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The structure of tristriphenylphosphine rhodium carbonyl hydride, I~hH(CO)(P(C6Hs)3)a, is of 
interest because the compound is representative of a small class of stable transition-metal hydrides 
and because it contains five-coordinated rhodium, the stereochemistry of which has not been 
studied previously. The compound crystallizes with four molecules in space group P21/n C 5 (~h) of 
the monoclinic system in a cell of dimensions a = 10.11, b(unique axis) = 33.31, c = 13.33 A, fl = 90.0 °. 
The structure has been solved by conventional three-dimensional Patterson, least-squares, and 
Fourier techniques. In  order to make the refinement of this 60 atom problem feasible, the nine 
phenyl rings have been treated as groups and constrained to their well-known geometry. In  a 
difference Fourier synthesis calculated after this refinement the peak from the hydrogen atom 
attached to the rhodium is discernible. The conformation of the ligands around the rhodium atom 
is that  of a trigonal bipyramid, with the three phosphorus atoms in the basal plane, the hydrogen 
at one apex, and the carbon of the carbonyl at the other. The rhodium atom lies 0"36 A above the 
phosphorus plane toward the carbon of the carbonyl. The l~h-H distance is 1.60 ± 0.12 A, a normal 
length for a covalent bond. 

I n t r o d u c t i o n  

There is extensive interest,  both theoretical  and  
practical,  in the meta l -hydrogen  bond in t ransi t ion 
meta l  hydrides.  Spectroscopic studies of the tran- 
s i t ion-meta l  hydrides  have led to considerable 
speculation and  controversy concerning the na ture  
of this me ta l -hydrogen  bond, M-H.  The abnormal ly  
large chemical shift  to high fields of the proton has 
been interpreted in terms of an  abnormal ly  short  
bond in which the hydrogen is 'buried '  in the meta l  
orbitals (Cotton & Wilkinson, 1956; Cotton, 1958), 
and  more recently in terms of a normal  covalent 
bond with an  M - H  distance of 1.6 A or so (Stevens, 
Kern  & Lipscomb, 1962; Lohr & Lipscomb, 1964). 
The chemical shift  da ta  and the vibrat ional  f requency 
assignments,  while providing valuable  comparat ive  
da ta  for different  compounds, do not  yield direct 
informat ion on the length and  strength of the M - H  
bond. Defini t ive experiments  to obta in  such informa- 
t ion have been rare, p robably  because the parent  
compounds, such as HCo(C0)4, are ext remely un- 
stable, and  the subst i tu ted compounds, though 
somewhat  more stable, invar iab ly  contain bu lky  and 
complicated ligands such as the tr ialkyl-  or tr iaryl-  
phosphines. One direct exper iment  is the broad line 
nuclear  magnet ic  resonance s tudy  of H2Fe(CO)4 
(Bishop, Down, Emtage,  l~ichards & Wilkinson, 1959). 
Here the  int ramolecular  H - H  distance was determined 
to be 1.88 ±0.05 /~ on the assumption,  difficult  to 

* Research performed under the auspices of the U.S. 
Atomic Energy Commission. 

t Present address: Department of Chemistry, Northwestern 
University, Evanston, Illinois 60201, U.S.A. 

justify,  t ha t  intermolecular  effects can be ignored. 
Since the geometry of the H2Fe(CO)4 molecule is 
unknown,  the F e - H  bond length cannot  be derived 
from this H - H  bond length. 

The present  X- ray  s tudy  of the structure of tris- 
t r iphenylphosphine  rhodium carbonyl  hydr ide  was 
under taken  because the compound is representat ive 
of a small  class of stable t ransi t ion-metal  hydrides  
which heretofore have not been studied in detail  by  
diffraction methods.  The detailed knowledge of the 
conformation of the l igands about  the rhodium is of 
interest  in itself, because five-coordinated compounds 
have been studied infrequent ly,  and five-coordinated 
rhodium not at  all. Moreover it  was felt  t ha t  Such 
informat ion might  possibly provide clues as to the  
nature  of the R h - t t  bond. At  the outset we did not  
expect t ha t  we could locate the hydrogen a tom in 
this s tructure;  this  we have done, and  we find the  
R h - H  distance to be a normal  covalent distance at  
1.60 ± 0.12 J~. 

Because of the interest  in the meta l -hydrogen  bond, 
a pre l iminary  account of this  work has been publ ished 
(La P l a c a &  Ibers, 1963). In  this  paper  we present  
the details of the study. 

E x p e r i m e n t a l  

Excel lent  crystals of t r i s t r iphenylphosphine  rhodium 
carbonyl  hydr ide  were very  k ind ly  supplied by  
L. Vaska. They had  been prepared as described b y  
Ba th  & Vaska (1963). Vaska had  characterized the  
compound thoroughly by  analytical ,  spectroscopic, 
and  magnetic  techniques and had concluded tha t  i t  
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is monomeric, diamagnetic, and probably has a 
trigonal bipyramidal configuration. The chemical shift 
of the proton as well as other spectroscopic data were 
interpreted to indicate that  the environment of the 
hydrogen in this compound is very similar to that  
of the hydrogen in the parent compounds, such as 
HCo(CO)4 and HRh(CO)4. 

The yellow crystals are generally needle-like in 
habit. On the basis of precession and Weissenberg 
photographs these crystals were found to belong to 
the monoclinic system and to have a unit cell of 
dimensions a=10.11_+0.05, b(unique axis) =33.31_ 
0.15, c=13.33+_0.07 A, fl = 90.0 _+ 0.1 °. Some of the 
crystals were twinned around [010] so that  the inten- 
sities of the hkl and hkl reflections were equal. The 
prominent crystal faces are the forms {100), {021), 
and {021). The only systematic absences are hOl for 
h + l odd and 0/c0 for k odd; the space group is probably 
P21/n (C~2h) and a plausible structure has been found 
on this assumption. The density, as measured by 
flotation of the crystals in concentrated potassium 
tartrate solutions, is 1-33+0.02 g.cm -3, in good 
agreement with a density of 1.36 g.cm -3 calculated 
for four molecules in the unit cell. Thus all atoms lie 
in general positions, and there are no symmetry 
conditions imposed on the molecule. 

Although the linear absorption coefficient /~ for 
Cu K~ radiation is 44-5 cm -1 while that  for Mo Ks  
is only 5.2 cm -1, we decided to use Cu Ka radiation 
in this study for the following reasons. Since the 
crystals are exceedingly well-formed, their dimensions 
can be accurately determined and a reliable absorption 
correction applied. :Because of the very large cell 
(cell volume V=4489 A3) the use of Cu Ka rather 
than Mo Kc~ radiation results in the loss of far fewer 
close-in reflections. Finally it has been our experience 
that  better intensity data are obtained with Cu Ka 
radiation, presumably because there is less interference 
from white radiation than there is in the case of 
Mo Kx radiation. 

A crystal of approximate linear dimensions 0.42 mm 
in length by 0.07 mm by 0.035 mm in cross section 
was selected for the photographic work. The indices 
of the faces were determined by optical goniometry 
and the dimensions of the faces were determined 
accurately through the use of a calibrated microscope 
eyepiece. The crystal had a total volume of 0.00104 
mm a and a calculated weight of 1.41 micrograms. 
No protection of this crystal from air proved necessary: 
no visible change in the crystal occurred during the 
six weeks of photography, and photographs of the 
Okl layer at the end of the experiment were identical 
with those taken initially. Data were collected at 
room temperature by the equi-inclination Weissen- 
berg technique on a Nonius integrating camera. 
The layers Okl to 7kl were collected. The intensities 
at angles higher than 0cu of 40 ° are generally very 
weak. With exposures of not too inconvenient a dura- 
tion (69 hours) it was possible to obtain a reasonable 

fraction of the data within 0cu < 40 °. Of the ap- 
proximately 2650 independent reflections within this 
range, the intensities of 1480 were accessible and 
sufficiently strong to be estimated reliably. The 
multiple film technique was used, and the intensities 
were estimated visually by comparison with a strip 
prepared from timed exposures of Ilford G industrial 
X-ray film to the filtered beam. The intensity estimates 
of reflections on the various films were reduced to 
average intensities, and then to relative values of F 2 
by application of the appropriate Lorentz-polarization 
factors. An absorption correction was then applied, 
using a Gaussian integration technique for 512 grid 
points within the crystal. The ratio of maximum to 
minimum transmission factors for the 1480 reflections 
is only 1.18; the absorption correction is thus a small 
one. By comparison with data obtained from preces- 
sion photographs and through the use of a modified 
Wilson-method calculation the relative values of F 2 
were brought approximately to an absolute scale. 

S o l u t i o n  of the  s t r u c t u r e  

The positions of the Rh atom and the three P atoms 
were readily derived from an unsharpened three- 
dimensional Patterson function. These positions, 
together with scale and thermal parameters, were 
refined in a least-squares calculation. The conventional 
R factor was 34%. A difference Fourier synthesis 
was then computed and the approximate positions 
of the carbonyl group and of the 54 carbon atoms in 
the nine phenyl rings were derived. 

