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The crystal structure of Fe(& CNC~HsO), l CH,- 
cl, phase HT, M,, = 62 7.11, has been determined with 
direct and Fourier methods from X-ray fourcircle 
single-crystal diffractometer data at 293 K. The space 
group is triclinic, Pi, with Z = 2; a = 9.264(I) & b = 
10.459(I) a; c = 13.665(2) rr; cy = 100.6.5(l)“; /3 = 
95.60(l)“; 7 = lOS.83(1)“; V = 1236(l) A3; D, = 
1.684 g cm-j. The refinement converged to R = 
0.028. The effective magnetic moment was deter- 
mined using the Fara&y method and is constant at 
5.9 B.M. between 77 and 320 K. l%e complexes are 
mononuclear with pseudosymmetry 4 and van der 
Waals packed together with disordered dichloro- 
methane molecules. The geometry of the complex is 
that expected from a high spin tris(dithiocarbamato)- 
iron(IH)compo The effective magnetic moments 
of tris(4-morpholinecarbodithiato)iron(III) solvates 
are found to be strongly correlated to the deforma- 
tion of the central C-N bond in the ligands. 
Increased deformation decreases the n-bond overlap 
and favours the low spin canonical form of the ligand. 
Non-polar solvents crystallize around the non-polar 
morpholine ring of the ligand resulting in a stronger 
deformation of the ligand than for polar solvents 
crystallizing preferably near the Fe& core of the 
complex. 

Introduction 

The magnetic properties of substituted tris(dithio- 
carbamato)iron(III) (Fe(dtc),) compounds can be 
described as a thermal equilibrium of the low-spin 
doublet and the high-spin sextet forms of the com- 

*For part 8 in this series see Ref. 5. 
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Fig. 2. Effective magnetic moment vs. temperature for Fe- 

(dtc)j compounds with various substituents: a. Tetramethyl- 

ene, b. Dibutyl, c. Dimethyl, d. Diisopropyl. 
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Fig. 1. The steric interaction (indicated by arrows) in a 
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with phase I at 293 and 178 K and phase II at 110 
and 20 K). 

Fig. 3. Effective magnetic moment vs. temperature for 

various tris(4morpholinecarbodithioato)iron(III) solvates: 

a. CHzClz (phase III), b. CH2 Cl, (phase I and II), c. Desolv- 

ated a, b, or d, d. 2*CbH,. 

plexes [l] . The effective magnetic moment (peif) 
may thus vary between -2 B.M. (1 B.M. = 9.274. 
1O”4 J T’) and 5.92 B.M. The actual peff vs. T 
behaviour has been shown to be strongly dependent 
on the substituents of the ligand [2] . The substi- 
tuents interfere sterically with the S-atoms and 
thereby influence the ligand bite (Fig. 1). The most 
bulky substitutents e.g. isopropyl groups, give strong 
steric interaction and small ligand bite resulting in 
almost pure low-spin behaviour of the corresponding 
Fe(dtc)a. Less bulkier substituents (e.g. methyl or 
n-butyl groups) result in spin crossover, while the 
small steric interference in the pyrrolidinecarbo- 
dithiato ligand results in pure high-spin behaviour 
(Fig. 2). 

In the case of tris(4morpholinecarbodithiato) 
iron(II1) (FeM) solvates the same variation in 
magnetic properties as above can be achieved by 
variation of the solvent molecules present in the 
crystal lattice (Fig. 3). The low-spin behaviour is 
obtained by non-polar solvents, e.g. benzene and 
nitrobenzene, and crossover or high-spin behaviour 
is obtained by polar solvents, e.g. dichloromethane, 
chloroform and water [3] . 

This paper discusses the influence of the solvent 
molecules on the magnetic properties of FeM sol- 
vates in terms of crystal packing and ligand confor- 
mations: the room temperature crystal structure of a 
novel phase (III) of tris(4-morpholinecarbodithiato)- 
iron(II1) dichloromethane is reported. It is the 
only known pure high-spin FeM solvate (Phase 
I at 298 K is described in Ref. 4, while Ref. 5 deals 

Experimental 

The title compound was prepared by adding mor- 
pholine and a 0.1 M solution of anhydrous iron(II1) 
chloride in ethanol to a 0.3 M solution of sodium 
hydroxide and carbon disulphide in ethanol. Recrys- 
tallization from fresh dichloromethane gave black 
crystals. Preliminary investigations revealed crystal 
class 1 with 2 = 2. The triclinic space group Pi was 
indicated by intensity statistics. The single crystal 
used was tabular (010) bound by (001) and (107). 

