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After dissolving iron(IIr) chloride in anhydrous hydrogen cyanide at room temperature single crystals are 
obtained. When studied by infrared spectroscopy these crystals show that the HCN molecule is bound to the 
iron atom by nitrogen atom. The crystals are trigonal with a = 10.29 i 0.01 A and c = 6.280 & 0.006 A. A three- 
dimensional X-ray crystal structure analysis has shown that the unit cell contains two FeCI, tetrahedrons and 
one Fe(NCH)6 octahedron. Inverting the full matrix and using anisotropic temperature factors, R factor based 
on 871 reflexions is equal to 0.07 excluding zero values. Interatomic distances computed from X-ray results show 
that nitrogen atom is bound to the iron atom. The color of crystals changing from yellow to green is related to 
the presence of iron the variable amount of which leads to a linear variation of lattice constants. 

Numerous experiments in recent years have 
shown the importance of coordination compounds 
in solvent-solute interaction phenomena. Liquid 
anhydrous hydrogen cyanide, characterized by a 
very high dielectric constant equal to 118, dissolves 
covalent halides of transition metals par- 
ticularly well. As a part of the study of compounds 
formed in this solvent, we have isolated in the form 
of crystals the compound that is formed when iron 
trichloride is dissolved in hydrogen cyanide, and 
studied it by infrared absorption spectrophotometry 
and by X-ray diffraction. 

Synthesis and Analysis 

The apparatus (I) used for the synthesis is of 
Pyrex and hermetically sealed (Fig. 1). Because the 
synthesis must be made in a solvent as anhydrous as 
possible, the vessel is carefully evacuated before the 
reagents are brought together. These are previously 
purified; iron trichloride by sublimation under 
vacuum at 300°C and hydrogen cyanide, obtained 
by reaction at 0°C of 18N sulfuric acid on solid 
potassium cyanide, by two successive distillations. 
Hydrogen cyanide dissolves iron trichloride giving 
a red solution; the solubility limit is close to 300 
g/liter. This solution is moved into T5 tube which is 
left at room temperature. After a time variable 
between 5 and 30 days, hexagonal prismatic crystals 

spontaneously appear; one can also get them by 
cooling down the solution. The color changes from 
yellow to green according to the experimental 
conditions. The concentration in iron trichloride 
for which crystals are best shaped is close to 150 
g/liter. After crystallization, residual solution is 
transferred into T4. The last drops of liquid coating 
the crystals are evaporated by cooling T4 at 0°C 
or at an even lower temperature; T5 is then sealed 
off. The crystals, the decomposition of which 
becomes noticeable after a month, are very rapidly 
decomposed, however, by outside humidity. 

Their composition has been determined analyti- 
cally as follows. A weighed amount of crystals is 
dissolved in an aqueous solution of sulfuric acid, 
pH = 3, containing EDTA to decompose the 
complex, if any, formed with hydrogen cyanide. The 
hydrogen cyanide that is liberated is carried away 
by carbon dioxide and collected in a nitric acid 
solution of silver nitrate; the number of CN groups 
is then titrated in this solution. In the primary 
sulfuric acid solution, chloride ions are titrated by 
potentiometry with silver nitrate, and iron by 
gravimetry after precipitating Fe20,. Since the 
color of crystals changes with experiments, the 
presence of iron has been looked for, found, and 
the amount titrated with a-phenanthroline. Some 
typical results are shown in Table I. 

From analysis the formula may be written as 
421 
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VACUUM 

HCN -,-> 

FeC13 

Tl T2 T3 

FIG. 1 Synthesis apparatus. 

T4 T5 

Fe\!!,Fe~Clz.as(CN)~. Two remarks have to be made 
about x and A. 

