite. 
Similar calculations using a scattering factor table corresponding to 
( O X 1  + 0.5Br) led to a diverged refinement [R(F;) = 0.771, and 
several atom temperature factors became nonpositive definite. The 
final x-ray refinement was achieved by restricting the CI- site to a 
chemical occupancy of 0.35 and an isotropic B value of 3.0 A2 resulting 
in a final R(F2) of 0.122. In these calculations the atomic scattering 
factors were as listed in ref 13. A final difference Fourier map yielded 
a single peak of height 17.7 e/A3, located at (0.5,0.5,0.4976), which 
may indicate that either a more complicated (and nonresolvable) CI- 
disorder exists than is contained in the present structural model or 
this site is occupied by a larger atomic number anion. There was 
therefore no clear indication that a scattering center with lower atomic 
number than CI-, such as a "defect" water m o l e c ~ l e , ' ~  could be 
associated with either CI- site. The "defect" water molecule hypothesis 
seems even more unlikely in terms of the recent results6 which 
demonstrate that KCP(Br) and RbCP(C1) are definitely 3.0 hydrates 
as opposed to the one reported value for KCP(Br) of 3.2.14 An 
additional possibility is electron charge buildup due to charge density 
wave formation. However, such a hypothesis is difficult to verify. 
Structure Description 

The Linearly Dimerized Pt-Atom Chain. As in previously 
studied POTCP salts in which the Pt-atom valence is +2.3 to 
+2.4, the square-planar Pt(CN),l x- groups stack to form linear 
Pt-atom chains parallel to c (see Figure 1). In NH,CP(Cl) 
the intrachain metal atom separations, which are independent 
in noncentrosymmetric s ace group P 4 m m ,  are unequal at  

structural RbCP(C1)6 the Pt atom separations are also longer 
than in KCP(Br) (2.88 (1) A), and of unequal length (2 .924  
( 8 )  and 2.877 ( 8 )  A). Therefore, insertion of nearly equally 
sized Rb+ or NH4+ ions, the latter being that which can form 

cm.I2 

2.910 ( 5 )  and 2.930 (5) x (x ray, see Table IVA). In iso- 
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Table 111. Positional and Thermal Parameters (X lo4)  from the X-Ray Diffraction Study of (NH,), [Pt(CN),]C1,.,~3H,0a 

Johnson et  al. 

Atom X Y Z P I 1  P z z  6 3 3  P I  2 P I 3  P 2 3  

PtU) 0 0 35 (5) 35 86 (12) 0 0 0 
Pt(2) 0 0 5018 (9) 41 (6) 41 97 (12) 0 0 0 

Atom X Y ! Z  B,b A z  Atom X Y z B,b Az 
C(1) 2043 (32) 0 14 (86) 1.3 (5)  N(3) 1929 (10) 5000 7505 (45) 3.0 (2) 
C(2) 1447 (43) 1447 4906 (72) 1.0 (5) O(1) 5000 0 4378 (78) 2.4 (9) 
N(1) 3197 (32) 0 -23 (73) 2.5 (6) O(2) 3474 (71) 3474 825 (85) 6.0 (12) 
N(2) 2264 (48) 2264 5015 (104) 2.5 (5) C1 5000 5000 5299 (80) 3.0' 

a The form of the temperature factor is exp[-(PllhZ t P2zkZ  t pJZ t 2p1,hk t 2p1,hl t 2P2,kl)]. Isotropic temperature factor is of the 
form exp(-B(sin2 @ ) / A 2 ) .  This parameter could not be refined; it was fixed a t  3.0. 