Unit cell dimensions were determined by least- 
squares refinement of 27 reflexions with 5’ < 19 < 
22O. The reflexions were measured with MoKo 
radiation on a Enraf-Nonius CAD4 diffractometer. 
Intensity data were collected in a complete half- 
sphere of reciprocal space with 3’ < 13 < 2.5’. A 
reflexion was considered observable if I 2 3a,(o 
in the pre-scan (o,(l) is based on counting statistics). 
Three control reflexions measured every two hours 
showed no systematic intensity variations. Data 
were corrected for Lorentz, polarization and 
absorption effects. Centrosymmetrically related 
reflexions were averaged before structure solution 
commenced. 

Magnetic susceptibility was measured with a 
microcomputer-controlled Cahn RG electrobalance 
using the Faraday principle [6, 71. Polycrystalline 
samples were used with field strengths of 0.6 and 0.8 
T. Effects from solvent loss were investigated through 
careful grinding and heating (to -90 “C) under 
vacuum to constant weight. 

Solution and Refinement of the Structure 
The Fe& core of the complex was located using 

MULTAN [8] . Consecutive differential maps gave 
the positions of all other non-H atoms. The dichloro- 
methane molecule is statistically distributed over two 
centrosymmetrically related positions near the origin; 
the occupancy 0.5 was assumed for both. The H-atom 
positions were calculated from geometric considera- 
tions with C-H = 0.90 A when used in refinements 
and C-H = 1.05 A when used in the final distance 
calculations. Anisotropic temperature factor coeffi- 
cients were refined for non-H atoms while H atoms 
were assigned fixed isotropic temperature factor 
coefficients -25% greater than the isotropic mean 
value of the adjacent C atom. 

The function Zw(aF)’ was minimized with full 
matrix least-squares refinement. The weights w were 
calculated from w-l = uz( IF, I) + (cr lF,I)* + c2 
with cl and c2 adjusted to give constant (w(AF)*) 
in different IF, I and sin(e) intervals. Only para- 
meters of non-H atoms were refined. The dichloro- 
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TABLE I. Some Crystal Data, Data Collection and Reduc- 

tion and Structure Refinement of Fe[SaCNC4HaO]a* 

CHzCls Phase III. 

TABLE II. Atomic Coordinates (X104) and Mean Isotropic 

Temperature Factor Coefficients of non-H Atoms of [Fe[ Sz- 

CNC4HaO]3*CHsCl2 Phase III. The occupancy factors for 

Cl(l),C1(2) and C is 0.5. 

T 09 293 

a (A) 9.264(l) 

b (4 10.459(l) 

c 69 13.665(2) 

a e, 100.65(l) 

P e, 95.60(l) 

Y (“1 105.83(l) 

v (A31 1236(l) 

4 (g cm-’ ) 1.684 

r-MoK, (mm-‘) 1.34 

Crystal size (mm3) 0.37 x 0.21 x 0.10 

Range of transmission factors 0.76-0.87 

w-28 scan width, Aw (“) 1 .O + 0.5 tan.9 

a#)/1 requested in scan 0.033 

Max. recording time 180 

No. of reflexions recorded 4602 

considered not observable 1598 

in final LS cycle, m 2811 

No. of parameters refined, n 280 

R = Z lAFl/Z IFol 0.028 

R,= [Z~lA~l~/ZwlF,l~]~‘~ 0.034 

S = [ZwlAFl’/(m -n)] lR 0.473 

ci (in weighting function) 0.03 

c2 (in weighting function) 2.00 

4- 

3- 

Intercept:0.025(0) E 
Slope: 0.453(O) 
r: 0.999 

Fig. 4. sR-plot comparison of 

CNC4HaO)s l CHsC12 phase III. 