The variable amount x of iron(I1) is directly 
related to the time during which the reacting solution 
is left before crystallization, and to the color. 
A green solution corresponds to x close to 48% 
whereas a yellow solution corresponds to x close 
to 27%. This point is discussed below. The experi- 
mental determination of the number of CN groups 
gives very scattered values: X varies between 1.5 
and 3. This discrepancy has been correlated with 
the temperature at which T4 is set for drying 

TABLE I 

EXAMPLES OF ANALYTICAL RESULTS 

Test Ratio 
- - 

Cl/Fe 1 2.71 f 0.03 
2 2.66 f 0.03 
3 2.77 f 0.04 
4 2.60 f 0.03 

CN/Fe 5 2.30 f 0.08 
6 1.66 f 0.06 
7 2.08 f 0.07 
8 3.2 + 0.1 

crystals. A too drastic cooling (liquid nitrogen) 
brings about a beginning of crystal decomposition 
leading to a value of h equal to 1.5; a cooling at 
0°C cannot completely eliminate the mother 
solution and h is found close to 3. 

The correct value of h will be determined when the 
crystallographic structure is known. 

Study of Crystals by Infrared Techniques 

In a glove box crystals are ground in nujol and the 
mixture spread out in a thin layer between two 
CsBr plates. The range 4000-200 cm-’ has been 
recorded with a Perkin Elmer 225 spectrometer 
(Fig. 2). The band assignment is shown in Table II. 
As a comparison bands of the deuterated compound 
are also shown. The latter is made starting from 
DCN which is prepared from KCN and D2S04. 

Observed frequencies related to the vibrations of 
the HCN coordinated group are similar to those 
found for addition compounds of hydrogen or 
deuterium cyanide with chlorides such as HCN- 
BCI,, HCN- SbC& or2HCN*TiCl, (2,3) (Table III). 
The increase of the stretching frequency of the CN 
triple bond with respect to free hydrogen cyanide is 
to be noted in every case. This displacement is 
related to the bonding of the CN group to the metal 
by the nitrogen atom. Indeed, this is observed for 
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FIG, 2 Infrared spectrum. FIG, 2 Infrared spectrum. 

acetonitrile of which the addition can be made only 
through this nitrogen atom. The stretching frequency 
appears at 2253 cm-’ for acetonitrile (4) and at 2270 
cm-’ for the ion [Fe(CH3CN)J2+ (5). This increase 
of C&N frequency when N is bound, is also clearly 
displayed by W(CO)SNCH and W(CO),CNH: CN 
frequencies are 2116 and 2095 (6), respectively, 
while it is 2097 for HCN (7). In the present work the 
stretching frequency is observed at 2 13 1 cm-’ where- 
as it is 2096 for H,Fe(CN)6 (8) where the CN 

TABLE II 

WAVE NUMBERS OF INFRARED ABSORPTION BANDS 

(IN cm-‘) 

Fe,Cls(NCH)6 FeQ(NCD)6 Assignment 

318Ok.2 vCH 

2584 + 2 S-D 

2131 zt 1 1920 * 1 vC=N 

1604*2 
26 N-C-H + ? 

(2 x 758 = 1516) 

758 zt 2 

375 + 2 

29Ozt2 
232 f 5 

1208+2 

613 c!z 2 

377 It 1 

291 12 
222 zt 2 

ZSN-C-D 
(2 x 613 = 1226) 

GN-C-N 

SN-C-D 

vFe-Cl 

vFe-N 

group is bound to the iron atom through its carbon 
atom. Then in the present work iron is bound to 
nitrogen. 

Moreover, the existence in the spectrum of a C-H 
band at 3180 cm-’ shows that the molecule HCN is 
coordinated to the iron ion by nitrogen. At last this 
is confirmed by the fact that two bands are observed 
at 290 and 232 cm-‘; these vibrations have been 
assigned to the Fe-N stretching vibration since 
these frequencies are close to 298,272, and 233 cm-’ 
found in the spectrum of [(CH,),N], [Fe”‘(NCS),] 
(9). Let us point out that the frequency correspond- 
ing to Fe-C bands are close to 400 cm-’ since 419 
and 406 cm-’ bands are observed for H,Fe(CN), (8). 

