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THE X-RAY CRYSTALLOGRAPHIC STRUCTURE DETERMINATION OF VARIOUS COMPOUNDS 

Roger C. Pettersen 

Lawrence :f\adiation Laboratory and 
Chemistry Department 

University of California 
Berkeley, California 

August 1966 

ABSTRACT 

Using technig_ues of x-ray crystallography, the structures of 

three new chemical compound.s have been determined. The first, tetra­

amminediag_uonickel (II) hexacyanoferrate (II), [Ni(NH
3

) 4(H2o) 2 ]2Fe(CN) 6, 

crystallizes in space group R32 with hexagonal cell dimensions, 

a 1 = a 2 = 12.213 A, c = 17.005 A, 0: ~ = 90.00° and 1 = 120.00°. The 

iron and nickel atoms lie along the c axis or three-fold ax:Ls. 'rhe 

ammonia, water and cyanide ligands are bonded to the heavy atoms in 

octahedral arrangements. 

The second structure is the para-bromo- aniline derivative of 

homo-cubane carboxylic acid, 

'rhis substance crystallizes in space group Pl with cell dimensions, 

a 10.092 A, b = 12.)21 A, c = 11.649 A, 0: = 100.62"' ~ = (38.32<) and 

l 114.10°. The synunetry of the homo-cubane cage was of particular 

:Lnterest. Two asymmetric units wer~ present in the unH cell, giving 

two independent measurements of the same molecule. The C - C bond 

lengths for the cages were all equal within the estimated standard 

deviations, the average far all of them being 1.56 ± 0.03 A. If the 



bond angles are considered, one of the cages has mm2 point symmetry 

and the other 2 point sym.rnetry. Hydrogen bonding was also discovered 

between the carbonyl oxygen atom and the nitrogen atom of ad,jacent 

molecules. 

The third structure determined is ferricinium picrate, 

c16Hl2N30Te. It is related to the ,;sandwich compound II ferrocene, 

Fe( c
5

H
5

)
2

, where the iron atom is located midway between paralleJ 

planes of five-membered carbon rings. The oxidation state of the 

iron in ferrocene is +2, whereas it is +3 in the ferricinium ion, 

Fe( c
5
H

5
); .. Ferriciniurn picrate crystallizes in space group Cmcm 

with cell dimensions a= 12.478 A, b = 20.274 A, c = 6.912 A, and 

a = ~ = ~ = 90.00°. The results of the structure determination show 

the ferricinium ion to be a sandwich also, but with a slightly larger 

distance between the planes of the two five-membered carbon rings. 

\ 
\ 
\ 
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INTRODUCTION 

Modern methods of x-ray crystallography have become a powerful 

tool in the determination of precise sizes and shapes of chemical mol-. 

ecules) and of the repetitive atomic structure within a crystal. The 

scope of crystallographic research has been greatly altered by the 

recent availability of large electronic computers. The computer has 

significantly increased the size of the structures possible to be 

determined by x-ray methods. At the time of this writing it is possi­

ble to refine structures of over 400·parameters by full-matrix least 

squares calculations. This number will certainly increase in the near 

future. The accuracy of measuring reflection intensities has improved 

over the old method of visual estimation from photographic films. 

Present methods use a sodium iodide scintillation counter equipped with 

a pulse-height analyzer and decade scaler. A fully refined structure 

can be expected to give bond distances accurate to 1-1. 5% and bond 

angles to 1-2%. 

This work is concerned with the application of x-ray metbods to 

the determination of three different crystal structures. They are not 

related to one another by any simple chemical or structural analysis) 

and will be treated in three separate sections in this thesis. Each 

section contains its own introduction and the points of 

interest for the particular structure. This is followed by the work of 

the structure determination) and the discussion and conclusions. 
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I. THE CRYSTAL STR.UCTURE OF TETRAAMINEDIAQUONICKEL (II) HEXACYANO­

FERRATE (II). [Ni (NH
3 

)4 (1-i;:. 0 )
2 

]
2
Fe ( CN) 6 

A. Introduction 

This portion of the work is concerned with the structure 

determination·of tetraaminediaquonickel (II) hexaeyanoferrate (II), 
[Ni(l'HI

3
\(H

2
o)

2
]
2

Fe(CN)6 . 1'his complex has not been reported in the 

literature, although similar com:iounds such as [Ni(NH
3

)4 (H
2

o)
2

]so4 and 

[Co(NH
3 

\ (H
2

o)
2 

]TlC16 are known. · 

An unusual two step process leads to the formation of crystals 

of [Ni(NH
3

)4 (H
2

o)
2

]
2
Fe(CN)6 . 2 

Conditions for formation are not overly 

critical. The initi:U step calls for mixihg a 1M K
2
Fe(CN)6 solution 

with an approximately equimolar quantity of 1M Ni(No
3

)
2 

in 6M ammonia. 

Very small, lavender, needle-shaped crystals are formed almost immedi­

ately. These are allowed to settle, and the excess liquid is drawn off 

with a pipet and syringe. The second step involves the slow transforma­

tion of the lavender crystals to the deep-blue rhombohedral- shaped crys­

tals of [Ni(NH
3
\(H

2
o)

2
]
2
Fe(CN)6 by allowing the former to remain slightly 

exposed to air in a loosely capped container for 24 hours or more. Pre­

sumably the transformation occurs as ammonia slowly escapes. The deep­

blue crystals are washed in water, carefully dried in air, and then must 

be sealed in a small vial to prevent further loss of ammonia and subse­

quent decomposition. 

It was originally postulated by Rock3 that the nickel formed a 

tetrahedral complex with four ammonia ligands, with three additional 

waters of crystallization somewhere in the structure. 1'he chemistry of 

the preparation could then be described as follows: 

( ). +2 .( ) -4 NH40H Ni NH 6 + Fe CN 6 3 ' -) 
[Ni(NH

3
)6 ]2Fe(CN)6 

lavender crystals 

exposure to 
air 
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The deep blue crystals VI ere very ·well-formed and appeared suj table 

for an x-ray structure analysis. This Vlork VIas brought to a succesf,;t~ul 

completion and Vlill be described in detail following the introduction. 

The results indicate an octahedral complex for the nickel (II), in di.~;­

agreement Vlith Rock's postulate. 

Because of the disagreement, two independent chemical analyses 

were done on samples from the same batch of crystals. The first was a 

t . l . f b d •t 4 
combus lOn ana ysls :or car on, hy rogen and nl rogen. 'rhe other -was 

a Kjeldahl distillation and a nickel determination with dimethylgloxime 

to find the ratio of ammonia to nickel. 5 These tVlo methods gave results 

Vlhich agreed to about 2 .5ojo, probably wlthin experimental error. The 

armnonia-nickel ratio as determined from both analyses is l, .. 3: l. 

Thus the more accurate chemical description of the substance j_s 

[ Ni (NH
3 
\.

3 
(H

2
0) 1. 

7
J 2Fe ( CN)6. Crystallographically, the water and ammonia 

ligands must be treated as equivalent and as randomly distributed, because 

the nicl<:el lies along a three-fold axis. A similar case -was reported by 

M. Linhard, et al. -when they worked the structu_re for [Co(NH7 ) 1 (H00) 2 ]'l''lC1 1~ 6 _) I ~ u 

and found it to have the sodiu.rn chloride structure. A three-fold axis 

through the cobalt requires that the am.rnonia and water ligands be equi va­

lent by sym.'lletry, and further requires a random arrangement of' tbese 

ligands about the cobalt. 

An attempt was made to identify the lavender crystals by mounting 

a single crystal in a capillary and taking x-ray photographs. The sub­

stance was too unstable at room temperature and decomposed before any 

pati;ern appeared on the film. No attempt was made· at a cbemical amd ysis. 

because of the instability. 