data and model for Fe(Ss- 

x/a Y/b 

Fe 3226(l) 

S(1) 5380(l) 

S(2) 3331(l) 

C(1) 4898(4) 

N(1) 5666(3) 

C(2) 5183(4) 

C(3) 7192(4) 

C(l0) 6431(5) 

C(l1) 8276(4) 

O(1) 7801(3) 

S(3) 3050(l) 

S(4) 988(l) 

C(4) 1416(4) 

N(2) 533(3) 

C(5) -876(4) 

C(6) 909(4) 

C(12) -735(5) 

C(13) 1009(5) 

O(2) -363(4) 

S(5) 4899(l) 

S(6) 1740(l) 

C(7) 3358(4) 

N(3) 3440(4) 

C(8) 4793(S) 

C(9) 2166(5) 

C(14) 4343(7) 

C(l5) 1882(7) 

O(3) 3165(5) 

Cl(l) 1020(9) 

Ch2) 1328(8) 

C -431(20) 

3172(l) 6638(l) 3.09(l) 

2565(l) 6006(l) 3.54(2) 

1081(l) 7157(l) 3.64(3) 

1191(3) 6561(2) 3.11(9) 

291(3) 6524(2) 3.63(9) 

-964(4) 6896(3) 4.35(12) 

44 8(4) 6121(3) 4.02(11) 

-1056(4) 7622(3) 5.21(14) 

321(4) 6910(3) 4.78(13) 

-928(3) 7215(2) 5.45(10) 

4686(l) 5511(l) 3.93(3) 

2003(l) 5372(l) 3.67(2) 

3454(3) 4900(2) 2.28(9) 

3618(3) 4145(2) 3.92(9) 

2587(4) 3608(3) 4.75(12) 

4806(4) 3684(3) 4.59(12) 

2204(S) 2532(4) 5.61(15) 

4325(S) 2599(4) 5.91(17) 

3348(3) 2081(2) 5.93(11) 

5070(l) 7941(l) 3.86 (3) 

3704(l) 7963(l) 3.97(3) 

4962(3) 8561(2) 3.49(10) 

5775(3) 9445(2) 4.40(9) 

6890(4) 9948(3) 4.80(12) 

5650(S) 10019(4) 6.11(16) 

8179(S) 10184(4) 6.90(18) 

6974(7) 10310(4) 836(23) 

8034(4) 10780(3) 8.12(14) 

1148(9) -156(8) 15.84(35) 

778(9) -370(6) 12.14(25) 

206(28) -135(19) 14.92(1.12) 

methane parameters were refined separately and kept 
constant in the final LS cycles. The H atom coordi- 
nates and isotropic B values were recalculated 
between every second LS cycle. 

The refinements were considered completed when 
parameter shifts/e.s.d. were below 1%. The final 
difference map showed some residual peaks of heights 
<0.5 e A3 in the vicinity of the dichloromethane 
molecule. A probability plotting of ordered values of 
6F+ = AEJo(IFo Ii) vs. those expected for ordered 
deviates (a( IF, Ii) = w-r12) is shown in Fig. 4. The 
shape and intercept of the curve indicates very small 
systematic errors. Further data concerning data 
collection and reduction and structure refinement 
are given in Table I. 

Atomic scattering factors and dispersion correc- 
tion factors were taken from [9]. Atomic coordi- 
nates and mean isotropic B values are given in Table 
II. The observed and calculated structure amplitudes 
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Fig. 5. Stereoscopic &awing of Fe(S2CNC4Hs0)a CH,Cla phase III viewed along the pseudo threefold axis. Only one of the 
CHzClz positions is shown. The thermal ellipsoids are scaled to include 50% probability. 

Fig. 6. Stereoscopic drawing of the crystal packing of Fe(SaCNC4HsO)s *CHsC12 phase III. Only one of the CH2Clz positions 
is shown. 

TABLE III. Selected Intramolecular Distances (A) and Bond 
Angles (“) in the Fe[S2CN(CH2)40]3 Complex and the 
CH2C12 Solvate Molecule and rms. Deviations (A) from 
the Least-Squares Planes through the SzCNCs Groups. 

