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tuation (aRu-Cl = 0-007 A). We believe that the greater 
bond length corresponding to the equatorially substi- 
tuted chlorine atom is to be attributed to a repulsive 
effect on the Ru-C1 bonding electrons induced by the 
allylic ~r-electrons donated to the metal (see Fig. 3). 
Owing to the geometry of the coordination, the above 
effect is analogous to the well-known trans effect. Con- 
trary to the case of most dimeric complexes containing 
chlorine bridges, the RUEC12 planar four-membered 
ring deviates appreciably from the perfect square con- 
formation: in addition to the above discussed difference 
in the Ru-C1 bond lengths, the CI-Ru-C1 and Ru-CI-  
Ru angles are quite different from 90 ° (75.2 ° and 104.8 ° 
respectively, see Fig. 1). 

We express our gratitude to Drs Porri and Vitulli 
for providing us with the crystalline samples, and for 
very useful discussions. 
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The Crystal Structure of 4-Ethylpyridinium Tetrabromoferrate(III)* 
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Single-crystals of 4-ethylpyridinium tetrabromoferrate(III) have been prepared and their crystal struc- 
ture has been determined by three-dimensional X-ray analysis. The compound crystallizes in the mono- 
clinic space group P21/c with a=7"7068 (8), b=14.1673 (11), c=13.0414 (16) A, fl=84-19 (1) °, and 
Z =  4. Intensity data were measured using a 0-20 step scan technique on an automated diffractometer 
with Mo Ka radiation. The structure was solved by superposition and Fourier methods and refined by 
full-matrix least-squares techniques to a final residual R of 0"061 for the 762 observed reflections used 
in the analysis. Ring atoms of the cation were refined as a rigid group. The FeBr~ tetrahedra are nearly 
aligned with their threefold axes almost coincident in the e direction. Average Fe-Br distance is 2.326 
(this average becomes 2.347/~ when the interatomic distances are corrected for thermal motion assuming 
a riding model). The structure is in part stabilized by the presence of a weak N-H---Br  hydrogen bond. 

Introduction 

The crystal-structure study of 4-ethylpyridinium tetra- 
bromoferrate(III) was undertaken after the compound 
accidentally appeared as a byproduct during a series 
of investigations of bromo-coordinated antimony com- 
pounds in this laboratory. The true composition was 
determined from the crystal-structure analysis and also 
by an electron-microprobe analysis of the crystal used 
in the data collection. We felt it would be of interest to 
complete the crystal-structure analysis of the tetrabro- 
moferrate(III) compound because of the general in- 
stability of iron(III)bromides (Sidgwick, 1950) and the 

* Work was performed at the Ames Laboratory of the U.S. 
Atomic Energy Commission. Contribution No. 2777. 

Present address: Department of Biological Sciences, 
Purdue University, Lafayette, Indiana 47907, U.S.A. 

lack of crystal-structure data regarding the FeBr i 
group. 

Experimental 
Crystal data 

4-Ethylpyridinium tetrabromoferrate(III), 
C7HgNHFeBr4, 
M=483.65,  monoclinic P21/c, F(000)=900e,  Z = 4 ,  
a=7.7068(8) ,  b=14.1673(11),  c=13.0414(16) A, 
f l= 84.19(1) ° , 
V= 1416.6 A3, Dc=2.27 g.cm -3, 
Mo Ke (2=0.7107 A) , / z=  135.8 cm-1. 

Single crystals of CTH9NHFeBr4 were obtained ac- 
cidentally from contamination introduced into a vessel 
where the corresponding antimony bromide salt was 
being prepare d . Of the two crystalline forms present, 
crystals of What later was determined to be the tetra- 
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bromoferrate(lII) salt were selected because their crys- 
tal habit was more suitable for X-ray analysis; the 
other crystals had one very short dimension. The true 
composition was later determined from crystal-struc- 
ture analysis and electron-microprobe analysis. 

The compound has subsequently been prepared by 
adding 4-ethylpyridine to a solution containing iron 
and Brz in concentrated hydrobromic acid. In this 
preparation a deep red-black crystalline solid forms 
very slowly upon cooling. (An alternate preparation of 
similar tetrahaloferrate ions has been reported by Clau- 
sen & Good, 1969.) Precession photographs of these 
crystals are identical with those obtained from the crys- 
tal used in data collection. These photographs exhibi- 
ted 2/m Laue symmetry with the following systematic 
absences: 0k0 when k = 2n + 1 and hOl when l=  2n + 1. 
These extinctions uniquely specify the monoclinic space 
group P21/c. The unit-cell dimensions and their stan- 
dard deviations were obtained by a least-squares fit 
to 13 independent reflection angles whose centers were 
obtained by carefully aligning the crystal on a General 
Electric single-crystal orienter using a 1 ° take-off angle 
and Cr Kcq radiation (2=2.28962 .A). 