In closing this discussion on the nature of the 
atom bound to iron, it should be pointed out that 

TABLE III 

WAVE NUMBERS OF INFRARED AB~~R~TJON BANDS 

vC=N vC-H or K-D 
(cm-‘) (cm-‘) References 

_____--. - -~ --~_______~ .._._.__. .~ _____. .~__ 

BCl,NCH 2189 3156 (2) 
BCl,NCD 1950 2607 (2) 
TiCl,(NCH)2 2134 3173 

2135 
HCN (sol) 2097 3135 (7) 
DCN (sol) 1888 2550 (7) 
WWJQ 2096 (8) 
CH&N (liq) 2253 (4 
[Fe(NCCH,)J*+ 2270 (5) 
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ferro or ferricyanide ions have never been found 
when the crystals are dissolved in water. Indeed, 
these ions are very easy to detect, and if they existed 
in solid they should have been found in aqueous 
solution. Therefore, we conclude to the occurrence 
of a chain Fe-N=C-H in the crystal and therefore 
HCN behaves as the nitrile of formic acid. 

Crystallographic Study 
The study of the unit cell is based on pictures taken 

following the Laue and precession methods using 
MoKcr radiation. The single crystal has been 
introduced into a Lindeman glass tube in a glove box. 
It is a prism 0.5 mm long; its section is hexagonal 
and the edge is 0.1 mm. The unit cell belongs to the 
trigonal system and the lattice constants are 
a= 10.29+0.01 A and c=6.280~0.006 A. 
Lengths are measured on films with a rule giving 
the & mm and the film shrinkage has been 
corrected. 

This crystal contained 38% of iron(I1) (see 
section on Nonstoichiometry). Two space groups 
P3 and P3 are possible because there are no system- 
atically absent reflexions. 

Density is very difficult to measure because of the 
instability of crystals when removed from the 
synthesis tube. Values found by pycnometry using 
hexadecane were in the range 1.8-l .9. Despite this 
scattering, these results lead to the conclusion that 
the unit cell contains three molecules of 
FeCl~.dCNh. 

To record intensities, the single crystal has been 
set on an eulerian cradle 120 mm in diameter. The 
used MOKU radiation was emitted by a tube supplied 
by a C.G.R. Theta 60 generator. Diffracted intensi- 
ties have been measured with a scintillation 
counter associated to a pulse height analyzer. 

A zirconium filter 0.1 mm thick is put in front of 
the counter. The distance crystal focus is 23 cm and 
the crystal counter is 18 cm. The aperture of the 
counter is a circle of 3 mm in diameter. The pulsed 
height analyzer centered on MoKcr energy and used 
in a differential way cuts 10% of the incident 
intensity. Nine hundred twenty-two independent 
reflections have been recorded with a 9-28 scan at 
room temperature after manual setting of the 
crystal. Three chosen reflections have been recorded 
twice a day to check the stability. 

The scanning range was 1.76” in 0 and sym- 
metrical; the scanning speed was 0.35”/min in 8. 
The highest counting rate exceeded 7000 counts/set 
for only three reflexions. The background has been 
measured over 100 set at a fixed point set 0.86” 
before the Bragg angle of each reflexion, i.e. at the 

beginning of the scan. An average curve of back- 
ground based upon (hkl) reflexions having hkl prime 
integers between them has been drawn. To substract 
background for each reflexion, a curve, parallel to 
the average background curve, is drawn starting 
from the fixed background point of that particular 
reflexion. 

Absorption corrections have been applied using 
the method of Busing and Levy (20). Absorption 
coefficient is equal to 26.7 cm-‘. Corrections range 
from 0.60 to 0.62. Standard deviation which will be 
used in refinement has been computed for each 
reflexion (II). 

A three-dimensional Patterson series clearly 
shows that the iron atoms are located on the three- 
fold axes. Taking into account the polar character 
of both space groups P3 and P3 one iron atom has 
been fixed at the origin. Iron atoms are found at the 
center either of a tetrahedron, or of an octahedron. 
Considering peak heights, chlorine atoms appear to 
be tetrahedrally arranged around iron; for one 
octahedron there are two tetrahedrons FeC14 
arranged head to tail. The assignment of neighbors 
to octahedrally surrounded iron is more difficult. 
Indeed there are two possibilities regarding the 
chemical formula: Fe-N-C or Fe-C-N; this 
ambiguity cannot be solved directly by X-ray. 
Refining by least squares (22) taking isotropic 
temperature factors and form factors as given by 
Cromer and Waber (13) leads to R factor equal to 
0.13. 