Table IV. Interatomic Distances (A) and Bond Angles (deg) for 
(NH4)2 [Pt(CN), ]C1,,,.3H20 

(A) Distances around Platinum Atoms 
Pt(1)-C(1) 1.997 (6) Pt(1)-Pt(2) 2.930 ( 5 ) b  
Pt(2)-C(2) 1.990 (6) Pt(l)-Pt(2)' 2.910 (5)b 

(B) Carbon-Nitrogen Distances in Cyanide Groups 

(C) Water Molecule Distances 

C(1)-N(l) 1.145 (7) C(2)-N(2) 1.147 (6) 

O(l)-H(l) 0.982 (34) 0(2)-H(3) 0.733 (68) 
0(2)-H(2) 0.835 (59) 

Table V. Comparison of the Positional Parameters and 
Occupancy Factors of the Cl(1) and Cl(2) Sites in 
NH,CP(CV and KCP(BrIb 

NH,CP(Cl) KCP(Br) 

0.4838 (337)) 0.4976 (31)) 
Position (0.5, 0.5, (0.5, 0.5, 

Crystallographic 0.038 (31) 0.063 (3) 
occupancy 

Position (0.5, 0.5, (0.5, 0.5, 

c1(2)[Crystallographic 0.064 (32) 0.023 (3) 
0.6055 (311)) 0.6574 (75)) 

\ occupancy 
0.344 (12) Total Cl- 0.408 (178) (D) Hydrogen Atom Interactionsa 

stoichiometry 
(calcd-chemical) 

H(l)-N(l) 1.935 (25) O(l)-H(l)-N(l) 164.1 (27) 
H(2)-N(2) 2.133 (41) 0(2)-H(2)-N(2) 164.8 (47) 
H(3)-Cl(l) 2.446 (183) 0(2)-H(3)-Cl(l) 158.6 (59) 
H(4)-N(1)" 2.345 (31) N(3)-H(4)-N(l) 153.1 (32) Neutron diffraction data-this study. Neutron diffraction 
H(6)-0(1)"' 2.026 (67) N(3)-H(6)-0(1) 154.5 (52) data.' 

(E) Ammonium Ion Distances 
N(3)-H(4) 0.819 (38) N(3)-H(6) 0.985 (49) 
N(3)-H(5) 0.787 (54) 

(F) Ammonium Ion Interactions 
2.946 ( 2 5 )  N(3)-N(1)V' 

2.998 (24) N(3)-N(2)v" 
2.998 (24) N(3)-N(2) 

3.097 (13) N(3)-Cl(l) 

3.097 (13) 
3.155 (10) 
3.155 (10) 
3.426 (97) 

(G) Chloride Ion Interactions 
C1( 1 )-0(2) 3.139 (150) Cl(l)-N(3)'" 3.426 (97) 

Cl(l)-0(2)'x 3.139 (150) C1(2)-N(3) 3.168 (53) 
Cl(l)-0(2)v11 3.139 (150) C1(2)-N(3)V"' 3.168 (53) 
C1( 1)-N(3) 3.426 (97) C1(2)-N(3)"' 3.168 (53) 
CI(1)-N(3)V11' 3.426 (97) C1(2)-N(3)x 3.168 (53) 

(H) Angles of Pt Chain and Bonded Atoms 
Pt(2)-Pt(l)-Pt(2)' 180 H(4)v11-N(3)-H(5) 106.6 (45) 

C1(I)-0(2)v'" 3.139 (150) C1(1)-N(3)x 3.426 (97) 

Pt(1)-C(1)-N(1) 179.9 (16) H(5)-N(3)-H(5) 106.6 (45) 
Pt(2)-C(2)-N(2) 180.0 (18) H(4)-N(3)-H(6) 120.3 (76) 

C(2)-Pt(2)-C(2)X' 90.00 (32) H(4)-N(3)-H(6) 109.3 (26) 

H(2)-0(2)-H(3) 108.9 (51) 

C(l)-Pt(l)-C(l)"' 

H(l)-O(l)-H(l)vlll 102.3 (40) 

90.000 (2) H(4)-N(3)-H(4)v" 103.3 (45) 