The crystal used for data collection was approximately 
0.14 x 0.15 x 0.35 ram. It was mounted in a 0.2 mm thin- 
walled, Lindemann glass capillary tube with the c axis 
(0.35 mm) nearly parallel to thee axis. Data were taken 
at room temperature ( T ~  24 °) utilizing a fully automa- 
ted Hilger-Watts four-circle diffractometer equipped 
with scintillation counter. Mo K~. (,).=0-7107 A) radia- 
tion was used with balanced (Zr-Y) filters to obtain in- 
tensity and individual background readings. The 20-0 
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Fig. 1. Formula  unit of 4-ethylpyridinium tetrabromoferrate-  
(III) with impor tant  bond distances (A) and angles (°) and 
showing presence of N - H - - - B r  hydrogen bond. 

step scan technique with a 4.5 ° take-off angle was used 
to record 1751 reflections within a 20 sphere of 50 ° (sin 
0/2=0.595 A-l). A variable scan range was employed 
of 50 steps plus 2 per deg 0 at a counting rate of 0.2048 
sec per step of 0.01 deg in 0. As a general check on elec- 
tronic and crystal stability, the intensities of three stan- 
dard reflections were remeasured periodically during 
the data collection. Comparison of these values indi- 
cated that no decomposition had occurred. 

Intensity data were corrected for korentz-polariza- 
tion effects and for effects due to absorption (# = 135.8 
cm-1). The absorption correction was made using pro- 
gram ABCOR (Busing & Levy, 1957); the maximum 
and minimum transmission factors were 0.215 and 
0.196, respectively. Estimated error in each intensity 
measurement was calculated by 

[o-U)]-" = [cT + c .  + (0.05cT) 2 
+ (0" 10CB) 2 + (O'05CR)Z]/A 2 

where Cr, C,, CR and A are the total count, background 
count, net count and the transmission factor, respec- 
tively. The estimated standard deviation of each struc- 
ture factor was calculated from the estimated errors 
in the intensity using the finite-differences method cf  
Williams & Rundle (1964). Reciprocals of the structure 
factor variances were used as the weights during the 
refinement. Based on the measurement of symmetry 
extinct reflections, it was decided that only those reflec- 
tions for which I >  3o-(1) would be considered observed. 
The results reported below are based on the 762 remain- 
ing observed reflections. 

Solution and refinement 

The observed Patterson synthesis was difficult to inter- 
pret because of preconceived notions regarding the dis- 
tances and geometry expected for antimony-bromide 
polyhedra. A series of single superpositions was then 
carried out using general peaks on a sharpened Patter- 
son map. Comparison of the resulting maps revealed 
an MX4 heavy-atom group of tetrahedral geometry. 
These coordinates were input as an SbBr4 group with 
fixed thermal parameters and were refined by a full- 
matrix least-squares procedure* minimizing the func- 
tion ~.w(IFol- IFcl) 2. Examination of the resulting elec- 
tron-density map revealed all nonhydrogen atom po- 
sitions. Isotropic refinement resulted in a conventional 
R value, R=[~(IFol-[Fcl)]/~lFol, of 0.185 and a 
weighted R value, Rw = [~w([Fo]- IFcl)2/Y~wlFolZ] ~, of 
0.223. 

The multiplier of the metal atom was then allowed 
to vary while the scale and its thermal parameters re- 
mained fixed. The multiplier varied from 1.00 to 0.53, 
lowering the discrepancy factor to R--0.156. This im- 

* In addit ional  to local programs written at this laboratory,  
the authors  wish to acknowledge the use of A CBOR (Busing & 
Levy), O R T E P  (C. K. Johnson),  ORFFE and a local modifica- 
tion ORFLS  (Busing, Mart in & Levy) and LCR2 (D. E. 
Williams). 
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Table 1. Final positional and thermal parameters for CTHgNHFeBr4* 

Standard errors of the coordinates and the to and their standard errors are x 104. The B~ are defined by: 

T= exp [ -  (h2fll 1 + k2]~22 + 12fl33 • 2hkB12 + 2hlf113 + 2klf123)]. 