(a) the FeSe core 

Fe-S(l) 2.441(l) 
Fe-S(2) 2.442(l) 
Fe-S(3) 2.427(l) 
Fe-S(4) 2.433(l) 
Fe -S(5) 2.447(l) 
Fe -S(6) 2.451(l) 

S(1)-S(2) 2.892(l) 
%3)-S(4) 2,890(l) 

S(5)-S(6) 2.891(l) 

S(l)-S(3) 
%1)-S(5) 
+%3)-S(5) 
SW-S(~) 

3.592(l) 
3.515(l) 
3.485(l) 
3.544(l) 

TABLE III. (continuecfj 

S(2)-S(6) 
S(4)-S(6) 

S(l)-Fe-S(2) 
S(3)-Fe-S(4) 
S(5)-Fe-S(6) 

(b) Ligand 1 

3.507(l) 
3.562(l) 

72.64(3) 
72.99(3) 
72.33(3) 

C(l)-S(1) 1.720(3) 

C(l)-S(2) 1.719(3) 
S(l)-C(l)-S(2) 114.4(2) 

C(l)-N(l) 1.321(4) 

N(1 )-C(2) 
C(2)-C(10) 
C(IO)-O(1) 
O(l)-C(11) 
C(ll)-C(3) 

1.467(5) 
1.483(6) 
1.417(5) 
1.413(5) 
1.504(5) 

(continued overleaf) 
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TABLE III. (continued) 

C(3)-N(l) 
N(l)-W)-C(lO) 
c(2)-c(10)-0(1) 
c(10)-0(1)-c(11) 
O(l)-C(ll)-C(3) 
C(ll)-C(3)-N(1) 

C(3)-N(1)-~(2) 
rm .s. deviation 

1.469(5) 
110.2(3) 
112.4(4) 
110.9(3) 
111.8(3) 
108.6(3) 
112.7(3) 

0.0324 

TABLE IV. Packing of the Complexes in Fe[S2CNC4Hs0]s* 
CH2C12 Phase III. Intermolecular distances (A) less than 3.8 
A, the shortest distances between CHsCls and the complex 
and the shortest Fe-Fe distances. 

The superscripts (i)-(vii) denote the following transforma- 
tions of the x, y, z values given in Table II: 

(i) 1 -x, 1 -y, 1 -z (v) X y, z 
(ii) W,_F, 1 -z (vi) R, 1 - y, 1 - 2 
(iii) 1 -x,B, 1 -z (vii) Z, y, F 

(c) Ligand 2 (iv) l-x,1-y,2-z 

C(4)-S(3) 1.714(3) 

C(4)-S(4) 1.719(3) 
S(3)-C(4)-S(4) 114.7(2) 

C(4)-N(2) 1.319(4) 

N(2)-C(5) 
C(5)-C(l2) 
C(12)-O(2) 
O(2)-C(13) 
C(13)-C(6) 

C(6)-N(2) 
N(2)-C(S)--C(12) 
C(5)-C(12)-O(2) 
C(12)-0(2)X(13) 

0(2)-C(13)-C(6) 
C(13)-C(6)--N(2) 
C(6)-N(2)-C(5) 
rm s. deviation 

1.469(5) 
1.478(6) 
1.421(6) 
1.417(6) 
1.495(6) 
1.468(5) 

109.2(3) 
112.5(4) 
111.0(3) 
111.4(4) 
108.5(3) 
111.7(3) 

0.0110 

(c!) Ligand 3 

S(l)-C(6):. 
S(2)-c(5)“.. 
S(2)-C(12).? 
C(l)-C(3)? 
C(l)-O(3)? 
N(l)-O(3)‘; 

C(lO)-O(3)::: 
O(l)-C(12)” 
s(4)-c(ll)v 

C(4)-C(6)v: 
N(2)-N(2)vr 
N(2)-C(6)” 
C(13)-S(6)? 