H(4)v1'-N(3)-H(6) 109.3 (26) 

a All values were derived from the neutron diffraction study un- 
less otherwise stated. X ray. ' Superscripts refer to  symmetry 
positions listed below. 
plied: ( I ) x , y , z  - l ; ( I I ) y , x ,  1 + z ; ( I I I )y ,x ,  z ;  (IV)x,y,  1 t z ;  

If no superscript appears (x, y ,  z) is im- 

(V) x ,  -y, 1 t z ;  (VI) -y, 1 - x ,  1 + z ;  (VII)X, 1 -y ,  z ;  (VIII) 
l - x , l - y , z ; ( I X )  l-x,y,z;(X)1-y,1-x,z;(XI)-x,y,z. 

H bonds, into the "KCP(Br)" structure results in a n  increase 
in Pt-Pt separation which is paralleled by diminished electrical 
conductivity along the meta l  a t o m  chain.  However, the al- 
ternately long and  short  sequence of Pt-Pt spacings is in 
reverse order t o  those observed in RbCP(C1).  

S ince  the  main information regarding the x-ray study 
pertains to  the derived Pt-Pt spacings discussed above, t he  
remaining discussion of s t ructure  is based on the neutron 
diffraction results. Space  group (P4mm) considerations re- 
quire linear Pt-atom chain formation in NH4CP(C1).  Similar 
considerations require tha t  the C-Pt-Pt-C torsion angles be 

fixed a t  45" (see Figure 2). All bond distances and  angles 
in the P t (CN)41,7-  moieties appear normal  (see Table  IV).  
Except for t he  C1- ion disorder (required by the chemical 
nonstoichiometry of NH4CP(C1)), the structure appears to be 
well ordered. Although the  NH4+ ions show shortened N-H 
distances (Figure 4) due  to large thermal motion, they do  not 
appear  to be disordered. 

The Two C1- Sites. W e  have previously pointed out in the 
Neut ron  Refinement  section tha t  two anion sites, which we 
have ascribed to  C1-, were observed. In Table  V the derived 
positional parameters and site occupancy factors for C1( 1) and 
Cl (2)  a r e  compared with those derived previously for 
KCP(Br) .7  It should be pointed out that  while KCP(Br)  and 
NH,CP(Cl)  both show very similar C1( 1) and Cl(2) positional 
parameters, the site occupancy factors are  reversed (see Table 
V). However, because of the large esd's of the site occupancy 
factors, this reversal may  be a n  art ifact .  T h e  possibility that  
one of the C1- sites is due to  a "defect water" m o l e c ~ l e ' ~  cannot 
be ruled out using the present room-temperature neutron 
diffraction da ta .  T h e  environment about  the Cl (1)  site is 
similar to  that  in K C P ( B r )  in which four symmetry related 
O(2 )  a toms and  four N ( 3 )  a toms complete the  eightfold 
coordination (see Figure 3). 

T h e  environment about  the chloride ion in the Cl (2)  site 
can  be described as  the  result of Cl (2)  being shifted toward 
N(3).  There are four symmetry related N(3)  atoms 3.168 (53) 
A away. The C1(2)-Cl(l) distance is 0.713 (75) A so the sites 
cannot be simultaneously occupied. 

H 2 0  and NH4+ Hydrogen Bonding Interactions. T h e  water 
molecule hydrogen atoms all participate in hydrogen bond 
formation; H ( l )  and H(2)  form H bonds with N ( l )  and N(2) ,  
respectively. T h e  N-H distances a re  1.935 (25) and  2.133 
(41) A, respectively, while the 0 -H-N angles a re  164.1 (27) 
and 164.8 (47)'. H(3 )  appears to  be weakly bound to  Cl(1).  
Three  of t he  four hydrogen a toms on the  ammonium ion 
participate in hydrogen bonding interactions while H(5 )  does 
not (see Table  IVD). T h e  H(4)-.N(1) distance is 2.345 (31) 
A and the N(3)-H(4)--N(1)  bond angle is 153.1 (32)'. I t  
should be noted that  the N(3)-H(4)  distance (0.819 (38) A) 
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Figure 2. Stereodrawing of the structure of (NH4)2[Pt(CN)4]C10,3.3H20 viewed down the tetragonal c axis. Both Pt atom chains and the 
CI- ion form linear arrays parallel to c. All thermal ellipsoids are scaled to 50% probability. 

