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Abstract

The crystal structure of Fe(S,CNC,H;0),;.CH,Cl,,
M, = 627-51, has been determined from X-ray
four-circle single-crystal diffractometer data at 20 (2),
110 (2), 178 (2) and 293 (1) K. Refinements con-
verged to R values of 0:055,0-062,0.061 and 0-04 1 for
1320, 2720, 2048 and 1601 reflexions, respectively.
The crystal structure shows a phase transition at
~150 K, both phases being triclinic with space group
P1 and Z = 2. The complexes are mononuclear with
pseudosymmetry D, and are van der Waals packed.
The dichloromethane molecules are located close to the
FeS, core of the complexes and show some evidence of
hydrogen bonding to S. The magnetic properties were
investigated with the Faraday method and u. varies
between 3-80 (2) at 20 K and 5-60 (6) BM at 293 K
(1 BM =9-274 x 1072*J T~"). The geometry of the FeS,
core shows the same correlation to u., as do other
tris(dithiocarbamato)iron(III) structures. The inter-
mediate 4. at low temperatures is explained by a

* Compounds with Intermediate Spin. 8. Part 7: Stdhl & Ymén
(1983).

0108-7681/83/050612-09%01.50

change in crystal packing and hydrogen bonding at the
phase transition. Earlier explanations (a spin quartet
ground state, strong hydrogen-bond interaction,
cooperative effects, and desolvation) are invalidated.

Introduction

The magnetic behaviour of most substituted tris-
(dithiocarbamoto)iron(IIl) [Fe(dtc);] compounds can
be described as a thermal equilibrium between the
low-spin doublet and the high-spin sextet states of
iron(III). The effective magnetic moment, g, is thus
expected to vary between ~2 BM (1 BM = 9.274 x
10-2¢ J T-!) (the low-temperature limit) and 5.92 BM
(the high-temperature limit). In the case of tris(4-
morpholinecarbodithioato)iron(I1I}-dichloromethane

the u.s vs T curve is intermediate between that for a
pure high-spin compound and that with a complete high-
spin to low-spin transition (Fig. 1a). This anomalous
behaviour has been subject to numerous investigations
(Butcher & Sinn, 1976a,b; Butcher, Ferraro & Sinn,
1976; Rinninger, Duffy, Weir, Gelerinter, Stanford &
Uhrich, 1977; Haddad, Federer, Lynch & Hen-

© 1983 International Union of Crystallography
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drickson, 1980; Eisman, Reiff, Butcher & Sinn, 1981;
Duffy, Lockhart, Gelerinter, Todoroff & Uhrich, 1981
Malliaris & Papaefthimiou, 1982); the room-
temperature crystal structure was solved by Healy &
Sinn (1975). Four explanations have been discussed:

(1) A strong tetragonal distortion, giving a quartet
ground state with y.; =~ 4 BM as the low-temperature
limit (Butcher & Sinn, 1976a). Mdssbauer spectro-
scopic investigations have subsequently invalidated this
explanation (Eisman et al., 1981).

(2) Hydrogen bonds are formed between the
dichloromethane solvate molecule and S atoms in the
FeS, core, thereby weakening the Fe-S bonds and
stabilizing the high-spin state (Butcher, Ferraro & Sinn,
1976).

(3) Cooperative effects (Haddad, Lynch, Federer &
Hendrickson, 1981; Haddad, Federer, Lynch & Hen-
drickson, 1981). When the transition from high to low
spin involves formation of small domains in the
low-spin state, a large number of crystal defects (e.g.
induced by grinding) will favour domain nucleation, but
will hinder domain growth, resulting in a more gradual
spin transition, which is not always completed (Fig. 1b).
It has been questioned if this description is applicable to
the present type of system (Duffy er al, 1981;
Albertsson, Oskarsson & Stahl, 1982).

(4) The title compound is purely high spin, and the
observed behaviour is an effect of desolvation (Malliaris
& Pagaefthimiou, 1982).