Refinement  of the  s t r u c t u r e  

Because there are 60 atoms (not counting hydrogen) 
in the asymmetric unit, refinement of this structure 
by conventional full-matrix least-squares techniques 
is not feasible with currently available computers. 
(If individual isotropic thermal parameters are used, 
then there are 240 parameters to be refined and 
special techniques would be required to handle a 
problem of this size, particularly to handle the matrix 
inversion necessary to obtain error estimates. More- 
over, the time required (for example on an IBM 7094 
computer) would be excessive. I t  would probably 
have been possible to refine the structure through 
the use of some form of the block-diagonal method, 
but this is not without its difficulties (Hodgson & 
Rollett, 1963) and also requires extensive machine 
time owing to slowness of convergence. We therefore 
decided to treat the nine phenyl rings as groups and 
to carry out the refinement with these rings con- 
strained to their well-known geometry. The position 
of each phenyl group is defined by six, rather than 
eighteen, positional parameters, and this in itself 
reduces the number of variables by 108. We had 
considered and rejected such a group refinement in 
the rhodium chloride 1,5-cyclooctadiene problem 
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(Ibers & Snyder, 1962) because we felt tha t  the da ta  
were not too reliable, the contr ibut ion of the rings 
to the structure ampli tudes  was not too great 
(R, heavy  atoms alone, 16%), and because the 
geometry of the rings was not known precisely. 
The present case is an ideal one for a group refinement,  
for the geometry of the rings is certain and the 
contr ibut ion of the rings to the structure ampl i tudes  
is considerable (R, heavy  atoms alone, 34%). 

Our program for group ref inement  is wri t ten for 
the IBM 7090 computer  and is an extensive modifica- 
t ion of the local version of the Bus ing-Levy  ORFLS 
program for conventional least-squares refinements.  
As wri t ten it enables the simultaneous ref inement  of 
individual  atoms and  of groups of atoms to be carried 
out in any  symmetry .  The method employed is as 
follows. A t ransformat ion mat r ix  U is defined such 
tha t  

A = U a  (1) 

where a is the original cell and A an  orthogonal cell 
of uni t  dimensions. A convenient  t ransformat ion is 
one tha t  gives A2 parallel  to a2, As parallel  to A1 × A2, 
and A1 parallel  to a2 × aa. Define a set of orthogonal 
internal  axes a '  wi thin  a group and let x' be the 
positional coordinates (in /~) of a par t icular  atom 
relative to these axes a'. Next  define a t ransformat ion 
mat r ix  R(5,  s, 7) tha t  in some manner  gives 

X = R x '  + Xc  (2) 

where X arc the positional coordinates (in ~) of the 
part icular  atom relative to the coordinate system A, 
and where Xc represents the position in the A system 
of the origin of coordinates a' .  Then the fractional 
coordinates of the part icular  a tom in the original a 
coordinate system are s imply  

X = U t r R x ' +  Xc (3) 

where Xc represents the origin of the a '  system in the 
a system. The form of R depends upon the choice 
of the rotations 8, s, ~ which bring about  the align- 
ment  (except for translat ion) of the a' system with 
the A system. Thus the angles 8, s, ~ could be the 
conventional  Euler ian angles. We have found it 
convenient  to take them rather  as successive rotations 
about  the a '  axes. 

The calculation proceeds as follows. For non-group 
atoms the input  parameters  are the usual ones. 
For the groups the input  parameters  are the three 
components of xc and the three angles 8, s, ~], together 
with the values of x' for each atom in the group. 
The coordinates x are derived in accordance with 
equat ion (3), and are then  used in the normal  way 
in the calculation of structure factors. Derivatives of 
these structure factors with respect to the six 
group variables are obtained through a differencing 
process. Although either isotropic or anisotropic 
thermal  parameters  can be applied to the non-group 
atoms, we have restricted the program to a single 

isotropic thermal  parameter  per group. Indiv idual  
isotropic thermal  parameters  could have been included, 
bu t  this is probably  an unnecessary embel l ishment .  
In  principle one can define anisotropic vibrat ions of 
the group along its principal  axes, but  since these 
need not  intersect (Schomaker, 1964) and in a n y  
event  are difficult  to determine,  this does not  seem 
worthwhile in practice. 

The present ref inement  was carried out on F,  
with u n i t  weights assigned for F _< 80 eJectrons and 
with weights taken  as (80/F) 2 for F >  80 electrons. 
The atomic scattering factors used were those 
t abu la ted  by  Ibers (1962) for the neutral  atoms. 
Templeton 's  (1962) tabula t ion  of f '  and f "  for Rh  
and P (Cu K a  radiation) were used and the effects 
of anomalous dispersion were included in the cal- 
culated structure factors (Ibers & Hamil ton,  1964). 
The internal  axial  system a'  was placed with origin 
at  the center of mass of the ring and the coordinates 
x' were chosen to give a p lanar  phenyl  ring wi th  
C-C--1.392 /~ and C - I { = I - 0 8  J~. To be refined 
were the three positional and one thermal  parameter  
for each of the six non-group atoms, and the three 
positional, three angular,  and one thermal  parameter  
for each of the nine groups. In  addi t ion to these 
87 parameters,  the scale was occasionally adjusted,  
and in the later stages of the ref inement  the Rh and 
P atoms were allowed to vibrate  anisotropically. 
One cycle of refinement,  preceded and followed by a 
structure factor calculation, requires about  9 minutes  
of IBM 7094 computer  time. 

Scheringer (1963) has discussed some of the obvious 
advantages  of a group ref inement  and has described 
a program for such ref inements  tha t  is similar to, 
but  less general than,  the one described here. I t  is 
clear from Scheringer 's examples and from the present 
work tha t  a group of atoms will shift smoothly over 
a surprisingly large distance, and hence the start ing 
parameters  for the group need not be very  accurate. 
In  Table 1 we list the init ial  values of the parameters  
for the nine phenyl  rings and the final values achieved 
after three cycles of refinement.  For convenience the 
derived parameters  of the carbon atoms are given 
in Table 2. Owing to some errors in ar i thmet ic  some 
of the rings were badly  misplaced and the resul tant  
angular  shifts were as great as 40 ° (corresponding to 
shifts of individual  carbon atoms of over 1.3 A). 
Thus a ref inement  of a group of atoms is an efficacious 
way of achieving convergence or near  convergence 
with minimal  computing time. If there are cases 
where it is justified, then  after the group ref inement  
the constraints on the atoms can be relaxed and  
ref inement  to a final s tructure achieved in a m i n i m u m  
number  of addit ional  cycles. The conventional R 
factor after the group ref inement  with isotropic 
thermal  parameters  on the non-group atoms was 7-5%. 

A three-dimensional  difference Fourier  synthesis 
was next  computed.  I t  was surprisingly smooth wi th  
a m a x i m u m  peak height of 0.6 e./~ -3. The difference 
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Table 2. Derived parameters for group carbon atoms* 

Group atom 

P(1)R(1)C(1) 
P(1)R(1)C(2) 
P(1)R(1)c(3) 
P(1)R(1)C(4) 
P(1)R(1)C(5) 
P(1)R(1)C(6) 

P(1)R(2)C(1) 
P(1)R(2)C(2) 
P(1)R(2)C(3) 
P(1)R(2)C(4) 
P(1)R(2)C(5) 
P(1)R(2)C(6) 

P(1)R(3)C(1) 
P(1)R(3)C(2) 
P(1)R(3)C(3) 
P(1)R(3)C(4) 
P(1)R(3)C(5) 
P(1)R(3)C(6) 

P(2)R(1)C(1) 
P(2)R(1)C(2) 
P(2)R(1)C(3) 
P(2)R(1)C(4) 
P(2)R(1)C(5) 
P(2)R(1)C(6) 

P(2)R(2)C(1) 
P(2)R(2)C(2) 
P(2)R(2)C(3) 
P(2)R(2)C(4) 
P(2)R(2)C(5) 
P(2)R(2)C(6) 

P(2)R(3)C(1) 
P(2)R(3)C(2) 
P(2)R(3)C(3) 
P(2)R(3)C(4) 
P(2)R(3)C(5) 
P(2)R(3)C(6) 

P(3)R(1)C(1) 
P(3)R(1)C(2) 
P(3)R(1)C(3) 
P(3)R(1)C(4) 
P(3)R(1)C(5) 
P(3)R(1)C(6) 

P(3)R(2)C(1) 
P(3)R(2)C(2) 
P(3)R(2)C(3) 
P(3)R(2)C(4) 
P(3)R(2)C(5) 
P(3)R(2)C(6) 

P(3)R(3)C(1) 
P(a)R(3)C(2) 
P(3)R(3)C(3) 
P(3)R(3)C(4) 
P(3)R(3)C(5) 
P(3)R(3)C(6) 

--0.3225(15) 
--0.3593(17) 
--0.4427(17) 
--0-4893(15) 
--0.4526(17) 
--0.3692(17) 