O(2)-S(6)v: 
0(2)-C(7)‘: 
O(2)-N(3)W 
o(2)-c(9)vi 
O(2)-C(15)vi 
C(7)-C(8)‘” 
N(3)-C(8) iv 

3.698(4) 
3.776(5) 
3.738(5) 
3.798(5) 
3.732(5) 
3.690(5) 
3.395(6) 
3.353(5) 
3.715(4) 
3.652(5) 
3.780(6) 
3.669(5) 

3.793(5) 
3.649(3) 
3.789(5) 
3.779(4) 
3.640(6) 
3.348(6) 
3.662(5) 
3.768(5) 

C(7)-S(5) 1.718(3) 

C(7)-S(6) 1.712(3) 
S(5)-C(7)-S(6) 114.8(2) 

C(7)-N(3) 1.325(5) 

N(3)-C(8) 
C(8)-C(14) 
C(14)-O(3) 
O(3)-C(15) 
C(15)-C(9) 

C(9)-N(3) 
N(3)-C(8)-C(14) 
C(8)-C(14)-O(3) 
C(14)-0(3)X(15) 
O(3)-C(15)-C(9) 
C(15)-C(9)-N(3) 

C(9)-N(3)-C(8) 
rms. deviation 

1.463(5) 
1.505(6) 
1.416(7) 
1.386(7) 
1.468(8) 
1.470(6) 

108.2(4) 
111.2(4) 
112.1(4) 
114.1(5) 
llOA(4) 
113.0(3) 

0.0133 

Cl(l)-C(8),i 
C1(2)-C(8)’ 
C1(2)-C(12)Y 
C1(2)-C(14)’ 
c-C(ls)y 
C-o(3)“;, 
c-o(l)“q. 
cC(lo)vn 
c-C(12) 

3.82(l) 
3.670) 
3.75(l) 
3.83(l) 
3.59(3) 
3.64(2) 
3.66(2) 

3.78(2) 
3.93(3) 

Fe -Fe’ 
Fe-Fe’ 
Fe-Feiii 

6.913(l) 
7.868(2) 
8.865(l) 

Results and Discussion 

(e) CHzClz 

C-Cl(l) 

C-CW) 
cl(1)-c-c1(2) 

1.513(28) 
1.661(20) 

122.6(1.5) 

Description of the Structure 

and anisotropic temperature factor coefficients are 
available on request. 

The crystal structure comprises mononuclear com- 
plexes with pseudosymmetry Da and dichloro- 
methane molecules packed together by van der Waals 
forces. Figure 5 shows a stereoscopic pair of drawings 
of the complex and Fig. 6 the packing of the com- 
plexes. Selected intramolecular distances and angles 
are given in Table III with intermolecular distances 
in Table IV. 
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TABLE V. Some Mean Geometric Characteristics of the Fess 
Polyhedron of Tris(4morpholinecarbodithiato)iron(III) Di- 
chloromethane Phase III (A) Compared to Tris(l-pyrrolidine- 
carbodithiato)iron(III) [lo] (B). 

A B 

,+fr (B.M.) 5.92 5.92 

(Fe-S) (A)’ 2.440(l) 2.456(2) 

(S-Fe-S) (“)a 72.65(3) 72.65(4) 

Edge of triangular faces (A)a 3.534(l) 3.564(2) 

Height of prism (A) 2.675(2) 2.6 80(2) 

Trigonal twist (o)a 31.1(l) 31.9(l) 

Tilt between triangular faces c> l(1) l(1) 

aTabulated e.s.ds are r.ms. values of the individual es.d.s. 

The geometry of the three ligands do not differ 
significantly from each other and is within the range 
observed in other Fe(dtc)a compounds. The crystal 
packing induces a significant scatter in the Fe-S 
distances, although the ligand bites (the S...S dis- 
tances) are equal. The mean geometry of the FeS, 
core of the complex is that expected for a pure high- 
spin Fe(dtc)a complex (Table V). The dichloro- 
methane molecules are located in the vicinity of the 
O-ends of ligands 1 and 3, statistically distributed 
over two centrosymmetrically related positions. The 
thermal parameters indicate severe disorder. There 
is no evidence for hydrogen bonding between the 
complex and the solvent molecule as in phase I and II 

[51. 