This paper reports the X-ray crystal structure
of tris(4-morpholinecarbodithioato)iron(IIT)}-dichloro-
methane at 20 (2), 110 (2), 178 (2) and 293 (1) K and its
magnetic moment between 3 and 300 K. The magnetic
properties are discussed in view of the molecular

Pen(B.M.)
6r 1 Hert(B.M.)
2
6.0f
sl
3
a5}
al
3o 32
2
3r 1
15}
2 L
4 ) ) Tk ) . T(K)
0 100 200 300 0 100 200 300
(a) ®)

Fig. 1. (@) Effective magnetic moment vs temperature: (1)
tris(pyrrolidinecarbodithioato)iron(IIl), (2) tris(4-morpholine-
carbodithioato)iron(IIN-CH,Cl, (title compound), (3) tris(V,N-
dimethyldithiocarbamato)iron(III). (b) Effective magnetic mo-
ment vs temperature for [Fe(3-OCH;-saleen),|PF,: (1) as-grown
microcrystalline solid, (2) sample ground with mortar and pestle,
(3) sample ground in ball mill (from Haddad, Federer, Lynch &
Hendrickson, 1981).
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geometry and the change in crystal packing in
connexion with an observed phase transition. The
above proposed explanations are shown to be without
importance in determining the magnetic properties of
the title compound.

Experimental

Preparation: The title compound was prepared in dry
N, atmosphere by adding morpholine and a 0-1 M
solution of anhydrous iron(III) chloride in ethanol to a
solution of 0-3 M sodium hydroxide and 0-3 M carbon
disulphide in ethanol. Black single crystals were grown
from dichloromethane solutions by slow evaporation at
room temperature. The crystal system is triclinic, space
group P1, with Z = 2. All crystals used were tabular
(011) bounded by {011} and {211}.

Data collection was made with an Enraf-Nonius
CAD-4 diffractometer using Mo Ko radiation. Temper-
atures between 100 and 273 K were attained with a
gas-stream apparatus working with N,(/) (Danielsson,
Grenthe & Oskarsson, 1976). The regulating thermo-
couple was calibrated with an Omega Eng. Hyp-O
probe (0-2 mm diameter) in place of the crystal. The
20 K data set was collected using a Be-walled conduc-
tion-cooling He(/) cryostat (Albertsson, Oskarsson &
Stahl, 1979). The measuring temperatures were
estimated as 20 (2), 110 (2), 178 (2) and 293 (1) K,
respectively. A reflexion was measured if I > 3¢,.(]) in
the pre-scan [o.(I) is based on counting statistics].
Maximum counting time was 120 s and the requested
o.(I)/I in the final scan was 0-030.

At 110, 178 and 293 K data were collected from a
complete half-sphere with 8 < 25° (1Al <15, lkl <12,
11l < 13). In order to cover a complete half-sphere at 20
K with the restricted k movement (I k| < 60°) of the Be
cryostat, three crystals with different orientations were
used. For the second and third crystals only reflexions
with a calculated minimum intensity corresponding to
{FI > 20 and in the @ interval 12-5 to 40° were
measured (121 < 18, 1kl < 17, IIl < 17). Two (at 20
and 110 K) or three control reflexions were measured
every 2 h. They showed no systematic intensity
variations.

Unit-cell dimensions (Table 1 and Fig. 2a) were
determined by least-squares refinements from 50
reflexions with 6° < 6 < 20°. One series was measured
with the temperature decreasing and one with the
temperature increasing in order to reveal hysteresis
effects. The phase transition at ~150 (3) K was further
investigated with rotational and Weissenberg photo-
graphs taken at 125 (2) and 293 (4) K. Information
concerning data collection, reduction and structure
refinements are given in Table 1.

Data reduction: Corrections were made for Lorentz,
polarization and absorption effects. The 20 K data set
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Table 1. Crystal data, collection and reduction of intensity data and least-squares-refinement details |space

MAGNETIC PROPERTIES AND STRUCTURE OF Fe(S,CNC,H,0),.CH,Cl,

group P1 with Z = 2, M, = 627-51 and F(000) = 646]