The detailed chemical mechan-ism leading to the ±'ormation . of 

[Ni(m-r
3

)4 (H
2
o) 2 ] 2Fe(CN) 6 is still not understood. A possible explana-

tion is that the lavender crystals have~th~ composition [Ni(m-r
3

)6 ]
2

Fe(CN) 6 
and that the partial loss of.ammonia ligands on exposure to air j_s replaced 

with H20 from the moist crystals. 
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B. Crystal Data 

A we1l-formed, rhombohedral-shaped single crystal wa.c; rnountell 

in a glass capilJ;u·y ·wetted vlith ammonia. 'I'l1c long liody-di.agona.l cor~:·e­

sponds with the optical extinction axis or c crystallogn:tpll:i.c axic-; in 

the hexagonal system. A polarizing microscope was used for visual a]j gn­

ment along this axis. Weissenberg photographs of tlle firr3t tllree layers 

indicated that tlle aligmnent axis had three-fold synunetry. The theory 

and use of the Weissenberg camera as well as other methods of photogn:J.ph­

ing single crystals with x-rays can be found in books by Henr,y, Lipson 
7 8 

and Wooster, and by Buerger. The reflections were indexed on the hJ.::a::o / 

of an llexagonal coordinate system. •· Proper indexing gave the extinctlon 

rule -h + k + £ = 3n, which confirmed a rhombohedral l3pace group symmetry. 

The hexagonR.l unit cell data are: a
1 

== a
2 

== 10.213 ± 0.012 A, 

c = 17.005 ± 0.005 A, a=~ = 90.00", 'Y = 120.00°. 'rhe Llpaee group i:3 

R32 and Z = 3. The calculated density is l. 744 gm/ cc.,. the measured 

density is 1.743 gm/cc. as determined by the flotation method in a mix:­

ture of ethylene dichloride and chloroform. The crystal dimen:~ions v1ere 

0 .l7m..rn on the rhombohedral axes, and 0. 25m.TJJ. on the long, body-diagonal 
-1 

axis. The linear absorption coefficient is J.l = 25.7 em for molybdenum 

radiation. In this case the product of the largest crystal dimensi.on 

and the linear absorption coefficient is less than one and a correction 

ror absorption was not made. 

The unit ceLL dimensions and the intensity data were measured 

with the aid of a General Electric XRD-5 spectrogoniometer. 'rhe 

goniometer is equipped with a sodiu.rn iodide scintillation detector; 

pulse-height analyzer and decade scaler. Molybdenum x-ray'" filtered 

with zirconium (A. = 0. 70169 A) were used throughout the course of thh; 

work. 

Three angles are used in making the settings on the goniometer 

for the various reflections. 28 is the Bragg angle of dJffractlon, 
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cp is the angle of rotation about the axis on which the cr;y:>tal i~> 

mounted, and X is the angle the mount axj_s maker3 with a perpendicular 

Ln LJ·te p.l.ane of tbe goniometer. 

'I'he crystal VJar3 careft<lly aJ igned on an oo.e refJec Lioll witl1 1.!1<· 

X angle set at 90.00°. The alignment VJas considered :::;ati:~factory wl1c:n 

a 360° rotation about the cp angle produced les~; than a 'Y/o WlJ'iaLion i.rt 

the intensity. The cell dimensionrJ v.~ere measured at a::; high a ~.'() angl(: 

aE; possi11le. 'rhe KCXJ. and Ka2 peaks could be resolved above 2fJ "' J.J.Ou, 

and measurements on higher order reflections gave cell dimensionG precise 

to 0.01%. 

The goniometer angle settings for the desired set of ref'lect.ions 

v.~ere calculated on the IBM 70l.1J~ compu.ter. To measUl'e the .intenE;j U.es, 

the prescribed settings VJere made for each reflection and a Len second 

count was taken. A backgroWld curve was determined as a functJ on \.11' 

the 28 angle using random values for cp and X. The va.Lu.e of tl~<:' bach­

ground as determined by the 28 angle for each reflection W:l.<.> c;ubLr.''J.Ctc:cd 

from the total intensity measurement. lntensi ties VI ere measUl·ed for 

601 independent reflections whose general indices are hki£. 

An additional 284 intensities were measured v.~hose general indices 

are hik£. The equivalence of these reflections with the hki£ rcflectionu 

confirmed a 3m Laue symrnetry. Comparison of the two indepc;ndent measure-

ments of these equi Veil cnt re:flcctionB quickly revealed grou~.> c;:;rron'l in 

set t.ing the angles erroneously with the goniometer. Four rmc.h ca:>e~~ VI ere 

found and the intensities corrected. The pairs of equivalent reflcct.ionl-; 

were assigned an arithmetic average for the stnlcture analysis . 



-6-

c. Structure Determination 

'l'he intensity data were corrected for Lorent:;. rmci pularJ:t.aLiun 

effects. No attempt was made to correct for allsorJ1U.on. '.rite )!ll I .a11· • 

n;r.nmetry limited the choice of space grollps to R32, R)m and H)111. fl. 

trial structllre was first attempted for the l1igt1est [;lll:tct·: gruu}J :.;ynm1•:L1·y 

Rjm. Since there are three formula units per cell, the iron atom wcH: 

fixed at the special position (0,0,0) and the nickel atonw at (O,O,z; 

z ~ 0.33). Coordinates for the cyani.de ligands "Were entima1·.c·1 1'1·• 1•1t a 

prr:viour,ly deLermin~:d ferrocya.nide Gtru.cture. 9 The B.IHtllonht J.i.galldlJ 

were put in a tetrahedral arrangement for the nickel compJC::X. Atomlc 

scattering factors "Were taken from volume III of the International 

Tables .
10 

Scattering factors for neutral nitrogen were w;cd througllotlf. 

tl1e calculations for the nickel J.igandn. 

An IBM 7044 computer was used to compute structure J'uctorr, for 

the trial structure, followed by a full-matrix least squares refinement. 

Three cycles of least squares ref:i.nmnent gave good i:JOtropic Dell,y(~­

Waller thermal parameters for all the atoms with tl<e exceJJLJon of' Llw 

one ammonia ligand confined along the three-fold sym.rnetry axis. '.r11e H 

factor was 23.2% where 

R 

'l'he F 's are the observed structure factors, and the F '."' are thr:. ca.l-u . c u 

culated structure factors. 

Because of the difficulty with Lhf.c one anunonia ligand a.l ung l.h'~ 

three-fold axis, a second trial structure with Bix nmrnonia 1 i.gulld:: 111 rw 

oeto.h•~dra] arran{.!;emrmt around the nickel "Was s u1\!tti t L1~d :f',-,r· nc'l'i ncnwn L. 

'fhe structure refined to an R = 6. gfo after thn~c c,vc.l.e:,; ll.llli gave Y'l~!i:.;rm­

able isotropic thermal parameters for a:~l tl1e atoms. 

i 

"I 
f 

' 
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To test for waters of crystallization or other structure, a 

three dimensional Fourier series was calculated by the IBM 704!+ on 

the basis of the observed structure factors and from the phases cal­

cu1ated from the 1east squares refinement. No further structure 

appeared in the Fourier analysis. 

All atoms of the structure were then allowed to refine with 

anisotropic Debye Waller temperature factors. The anisotropic tempera-

ture factors have the form 
2 2 2 

exp-((3llh + (322k + (333.£ + 2f3l2hk + (3l3h.£ + (323k.£). 

are given in terms of B .. where B .. = 4(3 .. /a*a* and a~ 
lJ lJ lJ i j l 

The final results 
. th .th . 
lS e 1- rec1.p-

rocal cell length. The final R factor is 5. 7% for anicotrop:i.c refinement. 
') 

'J~he sum of the squares of the rer:dduals is 1'{2. !.14-7 "' L.( IF. I - IF. I )". 
. ). 0 l c 
l 

As mentioned previously, two other space groups are possible for 

this structure. Space group R3m does not offer any particular advantage 

over R3m because the mirror planes constraining the ligands are present 

in both cases. For this reason it was not considered as a reasonable 

alternate structure. 