--0.2244(18) 
--0.3470(14) 
--0.3574(13) 
--0.2452(18) 
-- 0.1226(14) 
--0.1122(13) 

0.4483(13) 
0.5532(18) 
0.6826(15) 
0.7071~ 13) 
0.6022q 18) 
0.4728~ 15) 

0.0100, 12) 
--0.0272~ 15) 
--0.1550, 17) 
--0.2455~ 12) 
--0.2083, 14) 
--0.0805~ 17) 

0.2626(15) 
0.1939(11) 
0.2554(15) 
0.3856(15) 
0.4544(11) 
0.3929(15) 

0.2312(20) 
0.3184(19) 
0-3541(16) 
0.3027(20) 
0.2156(19) 
0.1798(17) 

--0.5139(12) 
--0.4142(17) 
-- 0-2826(15) 
-o.25o8(12) 
--0.3505(17) 
--0.4821(14) 

0.1890(16) 
0.2306(16) 
0.2398(16) 
0.2072(15) 
0.1655(16) 
0.1564(16) 

--0.2612(19) 
- -  0.3974(18) 
-- 0.4605(13) 
--0.3873(18) 
-0.2511(18) 
-o.1881(13) 

* C(1) is attached to P; other 
succession so that C(4) is para to 

y z 

0.35802(52) 0.4706(13) 
0.32021(57) 0.5053(10) 
0.29616(40) 0.4479(14) 
0.30992(51) 0.3559(13) 
0.34774(56) 0-3212(10) 
0.37179(40) 0.3785(14) 

0.43648(41) 0.4878(12) 
0.45508(52) 0.4777(13) 
0.49122(52) 0.4259(13) 
0-50876(41) 0"3841(12) 
0.49015(51) 0-3941(13) 
0.45402(51) 0"4460(13) 

0.12797(51) 0"0236(13) 
0.11330(47) 0"0805(11) 
0.12353(52) 0"0556(13) 
0.14843(53) --0"0263(14) 
0.16310(48) --0"0832(11) 
0.15287(51) -0.0582(12) 

0.19333(50) 0.2967(13) 
0.22146(52) 0.3686(11) 
0.23705(43) 0.3683(11) 
0.22450(49) 0.2960(13) 
0.19637(51) 0.2241(11) 
0.18079(45) 0.2244(11) 

0.21912(42) 0.2223(12) 
0.25459(51) 0.2039(12) 
0.28599(39) 0.1532(13) 
0.28191(42) 0.1208(12) 
0.24644(51) 0.1392(12) 
0.21504(39) 0.1899(13) 

0.18329(64) 0.4].59(11) 
0.21353(56) 0.4448(14) 
0-21760(49) 0.5451(17) 
0.19142(63) 0.6166(11) 
0-16117(56) 0.5878(14) 
0.15711(50) 0.4874(17) 

0.07571(54) 0-3678(13) 
0.04777(40) 0.3501(13) 
0.05806(46) 0.3669(13) 
0.09631(52) 0-4015(13) 
0.12425(39) 0.4192(12) 
0.11395(48) 0.4024(13) 

0.51331(38) 0.2021(13) 
0.50373(45) 0-2988(12) 
0.46373(54) 0.3282(10) 
0"43331(38) 0.2610(13) 
0.44288(46) 0.1643(12) 
0.48288(54) 0.1349(10) 

0.43988(55) --0-0411(11) 
0.44594(55) -- 0.03q7(12) 
0.45130(53) 0.0542(15) 
0.45060(55) 0.1427(1.1) 
0.44454(56) 0.1393(12) 
0-43918(55) 0.0474(15) 

C atoms are numbered in 
C(1). 

Fourier  synthesis shows several interesting features.  
Slight peaks are apparen t  a t  the  positions of all of 
the  phenyl  carbon a toms a t t ached  to phosphorus 
(the 'C(1)' atoms).  Clearly the  single isotropic the rmal  
pa rame te r  for the  ring is slightly too high for the  
C(1) carbon atom,  as is to be expected. In  the  region 
of the  R h  and P a toms there are indications of an- 



S A M  J .  L A  P L A C A  A N D  J A M E S  A .  I B E R S  515 

L~ 

E~ 

v ~ 1  ,--4 ,,,,-i 
~ v v v 

I I I 

o 

6 6 6 6 6 6 6 ~  

6 6 6 6 ~ 6 ~  

I 

isotropy in the thermal motions. Most interesting, 
the second most prominent peak of height 0.53 e.A -3 
is about 1.5 A_ from the Rh in such a position as to 
complete the trigonal bipyramidal configuration about 
the l~h. We thought that this might be the peak from 
the hydrogen atom, but since it could also arise 
because of the restriction of the heavy atoms to 
isotropic thermal motion a further refinement was 
run in which this restriction was removed and the 
l~h and P atoms allowed to vibrate anisotropically. 
The weighted R in the course of this refinement 
went down by a factor of 1.023, an improvement 
that is significant at less than the 1% level (Hamilton, 
1965). The conventional R factor for this refinement 
is  7 . 2 % . *  T h i s  r e f i n e m e n t  l e d  t o  t h e  p a r a m e t e r s  g i v e n  
in Tables 1 and 3 and to the structure factors presented 
in Table 4. Another difference Fourier synthesis was 
then computed, and what we will term the hydrogen 
peak was still the second most prominent peak on 
this somewhat smoother map. 

Characterizat ion of the hydrogen posit ion 

We have pointed out previously (Ibers & Cromer, 
1958) that in principle there is an optimum number 
of data to use in the location of light atoms in the 
presence of heavy atoms. In the language of the 
Fourier series the ratio of the peak height of an atom 
to the standard deviation of the electron density 
(signal-to-noise ratio) must go through a maximum 
as a function of scattering angle. This is easily seen. 
Consider in the present case the peak height @H of 
a hydrogen atom that is vibrating isotropically. On 
the assumption that all the structure factors within 
a limiting radius so (where s = 4 : ~  -1 sin 0) are avail- 
able this peak height is simply 

1 Ii °(l+a2s2/4) -~ exp ( - B s 2 / 1 6 ~ 2 ) s 2 d s  (4) eL = 

where a is the Bohr radius 0.5292 A_. Clearly @H 
will approach a constant value as So increases. 
(For B = 0, @A-+ (:~a~)-l.) On the other hand the 
estimated standard deviation of the electron density 
a(@) increases with so (i.e. with the number of terms 
in the Fourier series), as is apparent from Cruick- 
shank's (1954) formula 

a(q)= v-~(Z(~'o-~)~)½. (5) 

Thus @H/a(@) will go through a maximum for some 
value of A-1 sin 0. In practice this value can be 
determined by varying the number of terms in the 
Fourier series. Such a procedure has another im- 
portant advantage. If the peak ascribed to hydrogen 

* This value, as well as some of the distances, including 
the R h - t t  distance, differs slightly from those given previously 
(La P l a c a &  Ibers, 1963) owing to slight changes in the data 
brought about by  correction of a few indexing errors and the 
application of an improved absorption correction. 
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T a b l e  4 .  Observed and calculated structure amplitudes ( C u K ~ x ) f o r  H R h ( C 0 ) ( P ( C ~ H ~ ) ~ ) ~  

K L 0HS CALC K L 0HS C4LC K L ~BS C6LC K L BBS CALC K L 0BS CALC K- L 0BS C&LC K L 3MS tALC K L ~P5 C&LC 
* * * * * * H = 0 * * * * * *  

0 0 0 1 8 8 2  0 - 8  44 36 I 7 88 91 7 - 7  172 177 0 6 L18 104 6 - 6  62 61 l 5 83 85 17 - 6  5O 4~ 
0 12B 122 L -B 75 66 4 7 55 45 8 -7 76 80 I 6 56 56 7 -6 99 ')9 I 5 72 69 19 -o o4 5o 

6 0 8g  88 3 - 8  101 0g  5 7 35 3O I I  - T  88 91 2 6 52 40  8 - 6  I 1 7  I 1 6  4 5 6 q  63  20 - 6  53 47  
8 0 59 49 7 -8 45 t [  7 7 146 152 15 -7 64 63 3 6 70 74 9 -6 55 47 7 5 67 64 1 -7 61 56 

IO o 42 39 l -q 97 85 8 7 45 4) 17 =7 5t 51 4 6 5~ 44 I0 -6 98 97 I0 5 59 53 7 - 1  =~ 82 
12 0 134 141 2 -9 39 44 9 7 45 41 19 -7 44 4O 5 6 54 58 I I  -6 I00 l l O  | I  5 6O 63 8 -7 ~5 95 
14 0 61 6o 5 -9  83 Ut LI ? 115 125 21 -7 78 70 6 6 42 32 12 -6 53 54 I )  S 45 42 q -7 65 56 
16 0 171 180 9 -9 49 47 Ib 7 65 52 I -8 88 87 7 6 lq7 208 14 -6 92 81 14 5 46 46 I0 -7 51 51 
18 0 221 254  15 - 9  52 42 17 7 61 5O 5 - 8  117 127 10 6 69  7O 15 - 6  98 102 15 5 88 B4 I I  - 7  58 60  
22 0 114 117 I - I 0  51 54 19 7 61 53 6 -8 81 74 I I  6 I I /  l l q  17 - 6  7~ 71 18 5 72 61 12 -7 59 6O 
24 o 40 46 ) - IO 66 61 21 ? 79 88 9 -8 26 63 14 6 40 42 21 -6 72 ~1 Ig 5 104 116 15 -7 72 69 
2~ 0 6 ?  68  6 - I 0  6o  47  t 8 88 85 I - 9  a2 7O 15 b 109 108 22 - 6  46  46  I 6 I 1 5  126 9 - 8  19 66  