Temperature (K) 293 (1) 178 (2) 110 (2) 20 (2)
a(A) 13:094 (3) 12.918 (5) 12-926 (3) 12-846 (10)
b(A) 10-686 (2) 10-618 (3) 10-546 (2) 10-515 (4)
c(A) 11.495 (2) 11.397 (4) 11-337 (2) 11-287 (4)
a(°) 116-05 (1) 115-59 (2) 115.42 (1) 115.29 (4)
B(°) 105-05 (2) 104.55 (5) 105-03 (3) 104.94 (4)
y(° 99.44 (2) 100-23 (3) 100-45 (2) 100-64 (4)
v (A%) 1321 (1) 1289 (2) 1270 (1) 1254 (2)
D (Mgm™) 1.578 (1) 1.617 (3) 1-641 (1) 1.662 (3)
Graphite monochromator Yes Yes Yes No (Zr filter)
Crystal size (mm) 0-4 x 0-25x 0-1 0-4 x 0-25 x 0-1 0:4x04x0-2 0-4 x 0-3 x 0-06
04 x03x0-1
#(A=0-71069 A) (mm~*) 1-24 1-27 1-30 131
Range of transmission factor 0.69-0-89 0-69-0-89 0-70-0-80 0.77-0-88
w—26 scan width, 4w (°) 0-7+0-5tan 8 0.7 +0-5tan @ 1.0 + 0-5tan @ 1.0 + 0-5tan @
No. of reflexions
recorded 4819 4644 5103 3606
considered not observable 3125 2488 1894 1891
in final LS cycle, m 1601 2048 2720 1320
No. of parameters refined, n 280 280 298 298
R 0-041 0.061 0.062 0-055
wR 0-054 0-083 0-086 0-067
S =[Z wldF1}/(m — n)]? 2.07 3.53 1.29 2.35
¢, (in weighting function) 0.020 0.017 0-050 0-000
¢, (in weighting function) - - 1.20 1.00
a(A) TN clh)
1341 ’ 15
130 106 1.4
129 105 A1
i A T T(K) TK)
0 100 200 300 O 100 200 300 O 100 200 300
5(°) ye© VIAY
1050
1005 . 1300
100.0
1045
; ) 995 1250 _
0 100 200 300 O 100 200 300 O 100 200 300 O 100 200 300
(a)
B(A?) B(A?) B(AY)
a3l 3 8}

[ok]
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300

Tix)
300 0

200 00 200

®)

Fig. 2. (a) Unit-cell dimensions vs temperature. ¥ Measured with successively decreasing temperature. @ Measured with successively
increasing temperature. (b) Isotropic mean temperature factor coefficients vs temperature.

o 00 200 00
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was also corrected for absorption in the Be walls and
the 250 reflexions with 8 < 12-5° were excluded in
order to avoid interference from the powder back-
ground of the Be walls (Albertsson, Oskarsson & Stahl,
1979). Friedel pairs were averaged in all data sets
before structure refinement commenced.

Refinement of the structures: Parameters from Healy
& Sinn (1975) were used to start the refinement of the
293 K structure. The function > w(4F)? was
minimized with full-matrix least-squares refinement.
The weights, w, were calculated from w=! = ¢2(1F,l) +
(c,|F,)? + ¢,, with ¢, and ¢, adjusted to give constant
{w(4F)?) in different |F,| and sin @ intervals. Only
parameters of non-H atoms were refined. The coordi-
nates of the H atoms were recalculated between every
second least-squares (LS) cycle from geometrical
considerations. They were all given isotropic tem-
perature factor coefficients ~25% greater than the
isotropic mean value for the adjacent C atom.

There is a disorder of the dichloromethane molecules
at 20 and 110 K (see below) and it was possible to
refine alternative (4 and B) sites of the C and CI(1)
atoms. Their occupancy factors were determined in
separate refinements of dichloromethane and were kept
constant in the final LS cycles.

The number of reflexions in the 20 and 293 K data
sets are low, about 4-4 reflexions per refined parameter,
although no anomalous heavy-atom dependence was
found; R = 0-27 including only Fe, S and Cl, while the
final value of R is 0-041. The 20 K anisotropic thermal
parameters of N(1), C(3), C(12), O(3) and C(B) are
not positive definite, but for each atom the negative
eigenvalue is zero within one e.s.d. For.these atoms the
isotropic mean values are used in the 20 K ORTEP
drawing (Fig. 3).

The parameter shift/e.s.d. ratios in the last cycle were
below 1% (2% at 293 K) or below 2% (5% at 293 K)
for morpholine ring No. 3 and the dichloromethane
molecule. The final difference maps showed only
spurious peaks with maximum heights of 0.6 and 0-7 ¢
A-3 at 293 and 178 K respectively, while the 110 and
20K data sets also showed some residual peaks of
respectively 1-0 and 0-5 ¢ A~? in the vicinity of the
morpholine ring in ligand 3.