On the other hand, space group R32 removes this constraint of 

the mirror plane, and the ligand atoms are free to move. For this space 

group the anisotropic temperature factors for the iron and nickel atoms 

have the same form as in space group R3m, but the ligand atoms have 

anisotropic temperature factors of the form 
_ ( 2 . 2 n2 h n n) exp 1311 h + f3 22k + (3

33
.</ + (3 12 k + (3

13
hx, + i3

23
kx, . A full-matrix 

least squares refinement carried out for this structure gave very 

similar agreement. The R factor is 5.7% and the sum of the squares of' 

the residuals is 167.098 = L.(!F.I - IF.! )
2

. 
i l 0 l c 

The confidence of the lower syrmnetry structure can be tested 

according to Hamilton 1 s method. 
11 

Hamilton 1 s test is based on the 

ratio of the statistical R 1 factors., where 
-, 

[ 
~w. (IF .I - IF .1 )

2J1
/

2 
R 1 = 1 1 1 o 

2 
1 c . 

L.w.IF .1 
. l l 0 
l 
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for each of the two cases. w is a weighting factor. The ncale t'actorc 
i 

for the refinements in both space group R3m and space group R32 are 

identical to five figures, so it is possible to compare directly the 

sum of the squares of the residuals. Using Hamilton's method, the 

hypothesis is that space group R32 gives a significant im_provement in 

the agreement. The following facts are needed: 

Space group 

R32 

R3m 

Parameters 

42 

30 

Sum of squares of 
residuals 

Number of 
reflections 

601 

601 

A script 7fl will be used for the ratio of the statistical R' 

factors. 

172.447 
= 167.098 1.016. 

Hamilton's tables are given in terms of ~b N a· The term b is the 
'\" ' ' 

dimension of the linear hypothesis to be tested, in this case it is 

the number of parameters refined in the two space groups. N is the 

number of reflections minus the number of parameters for the refine­

ment to be tested, i.e., the number of degrees of freedom. a is the 

confidence level for the test. Hamilton's table gives the following 

values for 1( : 

7f 
~ 
1( 

~ 

12,559,0.50 

12,559,0.25 

12,559,0.10 

12,559,0.05 

1.009 

1.012 

1.015 

1.018 

.. 



'• 
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Thus the confidence level is somewhere between 90-95% that 

R32 gives .a significant improvement in the agreement. 'This level of 

confidence is most likely somewhat reduced because a weighting scheme 

was not used in the refinement other than to assign all reflections an 

equal weight of unity. Although the method is not perfect, as Hamilton 

points out in his paper, it is at least, or more meaningful than argu­

ments based on estimated standard deviations. At this level of confi­

dence it appears reasonable to accept the R32 structure as being the 

better description. 

The parameters of both structures are included here for complete­

ness and comparison. The coordinates and anisotropic thermal parameters 

are given in Table I for space group R3m and in Table II for space group 

R32. The estimated standard deviations from the least squares refine­

ment are also included for each. Table III contains the observed and 

calculated structure factors for the 601 independent reflections. 



Table· I. Fractional structure coordinates and their estimated standard deviations for 

tetraanuninediaquonicke1 (II) hexacyanoferrate (II). Space group R3m. 

Atom X y z a· cr a 
X _x z -

Fe 0.0000 0.0000 0.0000 

i ( Ni 0.0000 0.0000 0.3162 -- -- 0.0001 

N 1 0.0997 2x -0.2482 0.0003 2a 0.0003 
X 

N 2 0.0980 2x 0. 3904 0.0003 2a 0.0003 
X 

N 3 0.1435 2x 0.1031 0.0004 2a 0.0003 
X 

c 0.0892 2x o.o654 o.ooo4 .2a 0.0003 
X 

I 

Anisotropic thermal parameters and their estimated standard deviations for tetraanuninediaquo- ~ 
0 

Units are A 2 . 
I 

nickel (II) hexacyanoferrate (II). Space group R3m. 

Atom Bll B22 B33 Bl2 Bl3 B23 0 Bll aB22 aB33 aB12 aB13 aB23 --
Fe 1.907 B11 1.942 lBll 0.000 o.ooo 0.046 o.o69 1 

2 aBll 20Bl1 
Ni 1.830 Bll 1.893 lBll 0.000 0.000 0.032 aBll 0.046 1 

2 2aBll 
N 1 3.040 2.315 2.158 lB22 0.000 -0.367 0.172 0.208 0.177 1 0.162 2GB22 --2 

N 2 2.479 1. 788 2.421 -k-B22 0.000 -0.446 0.151 0.184 0.180 1 0.153 2aB22 --
"' 

N ~ 5.274 2.281 2.855 lB22 0.000 -0.292 0.283 0.231 0.222 1 0.195 2aB22 --J 2 

c 2.532 2.285 2.114 lB22 0.000 0.204 0.172 0.233 0.195 1 -- 0.180 2 . 2°B22 

,.,::, .. .. ( ... : . •::-
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Table II. Fractional structure coordinates and their estimated standard deviations for 

tetraamminediaquonickel (II) hexacyanoferrate (II). Space group R32. 

Atom X y z a a a 
X _:[ z -- - - -

Fe 0.0000 0.0000 0.0000 

Ni 0.0000 0.0000 0.3162 -- -- 0.0001 

N l 0.1999 0.0943 0.2480 0.0007 0.0022 0.0003 

N 2 0.0926 0.1961 0.3908 0.0026 0.0007 0.0003 

N 3 0.1512 0.2873 0.1031 0.0027 0.0008 0.0004 
' 

c 0.0853 0.1790 o.o656 0.0022 0.0008 0.0004 

I ... 
I-' 

Anisotropic thermal parameters and their estimated standard deviations for tetraamminediaquo- I-' 
I 

. :;__. 

nickel. (II) hexacyanoferrate (ir) . 
,-' •' . 2 
Space group R32. Units are A . 

Atom Bll B22 B33 Bl2 Bl3 B23 aBll aB22 aB33 aBl2 aBn aB23 
' ~ - - - -- --

Fe 1.927 Bll l. 945 lBll 0.000 0.000 0.048 aBll 0.070 1 
2 2 aBll 

Ni 1.847 Bll 1.905 · ~Bll 0.000 0.000 0.034 aBll 0.047 1 
2 aBll 

N l 2.310 2.513 2.244 0.774 0.339 1.020 0.217 0.500 0.190 0.480 0.171 0.453 

N 2 2.323 l. 727 2.485 0.697 -1.374 -0.414 0.416 0.189 0.186 0.342 0.398 0.157 

N 3 5.698 2.390 2.839 1.924 -0.446 -0.299 0.881 0.243 0.225 0.687 0.716 0.201 

G 1.349 2.319 2.152 -0.074 -0.683 0.346 0.378 0.261 0.204 0.437 0. 513 0.203 
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Table III. 'Observed and calculated .structure factors for tetraammine-

diaquonickel (II) hexacyanoferrate (II)~ Space group R32. 
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D. Discussion of the Structure 

rrhe refined structure is illustrated in Fig. 1. rrhe rhombohedral 

unit cell is outlined by eight iron atoms. The nickel atoms are located 

on the long body-diagonal or three-fold axis. Tl1e hexagonal unlt cell .1 r: 

in solid outline and comprises one-thir~ of the total hexagonal prism. 

For clarity the complete hexagonal structure is not shown in t11e figure. 

Table IV lists the significant interatomic distances and the 

estimated standard deviations for the R3m and R32 structures. 