- [  300 310  7 - I 0  73 ?0 2 8 5) 48 3 -9 92 97  19 6 78 ?8 I - 7  ~4 31 2 6 84 88 IO - 8  g4  04 
) - l  17 15 l !  -LO 81 85 3 8 66 66 4 - 9  SO 62 2t  6 87 I O I  4 - 7  65 61 3 6 4O 42 ~ - 9  53 63 
4 - I  2) 21 I - I I  44 47 5 8 98 I14 7 - g  89 86 L ? 105 106 5 - 7  86 85 4 6 ?0 6 )  I - 9  54 52 
5 - l  15 72 3 -11  70 66 ~ 8 $9 27 8 - 9  42 51 t ? 37 36 6 - 7  64 56 5 6 R2 88 12 - 9  55 7O 

~ 115 I I )  8 94 105 15 -9 55 58  4 7 45 50 9 - 7  81 8') 9 6 98 98 I - I 0  ?S ~ I  
2 6 l  222 . . , , . . H = l l l * l l *  I I  8 77 7 l  I - l O  76 79 5 7 99 106 [0  - 7  78 17 1~ 6 S') 71 3 - l O  67 70 

8 - I  234 244 4 0 51 46 13 8 52 54 4 - I 0  54 42 9 7 133 148 12 - 7  40 42 16 6 95 91 
9 - I  126 126 5 0 121 105 l ?  8 6 )  65 5 - I O  94 [03  13 7 103 l i t  13 - I  96 I I 0  I? b 97 q8 - - - * - - H = 4 , * * - , ,  

lO - l  63 61 6 0 ?1 65 ) 9 ?2 76 8 - 1 0  45 46 17 7 84 85 17 - ?  7O 24 29 6 85 7~ 3 0 25 24 
IL  ~ 53 65 7 0 ~2 66 I g lO~  108 9 - t O  45 49 19 7 8? 79 19 - ?  26 5Q 21 6 68 64 4 0 I I )  141 
12 166 161 9 0 61 56 I I  9 69 72 L - I I  80 69 20 7 58 53 1 ~ 4U 48 L 1 98 IOb 5 0 122 12C 
13 - I  78 69 I I  ~ 55 51 I )  g 44 31 I 8 56 49 3 4O 35 t 7 99 117 6 0 l l )  I00 
14 - I  s t  42 12 g8 94 5 IO 27 76 * . . I . * H = 2 . . * I I *  3 8 94 117 4 - 8  56 42 7 7 134 139 ? o 25 26 
16 - l  13~ 136 13 0 33 )5  g IO 95 g2 3 132 18~ 6 8 41 33 5 -8  40 38 IL 7 119 L05 8 0 69 62 
IB -I 123 124 14 0 123 125 2 -I 47 44 4 9o 92 7 8 82 75 7 -8 ')L 9o 15 7 97 94 9 0 6+ 67 
20 -I 114 I15 15 0 30 25 ) -I 6~ 55 5 137 161 8 8 83 87 8 -8 50 53 lq 7 95 91 lO 0 121 111 
24 - I  75 73 16 0 151 146 4 - I  I08 I00 6 
25 -l 5B 59 18 o 76 73 5 -l 39 40 7 
26 -, .... 2 . . . . .  ,,, 6 -~ +, 8, 
27 -I 4~ 48 21 o 54 44 7 -I 174 182 
o -2 82 83 24 o 52 61 8 -1 39 4O LO 

' :g . . . . . .  ? . . . . .  : I  . . . .  " 12 
2 51 4~ ) 26 21 I0 169 I+Z 13 
I - Z  37 ) t  4 t t o 5  xo5 t t  - )  t 4 2  t 42  t 4  
4 - 2  34 3P 6 l 77 68 12 -l 32 28 15 
6 - 2  94 9 o  ~ ~ i ~ i  t 2 9  ~3 - ~  4 :  4 3  t o  
7 - 2  132 133 8 I I~3 125 14 - I  73 68  17 
8 - 2  $o 20 IO I 34 35 16 -1 90 79 18 

1o -? 167 L?O I I  l I L3  107 IB - [  90 98 22 
. . . .  ~2o . 9  ~2 ~ . . . .  2o -~  ,+ ,8  2+ 
12 -2 )6 35 L3 1 97 lO1 22 - 1  124 t31  26 
l~  - 2  t )  24 14 1 130 129 I - 2  52 51 2 
~4 - 2  9 ~  9 s  ~s t 4 8  4 6  2 2 73 ~o 
15 - 2  50 47 18 I 176 171 3 - 2  70 74 4 
~6 - 2  53 5 4  zo t 46 4 2  4 - 2  t t ~  L 2 2  5 
, ,  -2  . . . . .  2 , . . . . . .  5 -2 . . . . .  
18 - 2  52 47 26 1 ~5 43 6 - 2  232 237 7 
2 o  - 2  6 6  66 ~ 2 6 9  6 ~  ~ 2 45  49  
21 - 2  52 46 2 2 3O 21 8 - 2  22 19 9 
22 -2 60 61 3 2 191 201 lO -2 35 23 lO 
23 - 2  39 3') 4 2 160 144 II - 2  96 92 12 

| - 3  89 B7 5 2 201 195 12 - 2  100 [o) 13 
2 - 3  180 LTZ 6 2 22o 22a 13 - 2  56 59 14 
4 - 3  ~5  ~ t 9  8 2 ~ 2  t o t  ~5  - 2  9o  ,6 t 5  
5 - 3  46 52 9 2 87 8O 16 - 2  68 74 16 
6 - 3  83 81 10 2 14g  140 19 - 2  67 68 17 
T - 3  97 98 12 2 162 16q 20 - 2  95 l O l  18 
8 3 4o  38 =3 2 t ~ c  i t =  2 2  2 4 9  4 8  2o 
q -3 125 125 15 2 I07 109 24 -2 6O 5T 24 

I I  - 3  13 70 16 2 66 71 0 - 3  341 386 o 
12 - 3  76 77 17 2 34 35 2 - 3  214 226 / 
I) -3 34 35 18 2 61 6L 3 - 3  144 142 
15 -3 43 32 19 2 ~5 )6  4 - 3  208 212 3 
L6 - 3  31 37 2O 2 60 61 6 - 3  62 68 4 
17 - 3  46  ~o 24 2 43 44 7 - 3  95 94 5 
19 - 3  43 28 25 2 70 54 ~ - 3  104 I06  7 
20 - 3  63 66  l 3 187 IB2 9 - 3  I l l  l l O  8 
25 - 3  66 62 2 3 30 29 14 -3 44 54 lO 

o - 4  32 2~ 4 3 42 39 15 - 3  [04 100 I I  
l -4 88 95 7 3 227 225 16 - 3  tO0 LOT 12 
2 -4 42 40 8 3 142 150 17 -3 96 92 14 
3 -4 39 35 g. 3 27 2~ 18 - 3  106 94 15 
4 - ~  177 188 10 3 92 92 21 - 3  48 46 16 
7 - 4  75 71 11 3 120 I 1 6  22 - 3  8 !  72 L7 
8 - 4  40 31 12 3 56 44 I - 4  ) )  35 18 

IO -4 5 l  50 14 3 79 84 7 -4 181 19~ 19 
I I  - 4  48  51 15 3 58 55 ) -4 41 4 6  21 
12 - 4  54 53 16 3 42 46 4 -4 154 155 22 
14 -4 89 89 17 ~ 36 40 b -4 15 6~ 23 
16 - 4  33 2 )  18 114 109 8 - 4  120 120 1 
17 - 4  34 28 2~ 3 43 ~6 9 - 4  161 162 2 
18 -4 66 65 4 137 136 lO -4 126 I f 9  3 
21 - 4  4T 49 2 4 145 152 Ll -4 127 122 4 