Atomic scattering factors and anomalous-dispersion
correction factors were taken from International
Tables for X-ray Crystallography (1974). The com-
puter programs used are described by Lundgren (1982).
Fractional coordinates and isotropic mean values of the
thermal parameters are given in Table 2.*

* Lists of structure factors, anisotropic thermal parameters,
H-atom parameters, selected intramolecular distances and bond
angles and packing distances at the four temperatures have been
deposited with the British Library Lending Division as Supple-
mentary Publication No. SUP 38639 (55 pp.). Copies may be
obtained through The Executive Secretary, International Union of
Crystallography, 5 Abbey Square, Chester CH1 2HU, England.
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Susceptibility measurement: The magnetic suscep-
tibility was measured on a microcomputer-controlled
Cahn RG electrobalance using the Faraday principle
(Blom & Horlin, 1977; Albertsson, Oskarsson & Stahl,
1982). The samples were polycrystalline and field
strengths of 0-4 and 0-8 T were used. To reach
temperatures between 3-5 and 77 K a Leybold-
Heraeus He(/) VNK 3-300 vaporization cryostat was
used. The estimated standard deviations of the effective
magnetic moment vary between 0-02 BM at 20 K and
0-06 BM at 300 K. Effects of crystallite size, crystal
perfection and solvent loss were investigated using
different preparations. Measurements were repeated
after careful grinding with an agate mortar and pestle
and heating the sample to ~363 K in vacuum until
complete desolvation.

Investigations of the phase transition: The variations
in the unit-cell parameters with temperature (Fig. 2a)
indicate a phase transition at ~ 150 K. The curves for b,
¢, o.and y are continuous but change derivatives and the
a and f curves are discontinuous and change
derivatives at this temperature. The V curve is almost
continuous and its derivative is not significantly
changed, pointing to an approximately second-order
phase transition. Rotational photographs at 116 K
revealed a few additional weak reflexions with 4 = 3 and
%. The transition to the low-temperature phase, which is
also triclinic, is thus accompanied by a doubling of a
(the, symmetry change is consistent with the approxi-
mate second-order phase transition) and a distortion of
the unit cell by almost pure shear strain about b*. The
scarcity of the extra reflexions and their low intensities
indicate only small deviations from the high-
temperature structure. Hence the refinements and the
discussion of the low-temperature structure are based
on the high-temperature unit cell and space group.

The structure of the high-temperature phase (phase I)

The crystal structure comprises mononuclear com-
plexes with pseudosymmetry D,, held together by van
der Waals forces. Intramolecular distances and angles
and some intermolecular distances are given in Tables 3
and 4. Drawings of the complex are shown in Fig. 3.
The 293 K parameters were compared with those
obtained by Healy & Sinn (1975) by half-normal
probability plots of dp (Abrahams & Keve, 1971).
Comparison of all parameters results in a slope (k) of
1.52 (1), an intercept (/) of —0-15 (1) and a correlation
coefficient (r) of 0-995. Comparison of the coordinates
only results in £k = 1.67(2), [ = —0-01 (1) and r =
0-996 and of the thermal parameters only results in k =
1-32 (1), I = —0-13 (1) and r = 0-992. This indicates
an underestimation of the pooled standard deviations
by a factor of about 1.5 and small systematic
differences in the thermal parameters that may be
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Table 2. Final atomic coordinates (x 10*) with estimated standard deviations