Table IV. Interatomic d.lstances for both structures of tetraamndnedJa­

quonickel (II) hexacyanoferrate (II), and the estimated standard dev:i.a­

tions. (in angstrom units) 

R3m R32 

Fe Ni 5-377 ± 0.002 5-377 ± 0.002 

Ni Ni 6.251 ± 0.003 6.251 ± 0.003 

Fe c l. 929 ± 0.006 1.936 ± 0.007 

Fe N 3 3 .081+ ± 0.004 3.087 ± 0.008 

Ni N 1 2.109 ± 0.006 2.115 ± 0.006 

Ni N 2 2.143 ± 0.005 2.150 ± 0.006 

c N 3 1.155 ± 0.007 1.157 ± 0.011 

The bond distances of both structures agree within the limits o:f" the 

estimated standard deviations. However, these deviations are at best a lower 

limit and most likely somewhat larger. It may be safely asserted that 

interatomic distances for both structures agree well within the experi­

mental error. 

The distances given in Table IV agree with those given in the 

literature. M.A. Porai-Koshits, .~t a1.,
12 

worked the structures of 

Ni (NH
3

) 4 (No2 ) 2 and Ni (NH
3

) 4 (NCS) 2 . Tl~ey reported ~ value of 2. 07 ± 0. 03 A 

for the Ni- ... -IilH
3 

distance for the first structure and 2.15 ± 0.02 

.~.r 
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.l. 
Fig. l. The crystal structure of tetraamminediaquonickel (II) 

hexacyanoferrate (II). 

MUB-8565 

... .~ { 
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A for the Ni ---NH
3 

distance in the second. The comparison J.:3 not 

completely valid because some of the ·ligands are water j_n tl1:Lr> work, 

and because of the infJ~uence of the No
2 

and NCS ligands in tbe Hu::;F;iu.n 

work. A value of 1.158 ± 0. 002 A is reported13 for the -c::::N cH s-

tance based upon HCN, CH
3

CN, BrCN, ClCN and ICN which is in good agree­

ment with the -C=N distance in this work. 

The bond angles differ somewhat between the two structures due 

to the freedom of motion of the .Hgands in the R32 space group. The 

iron-carbon-nitrogen bond angle is 179° in R3m and 173° in R32. The 

other angles the ligands make with the heavy atoms are all within 2° 

of 90° for both structures. 

,, 
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II. TI-m CRYSTAL S'rRUCJ~URE OJi' HOMO-CUBANE 

A. Jntruductj_on 

'l'hc: hydrocarbon cubane (c8H8 "'~~ ) wac t'in;t syntltcs.Lzerl by 
1 1~-Eaton and Cole in l96i·. The crystal structure determinatj.on followed 

15 r:;oon after, and the molecule· was found to have cubic synmtetry to wit it-

in the limits of experimental error. The two independent carbon-carbon 

bond distances determined for the structure of the cubane molecule were 

1.549 ± 0.003 A and 1.553 ± 0.003 A. The work for this thesis is con-

cerned with the x-ray. structure determination of homo-cubane, a molecuJ.e 

which is similar to cubane, and which appears in derivative form as an 

intermediate in the synthesis of cubane. 
14

' 16 Homo-cubane :is sj mply tlw 

cubane moJ.ecule wi ttl an added bridge carbon ( c
9
H

9 
= @ ) . ~'he x-ray 

analysis was undertaken to determine the exact shape of this highly 

strained molecule. 

To make the structure analysis possible, a heavy atom derivative 

was prepared by Dauben and Whalen. Their interest in this structure is 

a part of a study of the synthesis and rearrangements of various strained 
17 cage compounds. They prepared the para-bromo aniline derj_va.ti ve of 

homo-cubane carboxylic acid, 

especially for this structure analysis. 

. .. 

" 
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B. Crystal Data 

A r;:Lngle cry:;ta:L of the homo-cubane deriv:.Lti ve was mountecl on a 

small glass fiber using a small drop of General Electric baking varnish 

No. 1202. The crystal was aligned vj_s:ually with a polarj_zj_ng microscope; 

s.Joug an extinction axis. The dimerwi.on~:: oJ' tf1e cr,yl;tal arc 0.20x0.2()xU.li_:J 

mm. The chemical formula is c16H14NOBr, and the molecular weight is )OULI;m/ 

The linear absorption coefficient is 1J. 33.55 em -l (Mo K radiation). 
ex 

mole. 

A correction for absorption was not made. The density of the crystals was 

measured by the flotation method in a mixture of ethylene dichloride and 

ethylene dibromide. The measured density is 1.568 gm/cc. Weissenberg 

photographs indicated no syrmnetry elements to be present. The space group 

as determined by the structure work if:1. triclinic, Pl. The unit cell dimen­

sions are: a = 10.092 ± 0.020 A, b = 12.321 ± 0.020 A, c 11.6'-f9 :!: 0.020 A, 

ex = 100.62 ± 0.05°, P 88.32±0.10°, "'= 114.10 ± 0.10°. Tbe cell volume is 

1297.9 A3 and the calculated density is l. 579 gm/ cc. 'Yhe number of molecules 

per unit cell is four. 

The cell dimensions and the intensity data were measured on the 

General Electric XRD-5 spectrogoniometer in a manner as described in the 

first section of this thesis. 2465 intensity data were taken, of which 

2252 were non-zero. 
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C. Structure Determination 

The intensities were corrected for Lorentz. ::tnd polB.rizati on 

cJ'J'c~ct:J and ur;cJ. to r.:ornpul:(-~ a Ll:iree-dimcru;i.on::~.l l'littcr:-;on f'unct:Lun. 

'rlle theory and use of the Patterson function can be found in Buerger':: 

book. 18 The x,y,z coordinates of the two largest Patterson peaks were 

at (0.450, 0.075, 0.500) and (0.250, 0.175, 0.275). The next two peak~, 

which were about half the size -were at (0.325, -0.250, 0.225) and (o.;?OO, 

-0.100, 0.225). Space group Pl gives Harker peaks at 2x, 2y, 2z. Assign­

ing the two smaller peaks as Harker peaks, the coordinates of the t-wo 
~j 

independent bromine atoms were determined. Five cycles of full-matrix 

least squares refjnement witb these two bromine atomr: gave an tlgreemcnL 

factor of 4ryjo. A three-dimensional difference Fourj_er summation was 

computed using the phases and structure fact·ors calculated in the last 

cycle of the least squares refinement. The differences between the 

observed and calculated structure factors were used as tbe coeff'ici.ents 

in the Fourier series. T!J.e positions of the remaining carbon, ni.trogen 

and oxygen atoms were determined from the difference Fourier SWQ~ation. 

The two bromine atoms were refined using anisotropic Debye-Waller tempera­

ture factors and the remaining atoms using isotropic Debye-Waller tempera­

ture factors. Four cycles of full-matrix least squares refinement gave 

an agreement factor of 10.3%. 

A second difference Fourier summation was computed using tbe phases 

and intensities calculated from the last refinement and the observed inten­

sities. The largest peaks of the difference Fourier accounted for mo:3t of 

the hydrogen atoms which were at reasonable distances from the carbon ancl 

nitrogen atoms. Smaller peaks were ·also found which were due to the remain­

ing hydrogen atoms. 

The positions of the hydrogen atoms were refined isotropica11y by. 

using a diagonal approximation of th'e least squares. The remaining 38 atoms 

were refined anisotropically in the same calculation. Refinement was com~ 

pleted on the Control Data 6600 computer with full-matrix least squares 

·~ 

-~· 
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calculations. The hydrogens were not .refined in the final full-rna trix 

calculations, but used only for the s tructl).re factor equations. 'J'he 

final agreement factor is 6. 0'/o using :2252 non-zero reflections. 'Jlhe 

weighted sum of the squares of the residuals is 470.62 with all weights 

taken as unity. 