K. Stcihl 

Structure-Property Relationships in Tris(4-morpho- 
linecarbodithiato)iron(III) Solvates 

The temperature dependence of peff for some 
FeM solvates is shown in Fig. 3. The magnetic pro- 
perties of the title compound (curve a in Fig. 3) were 
first described in Ref. 15, but were then assigned 
FeM*CH2C12 phase I. The solvent molecules can be 
divided into two groups according to how they shift 
the spin state relative the desolvated FeM [3] : 
(A) non-polar solvents (e.g. benzene and nitro- 
benzene) are located around the relatively non- 
polar morpholine rings of the ligands and shift p,ff 
towards lowspin, (B) polar solvents (e.g. dichloro- 
methane, chloroform and water) are with the excep- 
tion of the title compound located near the rela- 
tively polar FeS6 core of the complex and shift 
peff towards high-spin. Obviously the solvent mole- 
cules influence the magnetic properties through dif- 
ferences in the crystal packing. 

Some geometric characteristics of the morpholine- 
carbodithiato ligand averaged over the three ligands 
in a FeM complex are given in Table VI. The confor- 
mation of the morpholine rings are given as the 
puckering parameters 0, $ and Q defined by Cremer 
and Pople [ 141 . Studies of the morpholine rings are 
complicated by frequent disorder in the crystal 
structures, but the average conformations can be 
described as half-chair or twisted (the dibenzene 
solvate) and show no significant correlation to 
peff. A deformation parameter y is defined as the 
angle between the normals to the S2C and NC2 
planes, thus accounting for both bending and rota- 
tion about the central C-N bond. The parameter 
y is strongly correlated to neff (Table VI and Fig. 

TABLE VI. Some Geometric Characteristics of the Morpholinecarbodithiato Ligand in Tris(4-morpholinecarbodithiato)iron(III) 
Solvates. Definitions in text. The 0 and @ values are compared to those of pure chair, boat and twist conformations. 

No. Solvent Temperature Phase nerr 8 @ Q Rms. Y Original 
(cf. Fig. 7) molecule (K) no. (B.M.) (“) 0 deviation from (‘) coordinates 

SaCNCl plane from ref. 

I CH2 Cl* 20 II 3.80 43.1(l) 148(2) 1.58(3) 0.0266 10.1 5 

2 CH, Cl, 110 II 4.45 28.9(4) 147(l) 2.15(2) 0.0221 8.3 5 

3 CH, Cl, 178 I 5.05 34.4(8) 147(l) 1.70(2) 0.0199 7.4 5 

4 CH, Cl, 293 I 5.60 28.6(8) 148(l) 1.91(2) 0.0141 5.8 5 

5 CH,Cl, 293 III 5.92 38.0(3) 147(l) 1.44(l) 0.0189 4.6 This work 

6 CHCls 300 5.45 34.6(2) 147(l) 1.90(l) 0.0213 5.4 11 

7 HZ0 300 5.50 22.2(2) 143(3) 1.87(l) 0.0166 4.6 11 

8 C, H, NO, 300 4.00 27.9(2) 146(l) 2.20(l) 0.0202 10.1 12 

9 C6H6 300 3.50 58.1(4) 170(l) 1.12(l) 0.1302 9.5 13 

Chair conformation 0 0 

Boat conformation (n = 0, 1,2...) 90 n-60 

Twist conformation (n = 0, 1,2...) 90 30 + n.60 
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lo- 

r=0.95 

6- 

4 5 6 

Fig. 7. The ligand d&torsion parameter -y vs effective 

magnetic moment for some tris(4morpholinecarbo- 

dithioato)iron(III) solvates (cf: Table VI). 

7). The influence of 7 on the magnetic properties 
is seen from the possible canonical forms of a dithio- 
carbamate ligand (Fig. 8). Canonical form a favours 
the low-spin and form b the high-spin state [2]. 
An increased deformation of the C-N bond will 
decrease the n-bond overlap in canonical form b 

and instead favour the low-spin form a. It is thus 
concluded that the solvent molecules in FeM sol- 
vates influence the magnetic properties through the 
crystal packing. The differences in the packing forces 
influence the deformation of the C-N bond in the 
ligand and thereby its preferred canonical form and 
consequently the spin state of the Fe(III) ion. 
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