A three-dimensional Fourier series has been 
computed with observed structure factors and 
signs deduced from the preceding refinement. 
Except for the six CN groups coordinated to the 
iron atom, no CN group shows up which might have 
been in the solid as crystallization molecules. There- 
fore, the value of X (number of CN groups per iron 
atom) is determined and the formula is 
Fe:!!,FeyC12.68(CN)2. 

Final refinement has been carried out in P3 and 
P3 space groups. Because of a bad stabilization of 
parameters in P3 and because of Hamilton’s test 
(24) computed on the 0.005 level, the P3 space 
groups appears the right one. This has been con- 
firmed by using Roger’s test (15) (Fig. 3). The final 
least-squares refinement based on 871 data including 
anisotropic temperature factors is made by inverting 
the full matrix and taking account of the anomalous 
components of form factors (16). It leads to an R 
factor equal to 0.09 including zero intensities and to 
0.07 excluding zero intensities. R is taken as the 
ratio between the sum of differences in absolute 
value between observed and computed structure 
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FIG. 3 Roger’s test-points are experimental values. (1) is related to acentric case and (i) to centric case. 

factors, and the sum of observed structure factors. 
If observed intensities are weighed, R is equal to 
0.09 including or excluding zero intensities. A 
difference series has not shown hydrogen atoms, 
although the accuracy on electron density is equal 
to oAf?/A-3 (9). 

Observed and computed structure factors are 
shown on Table IV F(OO0) being equal to 1019. 
Atomic parameters and components of anisotropic 
temperature factors are gathered on Table V. The 

arrangement of the two FeCl, tetrahedrons and of 
the Fe(NC), octahedron is drawn on Fig. 4. Inter- 
atomic distances and bond angles are shown on 
Fig. 5. 

Discussion 

Although it cannot be proved directly by X-ray 
what atom of the CN group is bound to the iron 
atom, the structural determination suggests that the 

FIG. 4 Projection on (001) plane. 
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TABLE V 

ATOMIC PARAMETEFG ANDANISOTROPICTHERMALVIBRATIONCOMPONENTS(X 104) 
exp [-21?(U&z*)~ + U&b*)* + U3r(Z~*)z + 2U,2(hka* b*) + 2U&1la* c*) -+ 2U,,(klb* c*))] 

427 

X Y z U11 U*2 u33 U12 u13 u 23 
-. 

Fe 1 0 0 0 511(S) 51 l(8) 525(10) 256(4) 0 0 
Fe2 213 l/3 0.8589(2) 573(7) 573(7) 456(S) 287(3) 0 0 
N 0.1904(7) 0.1472(7) 0.1950(9) 571(32) 647(35) 692(30) 296(29) -40(25) -56(25) 
C 0.2957(10) 0.2306(11) 0.2694(15) 694(49) 981(65) 841(50) 332(48) -63(43) - 175(46) 
Cl 1 213 l/3 0.2073(4) 789(12) 789(12) 457(12) 394(6) 0 0 
Cl 3 0.6291(3) 0.1153(2) 0.7479(3) 935(15) 692(11) 733(11) 429(11) 34(9) -72(9) 

’ Standard deviation is given in parentheses. 

group is bound by nitrogen as shown by the follow- 
ing discussion based upon interatomic distances. 

Firstly, the length of the Fe-first-neighbor 
interatomic distance is equal to 2.16 A; it is close to 
the 2.24 A value observed for the distance Fe-N in 
the complex [(HEDTA) Fe-O-Fe (EDTAH)12- 
(18), while it is very different from the 1.89 value 
which corresponds to the Fe-C distance found in 
ferro- or ferricyanide compounds (19). Then, we 
conclude to a Fe-N bond. 