Table V lists the fractional coordinates and the.Lr estimated 

standard deviations for the bromine, carbon, oxygen and nitrogen atoms 

as refined by the full-matrix least squares calculations. Table VI 

lists the anisotropic thermal parameters for the same atoms. Fract_iona.J 

coordinates and the isotropic thermal parameters for the hydrogen atoms 

are listed in Table VII. The hydrogen atom parameters are not considered 

as having the accuracy of the heavier a tans, but are included here only to 

give a rough idea of their positions and thermal motion. Table VIII lists 

the observed and calculated structLrre factors for the 2465 intensity data. 

The asterisks mark the data where a zero intensity was observed. These 

reflections were assigned zero weight in the least squares calculationB. 
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Table V. Fractional coordinates and their estimated standard deviation 

for the Eara-bromo aniline derivative of homo~cubane carbox;ylic acid. 

"'":) 

Molecule A 
Atom X y z cr cr cr ,,x J z 

Br 0.0960 0.9449 0.1148 0 .. 0001 ·0.0001 0.0001 "~~) 

C-Bl 0.0481 0.7867 '0.1405 0.0010 0.0009 0.0008 

C-B2 0.1230 0.7554 0.2192 0.0010 0. 0011 0.0009 

C-B3 0.0891 0.6399 0.2370 0.0010 0.0010 0.0008' 

C-B4 -0.0211 0. 51~99 0.1745 0.0009 0.0009 0.0008 

C-B5 -0.0953 0.5781 0.0942 0.0010 0.0010 0.0008 

C-B6 -0.0602 0.6936 0.0771 0.0010 0.0011 0.0008 

N -0.0683 0.4303 0.1945 0.0008 0.0008' 0.0006 

c-eo 0.0114 0.3654 0.2149 0.0011 0.0010 0.0008 

0 0.1418 0.4071 0.2137 0.0007 0.0007 0.0006 

C-Cl -0.0668 0.2393 0.2357 0.0010 0.0009 0.0008 

C-C2 0.0155 0.1986 0.3193 0.0011 0.0010 0.0009 

C-C3 -0.0955 0.0806 0.3573 0.0013 0.0011 0.0010 

c-c4 -0.2391 0.0992 0.3481 0.0011 0.0010 0.0009 

C-C5 -0.2000 0.2221 0.3059 ·o.ooo9 0.0009 0.0008 

c-c6 -0.1471 0.2.851 .0.4317 0.0010 0.0009 0.0008 

C-C7 -0.0025 0.2657 0.4418 0.0011 0.0010 0.0009 

c-c8 -0.0813. 0.1448 0.4882 0.0012 0.0011 0.0009 

C-C9 -0.2204 0.1625 0.4784 0.0011 0.0011 0.0008 

';'. 

; 
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Table VI. Anisotropic thermal parameters for the para-bromo aniline 

derivative of homo-cubane carboxylic acid. 
. 2 

Units are A . 
<• 

Molecule A 

'Atom Bll B22 B)) Bl2 Bl3 B')7 
--=2. ... 

Br 6.45 6.49 5·99 2.23 1.37 1.04 

c~Bl 3.19 6.38 2.68 1.52 0.65 0.30 

C-B2 3.47 5.89 4.05 0.66 0.20 -0.15 

C-B3 3.29 6.15 2.80 1.07 -1.06 0.21 ., 
C-B4 2.02 5.49 3.24 1..35 0.68· 0.51 

C-B5 3.04 5.65 3.62 l. 71 -0.14 0.03 

C-B6 3.65 7.25 3.50 2.77 0.14 l.ll 

N .2.54 5.70 4.27 1.01 0.11 l.O) 

c-eo 3.28 6.8) 3.14 2.35 -0.34 -O.lU 

0 2. 71 8.56 5.24 2.12 -0.51 0.91+ 

C-C1 4.31 5.27 3·37 1.90 -0.06 -0.06 

C-C2 4.58 6.54 5.46 2.83 1.01 1.19 

C-C3 7 .1+4 6.41 6.00 3.18 1.34 0.87 

c-c4 4.35 6.50 4.98 1.24 -0.54 -0. 0~) 

C-C5 2.52 5-83 3.76 1.33 -0.54 0.)~· 

c-c6 3.71 6.05 4.01+ 2~06 -0.38 O.Hi 

C-C7 4.19 6.44 5.41 1.92 -0.68 0.69 

c-c8 5.63 8.29 4.93 3.05 -0.35 1.35 

C-C9 4.29 8.28 3.11 2.86 0.06 0.33 

Note: The estimated standard deviations for the thermal parameters of 
the bromine atoms are about ±0.06 and about ±0.50 for the remaining atoms. 

• 
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Table VI. Continued. 

,. Molecule B 

Atom Bll B22 B33 Bl2 B13 B23_ 
,--

Br 6.50 6.61 5.27 2.30 -1.55 -1. '71 

C-Bl 3.50 4.73 3.42 1.62 -1.12 o.Jn 

C-B2 3.63. 6.51 3·93 2.75 0.19 -0.3'( 

C-B3 2 .1+6 5.26 3.50 1.47 0.55 0.31 

C-BII. 2.10 4.0j 3. 1~[3 ]..18 -0.21+ O.i)C, 

C-B) 3.24 5·3'( 2.97 . l. 76 0.60 0. ~)<) 

C-B6 3.32 4.68 . 4.67 1.00 -0.04 0.6::; ( 

N 2.00 4.94 3.38 1.21 -0.02 -0.15 

c-eo 2.37 5:65 3.24 1.16 0.34 0.92 

0 2.72 7.17 4.96 2.00 -0.34 -1. J.'i 

C-Cl 2.67 4.62 3.42 0.41 -0.03 0 .1+~~1 

C-C2. 3.91 4.33 4.12 l. 79 0.94 0.9b 

C-C3 4.69 4.35 3.65 1.16 0.63 -O.j'( 

C-C~· 4."(8 4.89 ) . Jq l. 57 -0.61 -0. ~)Ci 

C-C5 3·73 4.12 4.04 1.36 -0.14 0.2t'l 

c-c6 3.76 3.69 3.88 0.91 0.00 0.2'(' 

C-C7 3·97 5.30 3.61 2.36 0.33 0.'(6 

c-c8 4.46 5.00 3.69 2.04 0.89 0. ()() 

C-C9 4.42 5.75 2.70 2.11 0.26 0.8'( 

Note: The estimated standard deviations for the thermal parameters of 
the bromine atoms are about ±0.06 and about ±0.50 for the remaining atoms. 
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Table VII. Fractional coordinates and isotropic thermal parameter:~ 

for the hydrogen atoms of-the para-bromo aniline derivative of homo-

cubane carbox~lic acid as refined by least squares diagonal aJ2proximation. -':'. 

Molecule A Molecule B 

Atom X y z B X y z .b ... 
-

H-B2 0.189 0.820 0.257 1.65 0.401 0.666 0.544 l.C5 

H-B3 0.148 0.618 0.291 0.27 0.313 0.490 0.418 2. (,9 

H-B5 -0.169 0.508 0.046 2.79 0.690 0.603 0.272 0.55 

H-B6 -0.104 0.720 0.035 0.27 0.771 0.776 0.412 1.013 

H-N -0.156 0.377 0.191 1.80 0.)47 o.l+06 0.226 lj. ~)0 

H-C1 -0.103 0.183 0.177 0.)2 0.286 0.224 0.112 2.>:3 

H-C2 0.145 0.195 0.275 8.13 0.11·95 o. no 0.108 2.!36 

H-C3 -0.095 -0.029 0.326 9·11 0.342 -0.008 -0.066 2.80 

H-c4 -0.312 0.046 0.320 2.54 0.238 0.172 -0.178 2 r;z 
. I) 

H-C5 -0.267 0.246 0.272 0.82 0.405 0 ·391 -0.043 0.~'5 

H-C6 -0.159 0.372 0.457 1.43 0.655 0.398 -0.083 l. ~·::> 

H-C7 0.077 0.357 0.480 4.19 0.702 0.225 0 .00~) 1.05 

H-CS 0.010 0.099 0.539 10.13 0.584 0.052 -0.171; 2.'.1') 
-H-C9 -0.299 0.161 0.541 4.00 0.513 0.221 -0.267 ]..l>l 