By =422, B,(a.a).
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X y z B, (A}
(a)20K
Fe 2417 (3) 2186 (2) 4819 (2) 1.1(1)
S(1) 1914 (8) —78 (4) 4850 (6) 5:303)
S(2) 3591 (5) 874 (3) 3926 (3) 1-5(1)
C(1) 2844 (23) —552 (15) 4085 (17) 2-7(8)
N(D) 3006 (20) —1883 (11) 3644 (13) 31(7
C(2) 2544 (23) —3000 (16) 3937 (16) 2:6(7
C(3) 3848 (22) —2201 (18) 2914 (21) 2.6 (6)
C(10) 2073 (20) —4530 (14) 2662 (14) 1.5 (6)
C(11) 3345 (23) —3784 (17) 1720 (29) 3309
o) 2955 (16) —4855 (12) 2135 (18) 3.0(6)
S(3) 3456 (5) 3544 (4) 7282 (4) 1-6 (1)
S4) 3594 4) 4469 (3) 5269 (3) 1.0 (1)
C4) 4107 (18) 4914 (16) 6986 (15) 1.0 (5)
N(2) 4952 (16) 6176 (12) 8031 (12) 1.3(5)
C(5) 5325 (20) 6559 (16) 9503 (16) 1.7 (6)
C(6) 5623 (19) 7285 (14) 7772 (15) 1.5 (6)
C(12) 5394 (16) 8126 (15) 10424 (14) 1.0 (4)
C(13) 5619 (19) 8816 (15) 8755 (16) 1.4 (6)
0Q) 6102 (13) 9201 (11) 10226 (10) 1-3(4)
S(5) 744 (5) 2794 (5) 4901 (4) 2.0(1)
S(6) 1316 (4) 1474 (3) 2482 (3) 1.0 (1)
C(7 327 (16) 2146 (15) 3096 (14) 1.0 (5)
N(3) —596 (22) 2164 (17) 2313 (15) 3.1(8)
C(8) —1500 (23) 2544 (24) 2793 (19) 2:6(7)
c©9 —1099 (33) 1312 21) 677(22) 5.0(1-2)
C(14) —1950 (29) 3435 (24) 2113 (19) 3:9(9)
C(15) —1508 (20) 2214 (21) 156 (17) 2-1(7)
0(3) —2415(13) 2544 (12) 646 (11) 16 (4)
C(» 9359 (30) 8212 (30) 2436 (22) 2.0(1-0)
C(B) 9325 (56) 7791 (32) 1232 (38) 2:4(1-6)
CI(14) 8258 (9) 8515 (8) 1420 (11) 2.4(3)
CI(1B) 8522 (10) 8721 (8) 2220(11) 0.6 (3)
Cl(2) 9548 (5) 6446 (S5) 1388 (4) 2:5(2)
(c) 178 K
Fe 2449 (1) 2162 (2) 4846 (1) 1-8 (1)
S(1) 2018 (3) —82(3) 4960 (3) 3:2(D1)
S(2) 3629 (3) 821(3) 3911 (3) 2:5(1)
c(n 2931 (9) ~562(11) 4126 (10) 2.3(4)
N(1) 3090 (9) —1866 (10) 3652 (9) 2:9(4)
C2) 2626 (14) —2966 (13) 4010 (13) 4.0 (5)
C(3) 3867 (11) —2233(13) 2908 (13) 3.1(5
C(10) 2215(13) —4481 (13) 2722 (14) 3:9(5%
C(11) 3302 (13) —3800 (14) 1677 (14) 4.2 (6)
ol 3005 (8) —4812 (9) 2126 (10) 4.1(4)
S@3) 3475 (2) 3572 (3) 7326 (3) 2:1(1
S(4) 3618 (3) 4462 (3) 5303 (3) 2:2(1
c) 4119 (9) 4915 (11) 7044 (10) 1.8 (4)
N(2) 4921 (8) 6173 (9) 8031 (8) 1.9 (3)
C(5) 5303 (12) 6505 (11) 9479 (11) 3.0(5
C(6) 5558 (10) 7244 (11) 7778 (11) 2:3(4)
C(12) 5382 (11) 8161 (11) 10435 (10) 2:6(4)
C(13) 5563 (12) 8769 (13) 8701 (12) 3.7(5)
0(2) 6043 (7) 9134 (8) 10191 () 2:6(3)
S(5) 721 (3) 2707 (3) 4887 (3) 2.8(1)
S(6) 1347 (3) 1455 (3) 2498 (3) 2:4 (1)
c(n 375 (11) 2126 (13) 3141 (12) 3:3(5%
N(3) —528 (10) 2216 (14) 2357 (10) 4.4 (5)
C(8) ~1459 (20) 2639 (28) 2835 (18) 9:3(1.2)
c —813 (19) 1635 (29) 870 (17) 9:6(1-3)
C(14) —2039 (17) 3148 (25) 2208 (16) 8:6 (1-0)
C(15) —1499 (15) 2166 (21) 268 (15) 6-7(8)
0(3) —2355(8) 2556 (10) 733 (9) 4.1 (4)
C 9320 (15) 8092 (19) 2274 (17) 6-0(7)
CI(1) 8353 (4) 8408 (5) 1278 (5) 7.8(2)
Ci(2) 9623 (5) 6481 (5) 1424 (5) 7-4(2)