X y Z fill fl22 fl33 fl12 ~13 fl23 
0"3045 (4) 0"2603 (2) 0"0646 (3) 181 (7) 61 (2) 59 (3) 2 (3) --20 (3) 3 (2) 
0"3562 (4) 0"1058 (2) 0"0138 (2) 363 (8) 60 (2) 92 (3) 21 (3) --13 (4) --3 (2) 
0"0310 (4) 0"3096 (3) 0"0259 (2) 222 (7) 123 (3) 97 (3) 56 (3) --33 (3) --5 (2) 
0"5212 (4) 0"3567 (3) --0"0163 (3) 317 (8) 108 (3) 92 (3) --66 (4) --6 (4) 13 (2) 
0"3148 (4) 0"2673 (2) 0"2435 (2) 304 (7) 103 (2) 52 (2) --24 (3) --18 (3) --3 (2) 
1"1980 (60)  0"6012 (49)  0"3054 (37) 568 (148) 443 (89) 200 (57) --217 (97) --132 (70) --160 (60) 

plied that the central metal  a tom was smaller than an 
ant imony,  atomic number  ~ 27, in agreement with the 
shorter M - B r  distances found. An electron-microprobe 
analysis of  the crystal used for data collection con- 
firmed the absence of an t imony and indicated the pre- 
sence of  iron and bromine.  Prel iminary treatment of  
the data was then repeated. (The results described earl- 
ier were based on the iron compound  and included the 
revised absorpt ion coefficient.) Subsequent refinement 
based on FeBr4 proceeded smoothly and with aniso- 
tropic thermal  parameters for all nonhydrogen atoms 
converged to a discrepancy factor of  R = 0 . 0 5 6  and 
Rw = 0"089. 

Unusual ly  large thermal  ellipsoids were obtained for 
the ethyl carbon atoms, and a least-squares plane anal- 
ysis of  the pyridinium-ring atoms revealed deviations 
as large as 0.05 A;  therefore, it was decide to use rigid- 
body refinement for the ring and adjacent atoms. The 
C - N  bond length was taken as 1.340 A and the four 
C - C  lenghts as 1.394 A each (Bak, Hansen-Nygaard,  
& Rastrup-Andersen,  1958). This decreased the num- 
ber of  variables f rom 118 to 62; refinement converged 
to a discrepancy factor of  R=0 .061  and a weighted 
discrepancy factor of  Rw = 0.096. A final electron-den- 
sity difference map  showed no peak heights greater 
than 0.4 e.A -3. 

The relativistic Har t ree-Fock  X-ray scattering fac '  
tors for neutral  atoms of Doyle & Turner (1968) were 
used, with those of  iron and bromine being modified 
for the real and imaginary parts of  anomalous  disper- 
sion (Templeton, 1962). The scattering factor used for 
hydrogen was the contracted form of Stewart, David- 

son & Simpson (1965). Based on the agreement of  
the large structure factors, no extinction correction was 
necessary. The final posit ional and thermal  parameters 
and their s tandard errors as derived f rom the inverse 
matrix of the final least-squares cycle are given in Table 
1. Positional coordinates of  the group atoms are listed 
in Table 2. Final  values of the observed and calculated 
structure factors ( x  10) are listed in Table 3. 

Table 2. Group parameters for CTHgNHFeBr4* 

Xo=0-6708 (21) O= 8"91 (35) 
yo=0"3869 (13) 0= --45"63 (83) 
zo=0"2868 (15) q~= 39"77 (86) 

Group B= 3.96 (35) A2 
X y Z 

N(1) .0.6708 0"3869 0.2868 
C(2) 0.6928 0"4563 0"2168 
C(3) 0"8419 0"5123 0"2023 
C(4) 0"9764 0"4957 0"2638 
C(5) 0"9557 0"4239 0"3369 
C(6) 0.8013 0.3719 0.3453 
C(7) 1-1442 0-5555 0-2512 
H(1) 0.5564 0-3462 0.2953 
H(2) 0"5897 0.4700 0.1685 
H(3) 0"8530 0"5674 0.1447 
H(5) 1"0569 0.4088 0.3861 
H(6) 0"7872 0"3164 0.4023 

* The group was defined in the xy plane of the orthogonal 
coordinate system with the twofold axis along x; xo, yo and Zo 
refer to the group origin and 0, 0 and (p are the rotation angles 
in degrees (Scheringer, 1963). In addition to the group thermal 
parameter, the fixed individual thermal parameters assigned 
group atoms were 3.5, 8.5 and 6.0 A2 for the ring atoms, C(7) 
and hydrogen atoms, respectively. 