. ~- · .. /'' .. , 
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Table VIII. Observed and calculated structure factors for the para­
bromo aniline derivative of homo-cubane carboxylic acid. 
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.1). Discussion·of the Structure 

Two inde.!Jehdent measurements of the molecular st:ruct.ure were 
. ' 

available· from -che completed 'crystal structure since there were four 
' ., 

molecules in the unit·· cell. This p:r;ovided an extra measure for the 

accuracy ()f the structure, and a ch'eck on the symmetry of the homo­

cuban€!.· In particular, the twelve carbon-carbon bonds of the benzene 

rings averaged to 1.36 ± 0.03 A, where 0.03 A. is the standard -deviation 
' ' . - . 

for each measurem.ent. This standard deviation is approximately double 

the estimateQ. standard. deviation as calculated from the final least 

. squa:!:.es refinement. :For this reason, the estimated standard deviat:i.ons 

from the le.ast squares:refinement have been .doabled for t:he carbon­

c~;~.rb?n qonds in the cage structure. The benzene bond angles average to 

i20.0± }.O". For the·same reason, 3.0° is taken as the standard devia­

tion for the.bond. angles in the cage structure. 

Figlrr'e 2 sh~ws a distorted view of the bond angles of the cage 

structure of both molecules. The bond distances are listed. in Table IX . 
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HOMO-CUBANE 

93° 84° 

0 ® /.J 106° 101° (>~ 
98° 

870 . 102° 8 1070 .,. ) 

8s-@--o-® ---® 86" 

~\10:0 10
1

:~·{) 0 

0 G) 
87° 92° 

A 

B 

MUS- 9366 

Fig. 2. A distorted view of the homo-cubane cages showing the bond angles. 
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Table IX. Carbon-carbon bond distances for the homo-cubane cage (in 

angstrom units). 

Bond Molecule Bond Molecule 

A B A 

Cl - C2 1.5~' 1.58 c1~ - C9 1.55 

c5 
\ 

1.56 c6 Cl - 1.51' C5 - 1.52 

C2 - C3 1.56 1.52 c6 - C7 1.58 

C2 - C7 1.56 1.54 c6 - C9 1.58 

C3 - c4 1.57 1.63, C7 - cs 1.56 

C3 - c8 1.56 1.55 c8 - C9 1.52 

c4 - C5 1.57 1.55 

B 

1.55 

1.55 

1.60 

1.51 

1.54 

1.57 

Note: Each bond distance has an estimated standard deviation of ±0.03A 

as discussed in the text. 

The average for both molecules of bonds of: 

C2 C3 type: 1.55 ,± 0.02 A (8 bonds) 

C3 - c4 type: 1.60 ± 0.03 A (4 bonds) 

C3 - cs type: 1.55 ± 0.02 A (8 bonds) 

Cl - C2 type: 1.56 ± 0.03 A (4 bonds) 

c8 - C9 type: 1.55 ± 0.04 A (2 bonds) 

All bonds 1.56 ± 0.03 A (26 bonds) 

Within the limits of error, the carbon-carbon bond distances are 

equal, and the cages are symmetrical. If the bond angles are considered, 

and a standard deviation of ±3.0° is assigned, molecule B has mm2 point 

symmetry, whereas molecule A is twisted so that its only s~~etry js a 

two-fold axis through the bridge carbon. There is no apparent explanation 

for this twisting. The bond lengths are in agreement with those fc,und for 

cubane which are 1.549 ± 0.003 A and 1.553 ± 0.003 A. 15 The eight hydrogen: 

bond lengths on the aromatic rings average to 0. 9 ± 0.1 A. Those for" the 

homo-cubane cage (18 bonds) average to 1.1 :i: 0.2 A. The two H - N distances 

. average to 0.85 ± 0.01 A. 

.., 

"t;:; 
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Another interesting measurement is.the amount of puckering· in 

the two cyclobutane rings: C2 - C3 - C8 - C7 and C4 - C5 - c6 - CC). A 

hypothetical atomic position was calculated for the midpoint between 

carbons. C3 and C7 and between carbons c4 and c6 for both molecules and 

shown as P and P' in Fig~ 3. The left and right portions of the f'jgure 

show the projections of the two cyclobutane rings of interest. ThE: 

center portion is a projection of the complete molecule onto a plane 

along the C3 .~ C7 and c4 - c6 diagonal axes to show the amount of ring 

puckering. The individual angles calculated for the amount of puckering 

are: 

Molecule A 

c2 - P - c8 

C5 - P'- C9 

The average for all angles is 162 ± 1. 3 a • 

Molecule B 

C2-P-C8 

C5 - P'- C9 

Figure 4 shows the packing of the molecules in the triclinic 

cell. This packing arrangement is influenced by the presence of inter­

molecular hydrogen bonding between the carboxyl oxygens and the nitrogens. 

The respective interatomic distances are: oxygenA - nitroge~, 

2.87 ± 0.03 A, and oxyge~ - nitrogenA' 2.8~- ± 0.03 A. 
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M U 8-11557 

Fig. 3. ·A projection to show the amount of puckering in the four­

membered rings of the homo-cubane cage. 

I ; 
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b 

.J 
THE PARA-BROMO ANILINE DERIVATIVE 

OF HOMO-CUBANE CARBOXYLIC A·CI.D 

0 
I 

0 

3A 
I 

The cyrstal structure of the para-bromo aniiine derivative of 

homo-cubane carboxylic acid . 

\ 
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III. THE CRYSTAL STRUCTURE OF FERRICINIUM PICRATE. c16H12N3o7Fe · 

A. Introduction 

The crystal structure for ferrocene, Fe(c
5
H

5
)2 , has been reported, 19 

and examples of structures of various derivatives can also be founo. 

(20, 21, 22, 23, 24). These compounds are "sandwich compouncJs," wi.th the· 

iron atom between parallel five-membered. rings of carbon atom::>. 'l'he con­

stitution of these compounds corresponds to the +2 oxidation state of iron. 

The analogous compounds of +3 iron, Fe(c
5
H

5
);, are called ferricinium 

compounds. This portion of the work is concerned. with the structun~ of · 

the ferricinium ion in the salt ferricinium picrate. 

The substance was found. to form long, needle-shaped crystah.;, 

suitable for a single crystal x-ray structure determination. 25 The 

results of the work show the ferricinium ion also to be a sandvlich, 

similar to ferrocene,.but with a ~lightly larger distance between the 

planeS of the two rings .. 

B. Crystal Data 

The chemical formula of the substance is c
16

H
12

N
3
o
7
Fe, and the 

molecular weight is 414 gms/mole. A single crystal of dimensions 

0.146 x 0.246 X 0.308 mm was mounted on the tip of a small glass fiber 

with a small drop of General Electric baking varnish No. 1202. The crystal 

was aligneq visually along the needle-axis, and later aligned more precisely 

on the goniometer. Weissenberg photographs show the crystal to be orthor­

hombic. The cell dimensions as measured on the goniometer are: 

a = 12.478 ± 0 .. 006 A, b = 20.274 ± 0.006 A, c 6.912 ± 0.012 A. The cell 

volume is 1748.6 A3 . The density as measured by flotation in a mixtt.rre 

of bromoform and benzene is 1. 575 gms/ cc. The calculated density h> , 

l. 572 gms/ cc. The number· of molecules per unit cell is four, the spase 

group is Cmcm. The linear absorption coefficient is 11 = 9.35 em -l(Mo ;K ) . . a 
No correction was made for absorption. 

·~·· 
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The intensities of 1249 reflections were measured on the General 

Electric XRD-5 spectrogoniometer. The spectrogoniometer and the method 

of measuring the intensity data were described in the first section of 

, this thesi~3 on pages 4-5. 