22 - 4  40 51 3 4 55 51 12 - 4  90 90 5 55 51 11 ~ :  41 37 2 
1 -5 126 1 2 /  4 4 67 64 l ~  - 4  ~9 ~7 7 3 114 127 12 30 12 3 
2 -5  140 137 5 4 45 36 14 -4 46 4L 9 3 125 141 13 -3 54 54 4 
3 - 5  106 131 6 4 t8 J l  16 - 4  89  1 0 t  10 3 85 87 16 - 3  7U 15 5 
4 - 5  73 65 9 4 68 7~ tB - 4  ~7 38 12 3 71 64 I~ - ~  51 44  6 
5 -5 132 130 lO 4 108 I l l  19 -4 38 42 13 3 90 95 20 -3 107 105 7 
6 - 5  143 141 12 4 6~ 7L 20 - 4  I12 108 15 70 67 24 - 3  85 97 9 
7 - 5  51 51 13 4 73 86 0 - 5  148 164 16 3 77 82 o - 4  204 21~ I0 
8 - 5  74 Ol 16 4 131 132 4 ~ 104 l i b  19 3 40 39 I - 4  31 28 12 
9 - 5  101 103 17 4 51 45 5 48 45 20 3 42 53 ) - ~  ~6 29  13 

I0 -5 112 116 19 4 48 43  6 -5 63 71 21 3 43 ~q 4 -4 129 130 15 
I I  - 5  37 I I  20 4 76 77 7 - 5  144 149 25 3 75 61 5 -4  57 16 16 
12 - 5  177 190 o 5 51 41 8 - 5  75 86 o 4 80 79 6 - 4  115 117 17 
13 -5 87 89 I 5 116 112 9 -5 52 45 ~ 4 tO0 96 8 - 4  137 141 18 
14 - 5  92 86 ) 5 56 50 1o -5 49 45 4 95 99 9 -4 46 40 19 
16 - 5  106 I07 4 5 138 132 11 -5 13)  149 3 4 42 33 LO - 4  4~ ~d 21 
19 - 5  38 40  I 5 71 71 14 - 5  104 114 4 4 84 81 I I  - 4  I 0 9  106 23 
20 - 5  67  6 )  8 5 87 e~ 1~ - 5  62 48 5 4 2~ 2 9  12 - ~  64 6 r  o 
21 -5 40 ) )  1o 5 94 82 11 -5 60 56 7 4 71 74 13 -4 62 51 1 

o - 6  41 43 12 5 72 70 1~ - 5  LO~ 104 O ~ 60 50 I~ -~ O0 5 }  } 

- 6  65 70 14 5 q5 Ill 22 -5 61 61 LO 4 59 56 l S  - 4  36 36 4 
2 -6 41 33 15 5 83 89 23 -5 44 4 t  It 4 52 6J 16 - 4  64 60 5 
) - 6  1 ) 0  132 16 ~ 54 ~9 ~ - 6  65 71 14 4 84 9 0  18 - 4  ZOO IOU 6 
4 -6 103 112 17 55 55 -6 81 7"1 15 4 69 64 22 -4 120 121 7 
7 -6 214 230 I~ 5 15 ~ l  5 -6 119 122 18 4 70 60 ~ -5 123 131 II 
8 - 6  125 135 21 5 53 51 6 - 6  59 55 20 4 41 ~2 - 5  58 50  12 

|o  - 6  143 115 ~ 6 58 54 7 - 6  g o  82 21 4 44 44 4 - 5  82 79 14 
I I  -6 l)) 134 6 )5 31 8 - 6  46 )7 1 5 120 120 c -5 89 90 15 
12 -6 $4 3) 4 6 55 52 9 -6 206 214 2 5 124 124 7 IS 61 62 17 
14 -6 99 190 5 6 I00 I02 I0 -6 01 8~ 3 5 56 55 8 -5 63 6T 19 
15 - 6  89 105 9 6 191 212 12 - 6  86 d )  4 5 90 87 9 - 5  I 00  94 20 
IB -6 61 64 10 6 06 91 13 -6 61 62 5 ~ 99 104 I0 ~ 121 131 1 
19 - 6  6q  7)  12 6 68 6~ 15 - 6  54 44 8 I01  93 12 102 I 0 6  3 
23 -6 74 TO 13 6 65 G4 16 -6 6~ 65 9 5 6J 53 13 -5  112 I I 0  6 

t - ~  t 4 o  t 4 4  ~4 6 18 +o i ~  - 6  4o 4~ Io ~ 8o e o  t 4  ~ 52 54 
5 -7  131 129 16 6 63 64 l y  - 6  78 18 L2 72 11 16 ')5 91 8 
9 - 7  L25 L25 17 6 55 60 21 - 6  75 81 L3 5 113 1 1 /  L9 - 5  66 65 12 

13 -7 52 57 l q  6 6~ 62 25 -6 55 62 16 5 q4 lO0 2O - 5  91 9O 13 
16 - 7  49 44 21 6 ~ 86 o - 7  h4 5? 17 5 87 87 1 - 6  12 25 14 
17 - 7  61 62 2 ]  6 65 59 2 - 7  4B 45  19 5 4~  48 2 - 6  40 27 [6  
19 - 7  91 I01 0 ? 48 46 3 - 7  115 l l /  20 5 44 48 4 - 6  86 lO0 17 
21 - 7  74 72 L 7 14 ~) 6 - 7  60 60 2 )  5 8! 80 5 -6  52 4 )  0 

44 44  I I  8 68 62  9 - 8  s t  50  I 8 l i t  120 12 0 57 55 
62 58 13 8 44  39 I I  - 8  52 4 9  3 8 68 56  13 0 64 64  
89 ~l 15 8 64 65 12 - 8  43 40 4 8 49 42 14 0 67 68 
96 91 l 9 75 62 15 - 8  55 6 0  5 8 98 100 15 0 6 l  57 
78 81 5 9 54 4 )  I -9 96 78 6 8 78 68 16 o ~7 40 
73 79 9 g 7 l  62  3 - g  6L ~ 8  9 8 l o t  109  18 0 84 81 
50 50 I0 9 71 46 5 -9  75 70 13 8 65 59 22 0 96 108 
88 86  ) 10 6 5  6 ~  6 - 9  5 ~  5 0  l 9 5 2  5 ~  ~ 4  0 ~ 8  49 

104 107 7 tO 74 57 q - 9  70 67 ] 9 64 71 2 114 124 
94 95 8 10 66 62 l o  - g  55 ~6 7 q 65 52 I ] 5  139 
42 ~I 2 - I  179 182 12 -9 46 39 8 9 8~ 15 70 56 

178 195 3 - I  128 | 2 1  13 ~9 46 4 9  0 - I  2 5 5  2 9 4  6 108 I I )  
102 l i t  4 - I  145 I ~  L - tO 73 lo  I - I  120 l ) l  7 63 59 

63 64 5 - I  38 38 ~ - I O  5T 60 2 - I  04  94 8 122 l l L  
47 42 6 - I  122 113 6 - 1 0  47 41 ~ - I  58 52 9 78 77 

1~5 132 7 - I  39 ~2 7 - t O  81 8 t  4 - I  73 70 tO 12 80 
~t z J  8 - t  I 2 z  t ~  t o  - t o  47  ~ s - t  4~ 44  ~ z4~  t 3 4  
50 55 9 - 1  63 60 6 - I  40  38 13 l o t  97 

I~6 13$ IO - I  114 123 * * * * * ' H = ) * - * * * -  7 - I  96 lO l  15 57 51 
I ) I  14o II I t  56 54 I o 47 67 B I t  88 81 16 79 8J 
I I ]  117 12 - I  I L 6  103 2 o L22 145 9 - I  49  38 17 61 65  
23 25 13 -L 29 19 3 0 I13 116 I0 - I  48 41 [~ 40 30 

129 131 14 - I  37 38 4 0 29 24 12 - I  113 I 1 2  20 I 0 6  I t ?  
89  88 15 - I  39 28 5 0 60 59 13 - I  75 64 21 54 54 

I I 9  127  16 - I  85 8~ 6 0 157 156 I~ - I  69 61 24 68 66 
I 145 157 18 - I  67 57 7 o 153 148 15 - I  72 68 o 2 91 g )  

72 67 20 - I  114 121 8 0 89 85 16 - I  98 95 1 73 E l  
I 79 76 24 - I  77 68 IO o )o 22 16 - I  lO2 1o4 3 2 75 77 

140 152 26 - i  74 66 I I  o 39 36 22 - I  87 76 ~ 65 5e 
50 5~ o -2 to !  to !  12 o ILO 114 I - 2  l l O  111 6 P ~6 21 
45 44 l - 2  89 Pg 13 0 70 6 q  2 - 2  102 94 7 2 114 I16 

I t25 126 2 -2 lit 113 14 0 58 59 3 -~ 42 40 S 2 52 54 
l 55 54 ~ -2 22 21 15 0 114 108 5 -2 39 31 I0 2 95 96 
2 156 174 4 - 2  41 40 16 0 145 141 G -2 61 52 I I  2 96 96 

82 79 5 - 2  104 107 18 0 81 85 7 - 2  27 31 12 10 76 
2 91 87 6 - 2  IOZ 108 20 o 1~6 142 8 - 2  )5  32 13 2 59 ~5 

24 21 7 - 2  55 55 24 o 92 l O t  IC - 2  77 74 14 62 66 

2 60 63 l 0 -2 64 59 t 47 50 13 -2 6~ 59 17 2 49 43 
2 9P t O l  t t  - 2  86 85 2 52 48  t4  - 2  7~ P5 le  2 05 58 