Figure 3. Diagram illustrating the chloride ion interactions at the 
C1( 1) site in (NH4)2[Pt(CN)4]C10,3.3Hz0. 

is abnormally short due to thermal motion which may cause 
the H(4)-N(l) distance to appear anomalously long. A 
stronger bond is formed by H(6) [N(3)-H(6)-.0( l)] wherein 
the H(6)--0(1) distance is 2.026 (67) A and the N(3)- 
H(6)-.0(1) angle is 154.5 (52)'. A view of the NH4+ ion is 
presented in Figure 4. 

The carbon atom configuration is square as shown by bond 
angles of C(1)-Pt(1)-C(1)' of 90.000 (2)' and C(2)-Pt- 
(2)-C(2)' of 90.00 (32)'. The canting of the CN- ligands 
toward the NH4+ ion, which is pronounced in KCP(Br) and 
RbCP(Cl), is only slightly evident in this structure. The 
direction of the very slight CN- canting that is observed 
parallels that in KCP(Br), i.e., directed away from the water 
molecules and toward the potassium or ammonium ion. 

A least-squares plane through Pt( 1) and the four symmetry 
related C( 1) atoms found Pt( 1) only 0.003 (30) A out of the 
plane. Similarly Pt(2) was 0.009 (26) A from the plane 
formed by the four symmetry related C(2)  atoms. 
Conclusions 

The main structural findings reported here, which bear on 
the diminished electrical conductivity of (NH4)2[Pt(CN)4] - 
Clo.3.3H20, compared to prototype K2[Pt(CN)4] Bro,3.3H20, 
are that while the intrachain Pt-Pt spacings are shorter and 
are of equal length (2.88 (1) A) in the K+ salt, they are longer 
and are of different length (2.910 (5) and 2.930 (5) A, x rays) 
in the NH4+ salt. Thus the formation of alternately long and 
short Pt-Pt separations (dimerization) in NH4CP(Cl) is likely 
one of the most important factors contributing to its electrical 

Figure 4. Drawing indicating the NH4+ ion N-H distances as de- 
termined by neutron diffraction. The N-H distances appear shortened 
due to thermal motion; only H(6) and H(4) participate in N-H-0 
and N-H--NC hydrogen bond formation (see text). 

conduction properties. A factor which supports this hypothesis 
is that in RbCP(C1) the Pt-Pt distances are also of unequal 
length (2.924 (8) and 2.877 (8) A) and RbCP(C1) has lower 
room temperature conductivity4 than KCP(Br). The complete 
explanation for the structure-conductivity relationships in those 
POTCP complexes is obviously much more complicated be- 
cause although a Rb+ ion has nearly the same cation radius 
as NH4+ and RbCP(C1) and NH4CP(C1) are isostructural, 
the low-temperature electrical conductivity [NH4CP(Cl) << 
RbCP(C1)I is vastly different. 
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Transition Metal Hydroborate Complexes. 10.' Crystal and Molecular Structure of 
Tris( tetrahydroborato) tris( tetrahydrofuran) y ttrium (111) 
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The molecular structure of Y(BH4)3(THF)3 has been determined by a single-crystal x-ray diffraction study. The complex 
crystallizes in the space group Pbcn of the orthorhombic system, with four molecules per unit cell. Lattice parameters 
are a = 9.314 (6),  b = 14.597 (8), and c = 14.540 (9) 8,. The gadolinium analogue Gd(BH4)3(THF)3 forms isomorphous 
crystals. The structure was solved and refined on F to a final value for the discrepancy index R I  of 0.053, using 804 unique 
observed reflections collected by diffractometer. The molecular symmetry is crystallographically required to be C2. The 
three boron atoms and three oxygen atoms of the T H F  rings are at  the corners of a distorted octahedron centered about 
the yttrium atom. One of the three tetrahydroborate groups is bidentate and the other two are tridentate. The yttrium 
atom therefore has a formal coordination number of 1 1 .  In the tridentate Y-BH4 attachment, the tetrahydroborate ligand 
is slightly tilted from local C3, symmetry, resulting in inequivalent Y-H bond lengths. The Y-B distance of 2.68 (2) 8, 
for the bidentate tetrahydroborate ligand is significantly longer than the value of 2.58 ( 1 )  8, found for the two tridentate 
groups. Metal-hydrogen distances are compared with metal-boron distances in 17 tetrahydroborate complexes for which 
structural data are available. Good agreement is obtained between observed metal-hydrogen distances and values calculated 
assuming the BH4- anion to be a regular tetrahedron bonded to the metal ion with the appropriate bidentate or tridentate 
coordination. 