Fig. 2. Stereogram of unit cell showing packing of 4-ethylpyridinium tetrabromoferrate(III) units. 
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Description of the structure 

The tetrabromoferrate(III) group describes a slightly 
distorted tetrahedron with bond distances ranging from 

2.309 to 2.345 A and bond angles of  107.7 to 110.9 °, the 
averages being 2.326 A and 109.5 °. This average Fe-Br 
distance becomes 2.347 /~ (range 2.328 to 2.362 /~) 
when interatomic distances are corrected for thermal 

Table 3. Observed and calculated structure factors ( × 1 O) 
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(a) FeBr4 anion 

Table 4. lnteratomic distances and angles 

d dcorr. 
Fe---Br(1) 2.309 (4) A, 2"328 (4) 
Fe---Br(2) 2.324 (4) 2-347 (4) 
Fe---Br(3) 2"326 (4) 2.351 (4) 
Fe---Br(4) 2.345 (4) 2.362 (4) 
Br(1)-Br(4) 3"757 (4) - - 
Br(2)-Br(3) 3-821 (4) 

(b) C7H9NH + cation 
C-N 1.340 A 
C-C 1.394 
N-H 1.050 
C-H 1.080 
C(4)-C(7) 1.540 
C(7)-C(8) 1.073 

Angle 
Br(1)-Fe-Br(2) 
Br(1)-Fe-Br(3) 
Br(1)-Fe-Br(4) 
Br(2)-Fe-Br(3) 
Br(2)-Fe-Br(4) 
Br(3)-Fe-Br(4) 

C(6)-N(1)-C(2) 
N(1)-C(2)-C(3) 
N(1)-C(6)-C(5) 
C(2)-C(3)-C(4) 
C(6)-C(5)-C(4) 
C(3)-C(4)-C(5) 
C(4)-C(7)-C(8) 

(c) Other 
Br(4)-H(1) 
Br(4)-N(1) 
Br(1)-Br(1)i 
Br(4)-Br(1)ii 
(i) ~, p, 

(ii) x, ½-y,  ½+z 

2.330 A 
3.321 
3.724 (5) 
3.998 (4) 

Br(4)-H(1)-N(1) 
F e - ~ B r ( 4 ) - H ( 1 )  

Fe~Br(4)-N(1)  

110-9 (2) ° 
109.3 (2) 
107"7 (2) 
110-5 (2) 
109.0 (2) 
109"4 (2) 

117.0 
123"7 
123"7 
118"5 
118"5 
118"5 
129.6 

156"9 
114"7 
107"6 

A C 2 7 8  - 1 2 "  
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motion, using a riding-model approximation. The shor- 
test bromine---bromine contact within the group is 
3.76 A. All bond distances and angles are listed in 
Table 4 (see Fig. 1). Ring atoms of the 4-ethylpyridin- 
ium cation were fixed in the rigid-body refinement. 
The unusually short C(7)-C(8) distance obtained in the 
ethyl group is a result of the large thermal parameters 
associated with those atoms. Using the anisotropic 
thermal parameters obtained from the earlier refine' 
ment, this distance adjusts to 1.51 /~ when a riding 
model is assumed. The high thermal motion of the 
cation can be attributed to the size of its cavity. 

A unit-cell drawing of 4-ethylpyridinium tetrabro- 
moferrate(II1) is shown in Fig. 2. The FeBr 4 tetrahedra 
are nearly aligned with their threefold axes almost coin- 
cident in the e direction. The closest bromine---bro- 
mine distance in this direction is 4.00/~, which is grea- 
ter than the sum of the van der Waals radii of 3.90 A. 
The shortest intermolecular bromine---bromine dis- 
tance is 3.72 A involving Br(1) across a center of sym- 
metry. One significantly short hydrogen---bromine 
distance involving H(1) and Br(4) of 2.3/~ is present. 
The Fe-Br(4)---H(1) and Br(4)---H(1)-N(1) angles 

are 115 and 157 °, respectively. The Fe-Br(4) bond dis- 
tance is also slightly longer than the other Fe-Br dis- 
tances. The N-H---Br(4)  hydrogen bond may contrib- 
ute to the slight ion deformation and the crystal 
stability of this compound. 
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The crystal structure of B203 derived by Gurr, Montgomery, Knutson & Gorres is not essentially diffe- 
rent from that reported earlier by Strong & Kaplow. Removal of an arbitrary transformation of axes 
shows the newer single-crystal results to be a refinement (associated with inequalities in the near- 
neighbor separation distances) which is verified by the original powder data and the atomic pair distri- 
bution fitting procedure. 

Two of the present authors have previously published 
a description of the structure of crystalline B203 
(Strong & Kaplow, 1968; hereafter referred to as SK). 
That description was based on analysis of the radial 
pair-distribution function, 4nr[o(r)-Oo], determined 
from the Fourier transform of the reduced X-ray in- 
tensities recorded from powder specimens. The reduced 
intensity is defined as: 

k {[I(k) - (fz)]/ ( f  )2 } , 

where: k = 4n sin 0/2 
I(k)=intensity, electron units 
(f)=2x,Z(k) 

f~(k) = atomic scattering factor, ith element 
xi = atomic fraction, ith element 

4nrZo(r)d(r) = number of atoms in a spherical shell of 
radius r and thickness dr about an aver- 
age atom, each pair-type being weighted 
by its scattering power. 

~o = mean number of atoms per unit volume. 