Secondly, the bond length iron first-neighbor- 
iron second-neighbor is equal to 1.095 i 0.010. This 
is shorter than C-N bound in H,Fe(CN), equal (19) 
to I .15 i 0.01. The shortening in the case of our 
compound is to be related to the increase of the 
stretching frequency of the triple bond CrN with 
respect to free HCN. Indeed the same thing has been 
observed by Duffin for Cu(NO,), *2CH,CN where 
the CN length is equal to 1.04 5 0.07 (20) and by 
Ibers for BCl,*CH,CN where it is equal to 1.122 & 
0.007 A (21). It is a common statement to say that 
the shortening is related to the increase of the 

stretching force (21,22,23). This has been also obser- 
ved by Kawai and Kanesaka who have attributed this 
effect “to a mechanical coupling between CN 
stretching and other vibrational mode . . . (2). The 
question may be raised why this happens when the 
nitrogen is bound and why it does not happen when 
the nitrogen is bound through coordination. The 
following interpretation may be proposed. 

Let us assume the iron-nitrogen bound in 
Fe(NCH), octahedron to be a single bond; indeed 
its length is similar to this one found for [(HEDTA) 
Fe-O-Fe (EDTAH)12-, 2.24 A, which is among the 
longest Fe-N observed bonds. The covalent radius 
of nitrogen is equal to 0.70 A (24) while that of 
carbon is 0.77 A. Therefore, the length of the single 
bond Fe-C should be at least equal to the single 
bond length Fe-N. However, in H,Fe(CN), the 
interatomic CN length is 1.89 A. This drastic 
shortening may be explained considering a back- 
coordination from the iron atom towards the 
carbon atom. It might be taken as a reason for the 
very high stability of the ferrocyanide ion. In 

FIG. 5 Interatomic distances and bond angles. 
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Fe(NCH)6 groups for which the chain is Fe-N-C, 
the iron atom does not give back any electron to 
nitrogen. In Fe((X& groups for which the chain is 
Fe-C-N, the backcoordination brings on the carbon 
atom an electronic density which pushes away 
triple bond electrons towards nitrogen. In a sense 
this may be considered as a lowering of the CN bond 
order. This is shown by its stretching force constant, 
and of its stretching frequency, and by an increase 
of its bond length. Therefore in the Fe-N-C-H 
chain, since there is no backcoordination, the N-C 
bond appears as a true triple bond. 

It has been observed that the Fe-N-C angle is 
equal to 170.7 i 0.7” while it is strictly 180” for 
BC13*CH,CN (21) and for CU(NO~)~*~CH,CN 
(20). The departure from 180” appears significant 
as far as standard deviation is concerned; it is 
attributed to crystal packing. 

Nonstoichiometry 

Chemical analysis has shown that the crystals 
contain iron(I1). The iron(I1) amount is a function of 
the time during which the solution is left before crys- 
tallization occurs. This may be understood because 
of the behavior of hydrogen cyanide which reduces 
iron(II1). Whatever the amount of iron(I1) is, the 
unit cell is always the same. Thus, this has to be 
considered as a phenomenon of nonstoichiometry. 
The iron(I1) content and the lattice constants have 
been measured on the same crystal. Results are 
shown on Fig. 6. The lowest and the highest iron(I1) 

a 
by i 

10.290 

10.280 
10.270 

A c 

by % 

Theauthors are indebted to the Centre de Calcul Numerique 
de la Faculte des Sciences de Toulouse which has made 
available the facilities necessary to perform crystallographic 
computations on IBM 7044. 

.6.300 

s6.290 

-6.290 

-6.270 

-6.260 

-6.250 

References 
1. G. CONSTANT, J. C. DARAN, AND Y. JEANNIN, C.R. Acad. 

Sci. Ser. C 265, 808 (1967). 
2. K. KAWAI AND I. KANESAKA, Spectrochim. Acta, Part A 

25,1265(1968). 