86 84 L2 - 2  57 5~ J 54 45 t 6  - 2  58 56 19 95 I [ $  
1o0 93 13 - 2  42 43 4 162 16q 20 - 2  89 84 21 2 04 58 

2 127 146 14 - 2  81 8 t  5 45  42 0 - 3  113 122 23 2 58 5~ 
2 lO0 I l O  L5 - 2  46 29 7 I15 112 I - 3  32 16 I 3 I05 112 
2 88 Be 16 -2  5~ 63 ~ 97 102 2 - 3  69 71 3 3 45 ~6 

78 75 l~  - 2  107 109 9 29 22 3 - 3  38 32 4 3 ~7 8~ 
2 ~s 4 2  2~ - 2  5 8  ~o  i o  os eo  4 - 3  9 6  ~z  s ~o ~ 
2 72 68 22 - 2  89 89 I1 65  57 5 - 3  34 $$ 6 3 61 62  
2 95 102 20 - 2  41 54 12 ~2 38 6 - 3  85 88 7 3 91 81 
2 6 [  51 l - 3  40  36 13 102 103 8 - 3  q4  U9 9 3 55 52  
2 72 61 2 - 3  92 92 14 127 128 9 - 3  33 $6 10 3 40 )7 
2 4 )  4 ~  3 - ~  60 56 i ~  ~ ) ~  t 4 1  ~4 +~  4B 5~ t t  3 ~ ~ :  
2 44 $8 4 - 3  32 28 t 6 41 36 15 - 3  41 22 13 3 106 111 

38 27 6 - 3  167 179 17 52 6 0  16 - 3  79 89 15 $ 96 90 
18 11 8 - 3  11 82 IP 128 116 18 - 3  91 ~6 17 3 106 101 

3 12 21 9 - 3  86 84 22 94 92 22 - 3  121 114 0 4 5 )  46 
3 70 6U IO -3  121 124 I 2 75 82 I -4  43 35 I 4 d~ 89 

I18 115 2 -~ I~2 l~b 2 4 5O ~7 
? 9~ 81 4 -4 I16 I15 ~ ~ ~6 ~2 

~0 47 5 - ~  6~ 6~  5 4 57 ~6 
l l ~  109 6 -4 102 I I 0  7 ~ ~ ~!  

2 t07 I00 e -4 bO 51 e 4 62 5~. 
2 35 3~ 9 -+ 61 58 I0 ~ 6l  61 

I~0 141 lO -~ 104 107 15 4 120 8~ 
2 70 66 I I  -~  38 39 tg 4 12 bb 

95 94 12 - ~  ~ 90 I 5 I~2 14~ 
2 L25 l ~ l  l~  - ~  72 7S ~ 5 58 5~ 

~o ~5 16 - ~  6~ 65 5 5 I07 lOu 
2 23 80 20 - ~  112 125 12 5 6~ 61 
2 82 82 0 - 5  146 156 I~ 5 71 69 

2 61 57 5 ~6 ~ 0 6 51 ~ 
2 5~ ~6 6 -5 85 86 I ~ 6~ 5~ 
3 66 69 l - 5  9! ~ ~ 6 I~6 150 

79 82 8 -5 I07 I0~ ~ 6 46 4~ 

~9 55 9 - ~  5~ GO 7 0 ~2 16 

3 l ~ 6  I)7 II -5 I00 98 14 6 70 59 
I I  ~ 12 -5 84 82 15 b go 9~ 

119 l l ~  t~ -5 5) 4~ 18 6 47 ~6 
3 7~ 82 14 - 5  88 99  19 6 gO 9~ 
3 38 T8 16 -5 7~ 66  I 7 85 92 

~ t  52 t 8  - 5  ~5 ')2 2 7 ~0 ~ 
7~ 80 22 -S  lOl t o e  ~ ? ~ l  51 

+ 64 5+ l -6 29 J7 + 7 41 42 
77 75 ~ - 6  6~ 70 5 7 IC5 123 

3 50 45 ~ -6 ~8 38 9 7 96 91 
4 72 75 5 - 6  49 51 13 ? 85 82 

75 70 6 -6 IO~ IO9 I 8 76 70 
59 56 7 - 6  58 52 3 8 8~ 92 
66  59  8 - 6  66  5 6  7 ~ 71 60  
~4 ]5 9 - 6  108 106 8 8 85 8~ 
71 1~ tO - 6  97 106 I I  8 66  6 1  
79 l q  12 - 6  l o t  I 0 0  6 9 67 64 
4~ ~t 13 - 6  92 76 9 9 9 0  e J  
56 5~ I~ -6  47 41 l - I  20 I I  
89 89 15 -6 5~ 59 2 - I  156 167  
g6 87 t 6  - 6  49  45 3 -1 I ?B  I t +  
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Table 4 (cont.) 
K L ~8$ CALC K L fiBS CALC K L ~8$ C~LC K L BHS C~LC 

4 - I  97 95 3 - 5  32 31 12 1 59 62 0 - 1  49 64 

6 - I  50 48  5 - 5  66 60  15 1 82 BO 2 - 1  ~8 } 0  
8 - 1  75 18 6 - 5  85 81 | ?  1 66 6 7  4 - I  3 t  32 

10 -1  121 122  8 85 88 2 125 1$8 - 1  15 24 

12 - 1  31 39 1 115 116 76 75 9 35 28 
13 - I  61 64 12 -5  81 73 4 2 50 %8 tO - I  56 60 
14 - I  63 65 14 - 5  86 76 5 2 91 93 11 - 1  59 56 
15 - I  61 64  16 - 5  74 74 6 2 47  37 12 - 1  78 86 
16 -I 45 4 )  20 - 5  87 102 9 2 II0 117 13 -I 35 30 
17 -I 38 40  o - 6  51 45 IO 2 77 75 L4 -I 45 41 

20 - I  74 76 3 - 6  51 55 13 2 133 141 16 - I  39 38 
23 -I 57 57 4 -6 81 87 L5 2 49  ~7 tB - I  52 40  
o -2 189 20~ 6 -6 69 ?2 16 2 71 74 2 -2 45 ~8 

55 55 8 -6 66 70 19 2 6~ 62 4 -Z g7 79 

8 -2 72 72 II -6 90 96 0 3 61 56 6 -2 121 109 
9 - 2  120 l lO  t2 -6 71 74 I 3 i t 9  131 8 - 2  70 61 

10 -2  46 36 t 4  -6 52 48 3 3 98 98 9 - 2  64 62 
12 -2 55 52 L5 - 6  54 58  5 3 55 53 IO -2 7~ 74 
15 -2 68 63 17 -6 64 65 7 3 78 75 1~ -2 80 81 

17 -2 39 40 56 63 I 3 50 42 - 3  138 142 
L8 - 2  49 56 4 - 7  40 39 t l  3 78 ?3 t -3 58 55 

22 - 2  85 90  9 - 7  79 78 16 3 61 50  3 - 3  83 16 
2 - 3  59 57 l 0  - 7  80 8 l  17 3 70 60  4 - 3  109 98 
3 -3 l O t  IOO 8 - 8  63 72 19 3 81 82 5 -3 34 20 
4 -3 53 55 6 -9 82 B6 l 4 96 lO0 6 - 3  102 97 
5 - 3  61 56 3 4 6~ 61 7 - 3  52 47 
6 -3  76 7 }  * * * . * *H=5 - - * . . *  5 4 11 67 8 - 3  66 61 

- 3  98 99 2 o 60 72 9 4 69 61 | 0  - 3  82 75 
- 3  52 49 3 o 92 1oo 13 4 77 84 t l  - 3  60 55 

1o -3  44 41  4 o 26 32 17 4 79 97 12 -3  63 61 
12 - 3  34 36 5 0 43 33 0 5 74 I I  15 - 3  57 56 
14 -3  77 77 6 o 133 128 1 5 86 84 18 - 3  82 90  
15 -3 37 40 7 0 73 65 2 5 35 )6 2 -4 126 129 
16 - 3  55 55 8 o 62 53 3 5 76 87 4 - 4  152 131 
20 - 3  93 86 9 0 49 43 5 5 37 43 5 -4 39 38 
21 - 3  55 45 tO 0 76 76 7 5 60 62 6 - 4  126 127 

0 -4  I I I  189 I I  0 39 3b 15 5 45 ~5 8 -4  116 I l l  
l -4 60 50 12 0 52 46 l 6 9L 104 10 -4 120 122 
2 -4 90 86 13 o 88 81 2 6 39 35 12 -4 61 59 
3 -~ 49 45 14 o 63 5q 3 6 40 3} 14 -4 71 7q 

5 6 76 T5 16 -4 53 50 4 -4  l i t  I l l  15 o 76 77 
5 - 4  51 31 16 0 74 67  9 6 74 57 o - 5  117 114 

- 4~o4  ,o, 2~ ~ . . . . .  ~ ~ 85 0,  ~ :~ . . . .  
- 4  53 53 84 119 7 80 T5 81 80 

8 -4  133 140 2 1 30 26  3 7 81 87 4 - 5  93 95 
12 - 4  80 80 4 l 98 t02 7 7 89 84 6 - 5  95 99 
15 -4  ~9 46 5 l 55 58 8 7 78 77 8 - 5  114 II0 
16 - 4  86 70 7 t to2 9q l !  7 93 98 9 - 5  66 6~ 
18 - 4  105 I O )  8 1 155 170 1 8 57 47 I0  -5  62 44 
22 -4  120 t 3 5  9 t 29 30 5 8 57 53  l !  - 5  80 79 
[ - 5  56 51 I0 1 72 78 6 8 9~ 81 12 - 5  96 89 
2 - 5  135 135 I I l  94 98 9 8 102 106 16 - 5  55 49 

K L ~85 CALC 

17 - 5  46 51 
18 -5 88 93 

2 -6 72 61  
3 -6 55 46 
7 - 6  49 45 
8 - 6  41 49 
9 -6 88 93 

IO - 6  79 80 
13 - 6  54 56 
15 - 6  46  49  

5 - 7  43 46 
6 -7  43 42 
o - 7  7o 69 
6 - 8  66 59 
8 - 8  47 ',9 

* *  H *  +H=6 ,H , * *e ' .  