C. Structure Determination 

Preliminary Weissenberg photographs indicated tl1e structure to be 

orthorhomie and C-face centered. 'l'he hO£ reflections were present only 

for £ = 2n, indicating a c glide perpendicular to the b axis. Thene 

extinctions limit the·· choice of space group to three: Cmc2
1

, C2cm, and 

Cmcm. 

To test for the correct space group, the point group symmetry 

was sought by looking at various reflections to see if there was an 

anomalous dispersion effect. By looking at the proper reflections, the 

effect can distinguish between the three possible choices of mm2, 2nml or 

mrnrn point symmetry. ·The test was done with both copper and molybdenum 

radiation. Cooper was used because it gives a more pronounced dispersion 

effect when scattering from iron, although the absorption is also more 

pronounced. Table X lists the results of these measurements. 

The trend seems to indicate hk£ = hk£ = hk£ = hk£, which does not 

correspond with any of the three choices of point group symmetry, but 

rather is indicative of 2/m symmetry. However, the discrepancy can be 

explained by absorption. The dimensions of the· crystal were measured, -

at various ¢ angles and the mass absorption coefficient was computed. 

Table XI lists these figures. 



Table X. Anomalous dispersion test for point group symmetry of ferricinium picrate. 

Reflection ,_!L Intensity 

(hk£) 

Co~ Molybdenum 

Uncorrected Corrected for Uncorrected Corrected for 

absorption absorption 

X 102 X 10 

L 711 26" 7126 cps. 360 cps. 1872 cps. 229 cps. 

711 206° 7148 361 1895 231 

7ll 26° 7517 380 1880 230 I 
\..N 

711 206° 7411 374 1884 
+ 

230 I 

711 196° 7405 319 1888 226 

711 16° 7495 319 1883 226 

711 196° 7237 308 1910 229 

711 16° 7362 313 1919 230 

2. 441 52° 7910 447 2o81 260 

m 232° 7952 449 2081 260 

441 52° 8264 467 2059 258 

4-41 232° 8241 466 2070 260 

441 348° 9850 396 2139 255 

441 168° 9755 392 2139 255· 
-- 441 _- 348° 9869- 396 2188 261 

441 168° 9778 393 2153 256 

.. ",:-

• ' -·~ 
( 'i ~ .. 

. ... _______ ........ 
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Table X. Continued 

Reflection _L Intensity 

(hk£) Copper Molybdenum 

Uncorrected Corrected for Uncorrected Corrected for 

absorption - absorption 

X 102 
X 10 

3· 591 69° 4631 cps. 246 cps. 1185 cps. 146 cps. 

591 249° 4656 24B' 1179 145 

591 69° 4813 256 1201 148 

591 249° 4627 246 1185 146 

591 333° -5364 191 1237 145 I 
\JJ 

153° 5354 144 
\J1 

591 191 1229 I 

591 333° 5354 191 1200 142 

591 153° 5308 190 1217 143 

4. 371 76° 7496 424 1806 225 0 

371 256° 7628 431 1803 224 

371 76° 7670 433 1811 225 
"71 
./I~ 256° 7476 423 1808 225 

371 326° 8972 319 1882 221 

37I 146" 9113 324 1845 21! 

371 326° 9090 323 1871 220 

3'i~ 146° 3938 318 1842 216 
-- - - -
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Table XI. Mass absorption coefficients for various ¢angles as determined 

by the dimensions of the ferricinium picrate crysta1. 

cp Dimension ( t) llt Cu lltMo 

12° (192°) 0.193 nun 1.45 O.li3U 

25°(205°) 0.216 1.62 0.202 

50° (230°) 0.231 l. 73 0.216 

68°(248°) 0.223 1.67 0.209 

75°(255°) 0.231 1.73 0;21(; 

130°(310°) 0.146 1.10 0.137 

145°(325°) 0.169 1.27 0.158 

152°(332°) 0.169 1.27 0.158 

168° (348°) 0.185 1.39 0.173 

9·35 
-1 

11Mo 
em 

-1 
11 cu ·75.0 em 

. -~J.t 
A simple e factor was used to mal~e a correctj on for the 

absorption on both the molybdenum and copper data. The corrected 

molybdemm1 data within each set agree to l-2% as shown in Table X. 

The absorptioh factor over-corrects for the copper data, most likely 

because of the limitations of the simple model for larger absorption 

effects. However, the centric pairs match up in all cases to within 3%, 

and in most cases to better than l%, eliminating the possibility of mm2 

or ~!mrn point symmetry. 

· Continuing with the stn1eture determination, the 121+9 indepen­

dent reflection j_ntensi ties were corrected for Lorentz and polarization 

effects and used to compute a three-dimensional Patterson function. The 

iron-iron vector peak was found at x = 0.00, y = 0.38, z = 0.50. For 

'• 
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special position c, the space group Cmcm gives Harker peaks at (o, 2y, J/2), 

so that the iron atom position was irn.mediately determined. Most of the 

remaining structure was evident from the vector peaks with the iron atorn 

translated to the origin. 

The space group Cmcm requires that two mutually perpendicular 

mirror planes pass through the molecule. One of the miL~rors force::; :the 

picrate to be planar, lying in xy planes at z == 1/1+ and z = 5/1+. 'J'he 

picrates are also bisected by the second mirror plane. The two mi.r-ror 

planes further require the cyclopentadiene rings to be eclipued. How­

ever, the evidence gathered from the least squares refinements incHcates 

the structure to be highly disordered. 

In particular, the nitro groups are twisted out of the plane of 

the picrate, and the cyclopentadiene rings are more o:f a smear of electron 

density than ten distinct carbon atoms. A three-dimensional Fourier calcu­

lated on the basis of the phases from a refinement with an agreement factor 

of 9.2!{o, clearly showed a "doughnut-sbaped" electron density for the cycJo­

pentadiene rings. Large anisotropic thermal parameters were observed in 

the z direction (B33) for all the oxygens and one of the nitrogens (Nl) of 

the picrate, and for all the carbons of the ferri.cinium. 

pne oxygen (03) on the nitro group ortho to the phenol oxygen wac; 

observed to be considerably disordered. During the early stages of the 

least squares refinement, all the atoms of the nitro groups had isotropic 

thermal parameters less than 10, with the exception of the 03 which refined 

to a B = 36. A difference Fourier calculated on the basis of all the 

structure except for the 03, clearly gave two large resolved peaks on 

either side of the plane of the benzene ring at the 03 position. ln the 

final stages, all the atoms were refined anisotropicall;y. The 03 was 

allowed to move off the z = 1/4 mirror plane and treated as two half-atoms 

in the least squares calculation. The final refinement puts 03 0.88A in 

the z direction off the mirror plane, although this cannot be cons'idered 

an accurate distance. 
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The disorder is more apparent when the root mean square displace-

ment along the c axis is calculated from the B33's. Using the formula 
. 2-2 -

B33 - 8n u33' the following values of u33 are found: 

Atom u_ 3 Atom u33 _2_ 

Cl 0.66 A 02 0.1.1.2 A 

C2 o.:)9 A 03 o.JJ.l A 

C3 O.l10 A 04 O.j6 A 

01 o.l11 A Nl o.J18 A 

With such large displacements, the mathematical model of tl1e 

thermal motion breaks down and the alternative is a di.sordered structure where 

.the nitro ,groups are tilted out of the plane of the benzene ring in a 

random manner, and the cyclopentadiene rings are a "doughnut-shaped" 

smear of electron density. 

The fractional coordinates and thei.r estjmated standard dtwi.at.ions 

for the structure are listed ln Table XII. Table XIII lists the anlsotropic 

thermal parameters and their estimated standard deviations. The final agree­

ment factor for this structure i.s 8 .yfo using 996 non-zero data. The weighted 

sum of the squares of the resi.duals is 236.45 with all weights taken as unity. 