3. G. CONSTANT, J. C. DARAN, Y. JEANNIN, B. SAPERAS, 
C.R. Acad. Sci. Ser. C 269,975 (1969). 

4. B. J. THOMAS AND W. J. ORVILLE THOMAS, J. Mol. 
Struct. 3, 191 (1969). 

5. B. J. HATHAWAY AND D. G. HOLAH, J. Chem. Sot. 2408 
(1964). 

I 
20 30 LO 50 60 

% Fe II 

6. J. F. GUTTENBERGER, Chem. Ber. 101,403 (1968). 
7. R. M. SEEL AND N. SHEPPARD, Spectrochim. Acta, Part A 

25,1295(1968). 
8. A. P. GINSBERG AND E. KOLJBEK, Znorg. Chem. 4, 1186 

(1965). 
FIG. 6 Lattice constant variations as a function of the 9. D. FORSTER AND D. M. L. GOODAME, Znorg. Chem. 4, 

iron(B) content. 715 (1965). 

contents do probably not describe the phase limits 
since they represent the extreme compounds which 
it has been possible to prepare till now. In order to 
maintain electroneutrality, we consider that the 
crystal contains a variable number of hydrogen 
atoms, leaving or entering into the crystal as protons 
when the ratio Fe(II)/Fe(III) changes. 

Taking account of these results, two cases are 
considered according to whether the iron(I1) amount 
is higher or lower than 33%. If it is lower, it is as- 
sumed that iron(I1) atoms are placed in octahedrons 
since FeCl,‘- tetrahedron is unstable (25). If it is 
higher iron(I1) atoms are in octahedrons and also 
partially in tetrahedrons. 

The single crystal we have used for crystallo- 
graphic measurements contained 38 % iron(I1). 
Thus, it belongs to the second case. The Fe-Cl bond 
length has been found equal to 2.189 AZ 0.003 A 
while it is given equal to 2.162 % 0.005 A for FeCl,- 
by Benne, Cotton, and Weaver (26). This change is, 
of course, small considering bond length measure- 
ment accuracy. However, it is in the direction of an 
increase. Since Fern-Cl is expected to be shorter 
than Fe”-Cl for the same tetrahedral surrounding, 
this is in agreement with the above description for 
iron localization as long as this Fe-Cl bond length 
change would appear reproducible. 

Acknowledgments 



IRON TRICHLORIDE-HCN COMPOUND 429 

IO. D. J. WEHE, W. R. BUSING, AND H. A. LEVY, O.R.N.L. 
TM229 (1965). 

11. J. J. BONNET AND Y. JEANNIN, Acta Crystallogr. B26,318 
(1970). 

12. W. R. BUSING, K. 0. MARTIN, AND H. A. LEVY, 0. R.N. L. 
TM 305 (1952). 

13. D. T. CROMER AND J. T. WABER, Acta Crystallogr. 18, 

104 (1965). 
14. W. C. HAMILTON, Acta Crystallogr. 18,502 (1965). 
15. E. R. HOWELLS, D. C. PHILLIPS, AND D. ROGERS, Acta 

Crystallogr. 3, 210 (1950). 
16. D. W. J. CRUJCKSHANK AND W. S. MCDONALD, Acta 

Crystallogr. 23, 9 (1967). 
17. D. W. J. CRUICKSHANK, “Computing Methods in 

Crystallography,” pp. 107-l 10, Pergamon Press, New 
York/London, 1965. 

18. S. J. LIPPARD, H. SHUGAR AND C. WALLING, Inorg. Chem. 
6, 1825 (1967). 

19. M. PIERROT, R. KERN, AND R. WEISS, Acta Crystallogr. 
20,425 (1966). 

20. B. DUFFIN, Acta Crystullogr. B 24, 396 (1968). 
21. B. SWANSON, D. F. SHRIVER, AND J. A. IBERS, Inorg. Chem. 

8,2182 (1969). 
22. W. GERRARD, M. F. LAPPERT, H. PYSZORA, AND .J. W. 

WALLIS, J. Chem. Sot. 2182 (1960). 
23. H. J. COERVER AND C. CURRAN, J. Amer. Chem. Sot. 80, 

3522 (1958). 
24. L. PAULING “The Nature of the Chemical Bond,” p. 224, 

Cornell University Press, Ithaca, N.Y., 1960. 
25. N. S. GILL, J. Chem. Sot. 3512 (1961). 
26. M. J. BENNE, G. A. COTTON, AND D. L. WEAVER, Acta 

Crystallogr. 23, 58 (1967). 