2 0 22 32 
3 o 21 16 
4 0 40 42 
5 0 65 51 
6 60 53 
7 50 ~4 
8 64 70 

I0 69 61 
11 73 63 
12 76 72 
13 38 31 
14 68 53  
15 65 51 
L7 54 56  
18 71 73 

t 39  6 0  
2 54 61 
3 71 73 
5 B1 71 
6 81 85 
7 49  ~ 
8 47 46 
9 107 91 

1o 67 72 
12 78 67 
13 94 t o 0  
15 51 ~9 
16 74 72 
17 77 82 
o 2 43 45 
t 121 129 
3 2 89 93 
4 27 20 
5 2 70 61 
7 Z 119 l l Z  
8 2 65 62 

I0 36 36 
I I  2 83 92 
15 100 105 

3 114 119 
68 b6 

4 3 39 3q 
5 69 69 

K t ~s  CALC K L ~A$ CALC K L ~BS CaLC 

8 3 36 37 2 - ~  33 3% 1 5 81 T7 
9 3 78 UO 4 - 4  90  96  2 5 ~,1 ~6  

10 3 38 36 b - 4  106 120 3 5 50 58 
13 3 79 83 1 -~  62. 59 1 6 70 75 
17 3 88 9% 8 -4 98 99 3 6 B4 91 

4 98  Lo3 9 - 4  66  6o  o - ~  2a 39 
3 4 69 79 10 -~  83, 84. 1 - 1  33 35 
,7 4 5~. 44 | 2  - 4  77 73 2 -1  ~7 29 
9 4 49  42  14 - ~  4~ 50 3 - 1  33 37 

15 4 73 77 16 -~ 46 58 4 - 1  23 ?z  
l 5 80 81 2 -5  I06 I12 5 - I  59 54 
3 s s~ s~  ~ -~  7~ r~  6 -~  , ,7 ~0 
5 5. 49 51 6 - 5  83 81 7 - I  59 5,7 

1 6 79 7Z IO -5  73 16 10 - I  43 42. 
3 6 91 lO0 0 - 6  78 74 I I  - I  58 53  

6 63 52 4 -6 42 46 l~ -I 66 60 

1 7 91 100 6 -6 43 52 15 - I  68 66  
3 7 73 81 6 -7 46  62 2 - 2  4~ 43 
5 7 57 60 3 -2  49  45  
6 7 57 51 , * * * * , ~ :  7 . , * * * * *  4 - 2  33 28  
2 -I 31 30 3 0 37 46 5 -2 64 5U 

4 -1  40 43  5 0 48  49  7 - 2  45  47  

6 - I  51 52 8 0 53 50 9 -2  102 lO l  
7 -I 55 51 9 0 57 57 I0 -2 68 60 
8 - I  55 53 I0  0 85 83 13 -2  76 85 

l o  - 1  ';'5 86 1~' o 1,7 37 o - 3  78 86 
12 - I  44  45 13 0 56 52 I -3 30 25 
13 - I  92 102 I I 44 69 2 -3 53 48 
15 - I  65 45  3 l 66  84 3 - 3  38 32 

0 - 2  56 68 4 l 69 76 4 - 3  67 66 

4 -2  67  67  7 l 88 78 7 - 3  89 75 
5 -2 46 41 8 1 9~, 94 8 - 3  67 69 
6 - 2  49 47 10 1 62 58 9 - 3  46 40  
7 -2  55 48 11 1 75 80 l 0  - 3  47  42  
8 -2 114 106 LZ I 68 76 II -3 69 63 

I1 -2 56 54 1 2 113 132 13 - 3  52 40  
L2 - 2  79 79 3 2 79 76 l - 4  43 53  
15 - 2  72 80 5 2 I l l  117 ? - 4  120 125 
~ - ~  43 30 b z ~ 6s ~ - 4  44 ~'~ 
17 -Z  44 45  8 2 ~3 41 4 - 4  77 71 
18 - 2  46 66 9 2 63 ~6 5 - 4  37 33 

2 - 3  99 107 10 2 54 56 6 -4 70 65 
3 -3  50 49  13 2 73 87 7 -~. 38 27  
4 -3  Sl  52 0 3 78 84 u - 4  88 89  
5 - 3  57 51 l 3 I0~ 108 9 -4  70 74 
b - 3  80 73 ~, 3 O8 g6  10 -~* so Sl 
8 - 3  '96 80 4 3 41 3J o - 5  120 1 3 )  
9 -3  82 8 )  7 3 83 82 2 - 5  49  58 

Io -3 93 90 I I  3 73 76 4 - 5  90 104 
13 -3  75 74 I 4 105 L12 6 - 5  71 66 
14 - 3  42 42 2 4 73 62 8 - 5  60 5~ 
15 -3  43 45  3 4 37 30 2 -6 76 79 
16 -3  70 61 5 ~ 39 41 
o -~, g4 9 t  7 4 4') 

is an artifact, arising for example from improper 
treatment of the l~h scattering or vibrations, then 
it should disappear or shift markedly as the number 
of terms in the series is varied. If the peak is genuine, 
then its position should stay approximately constant 
and its height should change in accordance with 
equation (4), as the number of terms is varied. 

Fourier maps were calculated for cut-offs in 2. -1 sin 0 
of 0.20, 0.25, 0.30, 0.35, and 0.416 /~-1 (complete 
data set). Table 5 lists the number of independent 
terms in these series, the derived peak height ~E of 
the hydrogen peak, a(Q) calculated in accordance 
with equation (5), @E/a(~), the derived R h - H  distance, 
and 0 c for a hydrogen atom with a B of 3 ~2. Note 
that a(~) varies smoothly with the square root of the 
number of independent terms, as is expected if errors 
in Fo are independent of scattering angle. The 0.20 
Fourier map is definitely inferior to the others as 
judged both visually and by the lower value of 
~E/a(~). :Presumably this is because of the greater 
relative effects of ripple from termination and because 
of the greater relative errors that result from the 
missing low-order terms. The values of QE/a(~) in 
Table 5 cannot be interpreted in the ideal way 
suggested above, for a careful examination of the maps 
shows that an interfering peak begins to grow in the 
vicinity of the hydrogen peak on the 0.35 map and 
that the interference is serious on the 0.416 map. 
Thus at the high cut-offs there is greater uncertainty 

in the peak height and in position of the hydrogen 
peak. Because of this interference ~z does not vary 
smoothly with cut-off as can be seen when it is 
compared with ~c (Table 5). The particular values 
of ~c are included in Table 5 for illustrative purposes, 
rather than because a zero charge on the hydrogen 
and a B of 3 ~2 are favored. In fact the general 
agreement between ~E and e c (for a variety of assump- 
tions about charge and thermal motion) is very good 
indeed. This, together with the fact that this peak 
is the only constant feature on the various maps, 
convinces us that this peak is in fact from hydrogen 
scattering. There is no apparent interference on the 
0.25 and 0.30 maps and from these we derive an R h - H  
distance of 1.60 A. The standard deviation, as 
estimated from Cruickshank's (1954) formula is 
0.12/~.  In view of this large, but reasonable, standard 
deviation it did not seem worthwhile to attempt to 
refine the hydrogen position. 