Table XIV lists the observed and calculated structure factors for tbe l2LJ.9 

independent reflections. The asterisks mark tbe intensities which were 

observed to be zero. These reflections were assigned zero weight.:Ln the 

least squares calculations. 

As was mentioned earlier, two other space groups are possible given 

the observed hk£ extinctions. These are Cmc21 and C2cm. A complete refine­

ment was done for Cmc2
1 

and a partial refinement for C2cm. 

Space group Cmc2
1 

has only one mirror plane which is perpendicular 

to the plane of the picrate. This allows· free rotation of the nitro groups 
'· 

out of the plane of the benzene ring. Results of a full~matrix least 

squares calculation with all atoms anisotropic show that all the atoms of 

: ,L • ~. • 

'•I 

I 
I 

. I 
I 
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, Table XII. Fractional coordinates and their estimated standard 
fil deviations for the; structure of ferricinium p;Lcrate. 

"' 
~· 

Atom X y z (J (J (J 
X y z 

* 0.1862 (0.2500) Fe (0.0000) 

Cl 0.1344 0.2446 (0.2500) 0.0007 0.0005 

C2 0.1338 0.2012 0.0843 0.0006 0.0005 0.0016 

C3 0.1360 0.1394 0.1486 0.0005 0.0004 0.0014 

c4 (0.0000) 0.4416 (0.2500) 0.0005 

C5 0.0939 0.4823 (0.2500) 0.0006 0.0004 

c6 0.0950 0.5503 (0.2500) . 0.0007 0.0004 

C7 (0.0000) 0. 5840 (0.2500) 0.0005 

01 (0.0000) 0.3812 (0.2500) O. OOOJ+ 

02 0.2123 o. 3963 (0.2500) 0.0005 0.0003 

03 0.2716 0.4818 0.3756 0.0006 0.0004 0.0017 

o4 0.0855 0.6825 (0.2500) 0.0006 0.0003 

Nl 0.1990 0.4511 (0.2500) 0.0006 0.0004 

N2 (0.0000) 0.6536 (0.2500) 0.0005 

* Coordinates in parentheses were constrained in the least 

squares calculation . 

... 

' > 



Table XIII. Anisotropic thermal parameters and their estimated standard deviations for the structure 

of ferricinium picrate. Units are 'A.2. 

Atom Bll B22 B33 Bl2 B13 B23 
CJ 
Bll 

CJ 
B22 

CJ 

B33 
CJ 

B12 
CJ 

B13 
CJ 

B23 

3.089 3.826 * (0.000) Fe 5-"721· (0.000) (0.000) 0.059 0.067 0.088 

Cl 2.128 3.260 34.510 -0.625 (0.000) (0.000) 0.310 0.375 2.629 0.303 

C2 4.393 12.716 11.926 0.083 1.480 4.888 0.316 0.693 0.742 0.446 0.420 0.649 

C3 3-991 9.245 12.960 1.304 0.307 -3.215 0.271 0.448 0.744 0.318 0.361 0.485 

c4 3.666 2.990 6.564 ( 0. 000) (0.000) (0.000) 0.446 0.408 0.671 

C5 3-759 4.292 6.396 0.354 (0.000) (0.000) 0.327 0.364 0.464 0.272 -- -- I 
.1::"' 

c6 4.242 4.215 7.861 -0.684 (0.000) (0.000) 0.369 0.357 0.560 0.308 -- -- b 
I 

C7 4.393 3-052 5.146 (0.000) (0.000) (0.000) 0.499 0.409 0.562 

01 4.488 3.605 13.182 (0.000) (0.000) (0.000) 0. 398 0.353 0.860 

02 . 5.289 5.384 14.651 1.416 (0.000) (0.000) 0.336 0.328 0.687 0.291 

03 4.391 7.113 13.665 -0.402 -2.675 0.642 0.355 0.558 0.843. 0.361 0.483 0.561 

o4 7.812 3.762 lO.o66 -1.377 (0.000) (0.000) 0.409 0.255 0.494 0.284 

Nl 4.137 3.861 18.789 0.325 (0.000) (0.000) 0.354 0.328 l.o65 0.301 

N2 5.877 4.021 5.860 (0.000) (0.000) (0.000) 0.562 0.450 0.571 

* Thermal parameters in parentheses were constrained in the least squares calculation . 

---- .... ~--· f: ___________ . . __ t: "I . . . ... - -.. -.... ;{.... ____ . --- ·--· .. .). - _): ______ _ 
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Observed and calculated structure factors for ferricj_nium 
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the picrate remain within 0. O~)z of the z = l/4 plane. '"Che Oj was an 

exception and it moved to z = 0.12. All atoms had B
33 

trtermal param­

eters as large or larger than those refined in the centric space group, 

further. evidence that the structure is indeed disordered. Tbe cycJo­

pentadiene rings refined to an as~metric structLrre in space group 

Crnc2
1

. When the more symmetric ferricinium structure f'rom the centric 

refinement was introduced, it refined back to the as~metric structure. 

The agreement factor is R = 7.3ojo and the weighted sum of the squarF:s of 

the residuals is 181.03. All weights were assigned to unity except for 

the zero intensities which were given zero weight. 

Space group C2am offers no particular advantage over the centric 

space group since the mirror plane still requires the picrate to be planar. 

For this reason, refinement was not completed for this space group. 

D. Discussjon of the Structure 

The space group Crncm requires that two mutually perpendicular 

mirror planes pass through the molecule. The picrate anions lie in xy 

mirror planes at z l/4 and z = 3/4. They are also bisecte0 by the yz 

mirror planes at X 0 and X l/2. The iron and four atoms of the picrate 

lie at the intersection of the two mirror planes. The cyclopentadj_ene rings 

are in planes perpendicular to x, at x = 0.13 and x = -0.13. Figure 5 

illustrates one molecule of ferricinium picrate in a projection along the 

c axis. The 03 atom (dotted in the figure) was allowed to move off .the 

z = l/4 mirror and treated as two half-atoms in the least squares calcula­

tion. The reason for this is discussed earlier in the text. Eight carbons 

of the cyclopentadiene rings also lie off the z == l/4 mirror, and are illust­

rated by two concentric circles, the outer one solid and the inner one dotted. 

Because of the disorder in the structure, the bond distances and bond angles 

as given in the figLrre cannot be considered too reliable. 

The disordered structure for the picrate j_n thir-> work is in agree­

ment with similar structures determined by other workers. In preliminary 
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26 
results i;or potassium picrate, the ortho nitro group is rotated ~:6" 

and the para group 6o c,mt oi' the plane of the benzene ring. F'or picryl 
27 azide) c

6
H

2
N

6
o6) the two ortho groups are rotated 111° and 58o respec-

tively and the para group 7o out of the plane. 

The disorder of the cyclopentadiene rings can he explained by a 

smearing of the electron dens i. ty in the ring) also observed by Dun Hz) 
. 19 

Orgel and Rlch for the ferrocene structure. Because of trd.s smearing) 

the iron-carbon and carbon-carbon bond lengths are not known to better 

than 0.02 A. An average iron-carbon distance in ferricinium of 2.06 A 

agrees within the accuracy of Dunitz) et a1.
19 

A more reliable measurement is from the iron to the plane of the 

cyclopentadiene ring. The value calculated for this structure) taking an 

average value of x) is 1.684 :i 0.005 A. In the ferrocene structure) the 

d:i.~;tance from the iron to the center of gravity of the ring is 1.6()0 A. 
- 28 

It was suggested by I. Pavlik and J. Klikarka on the basis of in:fra.-

red spectra measured for ferr.icinium picrate) that the iron-cyclopenta­

diene ring bond is weaker and more ionic than for ferrocene. This could 

account for the increased distance between the iron and the planes of the 

cyclopentadiene rings . 
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