Introduction 
T h e  tetrahydroborate anion, BH4-, forms a large variety of 

covalent complexes with transition metal ,  lanthanide,  and  
actinide ions. A recent review article3 summarizes the many 
reasons for interest in these compounds, which often have 
properties typical of organic, molecular crystals: low melting 
points, high vapor pressure, and solubility in nonpolar solvents. 
T h e  optical, vibrational, and  magnetic properties of metal  
tetrahydroborate complexes have been extensively investigated, 
and  a complete knowledge of their  crystal  and  molecular 
structures is often necessary to  interpret  the data .  Coordi- 
nation of t he  tetrahydroborate anion to  the metal  ion occurs 
through bridging hydrogen atoms and can  be mono-, bi-, or 
tr identate (structures I, 11, and 111). A number of structural  

H H H  H 
/ I \ /  I \  

\ \ I \  \ I  
H H H  H 

I I1 111 
mono- bidentate tridentate 

dentate 
investigations of tetrahydroborate complexes have appeared 
recently>+ and the first example of monodentate coordination 

M-H-B-H M B M-H-B-H 

of the BH4- group has just  been r e p ~ r t e d . ~ , ~  
Most of the tetrahydroborate complexes that  have been 

structurally characterized contain main-group, transition metal, 
or actinide ions. Recently, several tetrahydroborate complexes 
with lanthanide or pseudolanthanide ions have been pre- 
~ a r e d , ~ * l ~  and  the optical spectra of mixed crystals of Er- 
(BH4)3(THF)3/Y(BH4>3(THF)3, Er(BH4)3(THF)3/Gd-  
(BH,)3(THF)3, and EI~BH~)~(THF)~/L~(BH,)~(THF)~ have 
been investigated,1° where THF represents tetrahydrofuran. 
Knowledge of t he  crystal structures of Y ( B H 4 ) 3 ( T H F ) 3 ,  
G d ( B H 4 ) 3 ( T H F ) 3 ,  and La(BH,) , (THF),  will aid in the in- 
terpretation of the optical spectra. To provide this information 
and to probe further t he  factors that  govern bidentate vs. 
tr identate coordination of the small, anionic BH4- ligand to 
metals, an  x-ray diffraction study of one of these lanthanide 
or pseudolanthanide tetrahydroborate complexes was un- 
der taken,  T h e  yttrium complex was chosen because its sig- 
nificantly smaller electron density compared with that  of the 
lanthanides facilitates location of hydrogen a tom positions. 

Nuclear magnetic resonance studies have shown that  for 
both bidentate and tridentate coordination, in almost all known 
tetrahydroborate complexes, there is a dynamic intramolecular 
rearrangement process that rapidly interchanges bridging and 
terminal hydrogens. O n e  mechanism proposed"3l2 for this 
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