Since one does not ordinarily expect to detect 
hydrogen in the presence of an atom as heavy as 
rhodium, it is worthwhile speculating on why it was 
possible here. First, the data are obviously of good 
quality, or else the very smooth difference map and 
the very low R factor would not have been obtained. 
Second, because of the very large cell there are a 
considerable number of low-order terms to which 
the hydrogen atom contributes, and from which its 
position can be derived. Third, the structure exhibits 



518 T R I S T R I P H E N Y L P H O S P H I N E  R H O D I U M  C A R B O N Y L  H Y D R I D E  

Table 5. Hydrogen peak heights and related quantities 
Cut-off (A -~) Number of terms ~z (e.A-a) a(~) (e.A -a) ~E/a(~) ~c (e./t~-a) Rh-H (A) 

0.20 240 0.16 0.025 6.3 0.16 1.95 
0-25 461 0.27 0.033 8.1 0.25 1.63 
0.30 762 0.34 0.043 7.9 0.34 1.57 
0-35 1088 0.51 0.052 9.9 0.42 1.5 
0.416 1480 0"53 0.061 8.7 0.53 1-4 

l i t t le the rmal  motion because the bu lky  phenyl  rings 
interlock t ightly.  Fourth,  as ment ioned above, the 
scat ter ing of the R h  and  P atoms is not overbearing. 
Final ly ,  fifth, the group ref inement  prevents  the loss 
of detail  (some of which can be spurious) by  el iminat ing 
extra, physical ly  unnecessary parameters.  

configuration for t r is- t r iphenylphosphine rhod ium 
carbonyl  hydr ide  tha t  is essentially a tr igonal bi- 
pyramid.  A perspective drawing of the molecule is 
shown in Fig. 1. Selected intramolecular  distances and  
angles are tabula ted  in Table 7. 

Final  p a r a m e t e r s  and errors  

The errors on the  group parameters  (Table 1) are 
those derived from the inverse matr ix.  F rom this 
mat r ix  the errors in the coordinates of individual  
group a toms can be derived. The coordinates and 
errors of the  carbon atoms (but not the hydrogen 
atoms) are given in Table 2. These coordinate errors 
can be applied to an error analysis  of distances not  
involved in the  same ring. The intra-ring distances 
are, of course, fixed. 

The tabula t ion  of structure factors (Table 4) does 
not include unobserved reflections, for no value of 
Fc exceeded our est imate of Fm~ for any  of the 
weak reflections accessible on the films. 

I n  Table  6 we list the  principal  values of the root- 
mean-square ampli tudes  of vibrat ion of the Rh  and 
three P atoms. The orientations of these vibrat ional  

appear  to conform to any  simple picture of the 
vibrat ions of the molecule as whole. The orientations 
can, of course, be derived from the da ta  of Table 3. 

Table 6. Root-mean-square amplitudes of vibration (A) 
Atom Min. Int. Max. 

Rh 0.139(4) 0 . 1 5 3 ( 4 )  0.162(4) 
P(1) 0 - 1 4 2 ( 1 5 )  0 .170(14)  0.222(11) 
P(2) 0 . 0 9 5 ( 2 1 )  0 .173(13)  0.214(12) 
P(3) 0 . 1 2 2 ( 1 6 )  0 .161(15)  0.198(12) 

Descr ipt ion  of the s tructure  

The parameters  of Tables 1 and 3 and the symmet ry  
e lements  and  cell dimensions define a molecular 

Table 7. Selected intramolecular distances and angles 
Rh-]=I 1-60(12) A OC-Rh-H 170(5) ° 
Rh-P(1) 2.336(8) O-C-Rh 179(2) 
Rh-P(2) 2 . 3 1 6 ( 9 )  P(1)-Rh-CO 94.8(8) 
Rh-P(3) 2 . 3 1 5 ( 8 )  P(2)-Rh-CO 104.0(8) 
Rh-C 1 - 8 2 9 ( 2 8 )  P(3)-Rh-CO 97.8(8) 
Rh-O 3 . 0 0 2 ( 2 0 )  P(1)-Rh-P(2) 115.8(2) 
P(1)-P(2) 3 -942(11)  P(1)-Rh-P(3) 120.5(3) 
P(1)-P(3) 4 . 0 3 9 ( 1 2 )  P(2)-Rh-P(3) 116-7(3) 
P(2)-P(3) 3 . 9 4 3 ( 1 3 )  P(1)-P(2)-P(3) 61.6(2) 

P(2)-P(3)-P(1) 59.2(2) 

RhH(CO) (P( CG Hs)a) a . 
Ring hydrogen atoms are not shown. 

No tabula t ion  of the numerous intramolecular  and  
intermolecular  distances involving the phenyl  rings 
is given. There are no unusual  intermolecular  inter- 
actions. The phenyl  rings obviously dominate  the  
packing of the molecules, as is evident  from their  bu lk  
and from the fact tha t  the volume per t r iphenyl-  
phosphine in this  structure is only about  3% higher 
than  in t r iphenylphosphine  itself (Daly, 1963). 
According to Daly ' s  (1963) pre l iminary  report  on 
the structure of t r iphenylphosphine,  the molecule has 
a pyramida l  configuration. The t r iphenylphosphine  
ligands in the present structure are also pyramidal .  
The nine P-C(1) distances range between 1-79 and  
1.87 •, a dis t r ibut ion on the basis of the errors of 
Table 2 tha t  is consistent with equivalence. The mean  
P-C(1) distance is accordingly 1.83_+0"01 J~. The 
C(1)-P-C(I ' )  angles range from 97 to 104 ° and on 
the assumption of equivalence average 101 _+ 1 °. The 
C(1)-P-C(4) angles range from 173 to 179 ° and  
average 176_+ 1% The mean  P -C  distance and  mean  
pyramida l  angle are in reasonable agreement  with 
those found in the simpler t r ialkylphosphines,  such 
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as P(CH3)3 (Springall & Brockway, 1938). There has 
been much  interest  in the equi l ibr ium conformations 
of the triaryl-  and t r ia lkylphosphines  and  borons. 
Our results here for the t r iphenylphosphine  l igand 
indicate  tha t  the phenyls  rotate easily about  the 
P - p h e n y l  bonds and adopt a geometry tha t  minimizes 
the  energy of the entire crystal. Thus the dihedral  
angles between phenyl  rings found here are 62, 90, 85 ° ; 
99, 82, 84°; 112, 76, 83 ° , and no par t icular  t rend is 
evident.  There are spectroscopic differences between 
tr iaryl-  and t r ia lkylphosphines  as molecules and as 
l igands (Jaffd, 1954), and  it m a y  be tha t  in the  
t r iphenylphosphine  molecule this  ease of rotat ion is 
not  present and a more regular configuration is 
adopted. Moreover, the mean  P-C(1)-C(4) angle here 
of 177 _+ 1 ° gives no indicat ion of bending about  the 
P - p h e n y l  bond. 

The trigonal b ipyramid  about  the rhodium atom 
consists of three phosphorus atoms in the basal plane,  
a carbonyl  at one apex, and the hydrogen at  the other. 
The basal  plane is s l ightly distorted from a perfect 
triangle, p resumably  as a result  of packing effects. 
The R h  atom lies 0.355/~ from the basal  plane toward 
the carbon a tom of the carbonyl,  perhaps because the 
CO group is far bulkier  t han  the H and the P -CO 
distances must  be correspondingly longer. The R h - P  
and R h - C  distances appear  to be normal,  as judged 
by  the usual  radii  sum rules, a l though there are few 
structures in the l i terature with which these distances 
can be compared. Dab_l, Martell  & Wample r  (1961) 
found R h - C 0  distances of 1-85 and 1.77 in 
[Rh(C0)2C1]~. 

The Rh-I-I distance of 1.60_+0.12 /~ found here is 
about  what  one would predict  from the usual  sum 
rules for a normal  covalent bond. Subsequent  to this  
work Abrahams,  Ginsberg & Knox  (1964) in a neutron 
diffraction s tudy have found tha t  the average R e - H  
distance in K2ReH9 is 1.68_+0.01 J~. As far as is 
known these two determinat ions  are the only docu- 
mented  ones of meta l -hydrogen  bond lengths in 
t ransi t ion-metal  hydrides.  Both of these compounds 
exhibi t  the abnormal ly  high chemical shift  and other 
spectroscopic peculiarities tha t  are characteristic of the 
simpler t ransi t ion-metal  hydrides  such as HCo(CO)4. 
If one is willing to extrapolate  from these two ex- 
amples,  then  it appears tha t  the M - H  bond in tran- 
si t ion-metal  hydrides  is a normal  one. This is consistent 
with the calculations of Lohr & Lipscomb (1964) 
who have accounted for the chemical shift  on the basis 
of a normal  M - H  bond. I t  is probable tha t  the 
arguments  of Cotton and  others tha t  have led to the 
description of the M - H  bond as abnormal ly  short 
need re-examination.  

The calculations performed here made use of our 
local versions of Bu rnham ' s  GNABS absorption 
program, Zalkin 's  F O R D A P  Fourier  program, and 
Busing & Levy 's  0 R F L S  least-squares program, all 
for the IBM 7090 computer.  We are indebted to these 
programmers  for their  original versions and to S. C. 
Abrahams  for calling our a t tent ion to Burnham ' s  
work. 

We are deeply indebted to L. Vaska for the crystals 
and for numerous helpful discussions of the chemistry.  

We have profi ted from discussions with our col- 
leagues, especially W. C. Hamil ton.  
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