x y z B, (AY)
(6) 110K
Fe 2418 (1) 2190 (1) 4818 (1) 2-0(0)
S(n) 1920 (3) —83(3) 4844 (3) 6-1(1)
S(2) 3591 (2) 873(2) 3914 (2) 2-5(1)
C(1) 2857 (9) —566 (9) 4056 (8) 3-4(3)
N() 3029 (8) —1857 (8) 3622 (T 3-303)
CQ) 2551 (12) —2969 (11) 3953 (10) 5-0(4)
C(3) 3826 (8) —2233(11) 2933 (11) 3-6(4)
C(10) 2120 (8) —4500 (10) 2695 (9) 3.1 (3)
cn 3308 (9) —3755 (11) 1721 (12) 4-04)
o) 2971 (6) —4801 (7) 2143 (9 4.7(3)
S(3) 3459 (2) 3555 (2) 7282 (2) 2:3(1)
S(4) 3603 (2) 4475 (2) 5277(2) 1-8(1)
C) 4128 (6) 4921 (8) 7016 (7) 1.4 (2)
N(Q) 4943 (5) 6167 (7) 8017 (6) 1-8(2)
C(5) 5373 (7) 6555 (9) 9516 (8) 2:3(3)
C(6) 5581 (7) 7258 (9) 7787 (8) 2-1(3)
C(12) 5396 (7) 8125 (9) 10425 (7) 2-1(3)
C(13) 5594 (7) 8796 (9) 8775 (8) 2:3(3)
0Q) 6063 (5) 9166 (6) 10201 (5) 2.5(2)
S(5) 734 (2) 2781 (3) 4894 (2) 2.7(D)
S(6) 1311 (2) 1482 (2) 2477 (2) 2:0(1)
Cc( 330 (M 2152(9) 3125 (8) 2:4(3)
NQ@3) -619(7) 2147 (9) 2313 (D 3203
C(®) —1501 (10) 2635 (15) 2816 (11) 5.0(5)
C9) —1004 (11) 1371 (15) 765 (10) 4.9 (5)
C(14) —1980 (9) 3363 (15) 2177 (10) 5:5(5)
C(15) —1537.(9) 2172 (13) 207 (9) 4.2(4)
0Q3) —2419 (5) 2552(7) 663 (6) 3:1(2)
C(A)t 9365 (13) 8198 (20) 2428 (15) 2.8 (6)
C(B) 9225 (17) 7789 (20) 1138 (18) 2-8(6)
CI(14) 8262 (4) 8462 (6) 1362 (6) 4.2(2)
CI(1B) 8515 (5) 8690 (6) 2166 (7) 2-6(2)
Cl(2) 9553 (3) 6437 (3) 1384 (3) 5-0(1)
(d) 293K
Fe 2478 (1) 2163 (1) 4849 (1) 3-3(0)
S(1) 2081 (2) -82(3) 4972 (3) 4.9(1)
S(2) 3634 (2) 81 (2) 3880 (2) 4-1(1)
cm 2974 (8) ~549 (9) 4116 (8) 3-94)
N(1) 3150(7) —1843 (8) 3670 (8) 4.6 (4)
C() 2706 (11) —2933(12) 4020 (11) 7-0(6)
C®) 3862 (9) —2257(11) 2898 (11) 5-7(5)
C(10) 2247 (11) —4464 (11) 2750 (13) 6-4 (5)
can 3303 (10) —3800 (13) 1681 (11) 6-5(6)
o) 3003 (7) —4804 (8) 2098 (8) 6-8 (4)
S(3) 3506 (2) 3619 (2) 7351 (2) 3-6(1)
S(4) 3643 (2) 4467 (2) 5323(2) 3.8(1)
c@ 4135(7) 4925 (8) 7042 (8) 2:6(3)
N(2) 4902 (6) 6180 (7) 8042 (6) 3-2(3)
C(5) 5343 (10) 6541 (9) 9496 (9) 5-8(5)
C(6) 5532(9) 7248 (10) 7786 (9) 4.9 (4)
C(12) 5384 (10) 8179 (10) 10456 (9) 5-5(4)
C(13) 5559 (9) 8731 (10) 8694 (9) 5.4 (4)
0(@2) 6052 (6) 9123 (6) 10187 (6) 4.8(3)
S(5) 750 (2) 2704 (3) 4900 (2) 4-7(1)
S(6) 1351 (2) 1476 (3) 2497 (2) 4.0(1)
C(7) 397 (9) 2126 (9) 3150 (9) 4.3(9)
N(@3) —512(8) 2196 (10) 2390 (8) 6-3(4)
C(8) —1380(17) 2683 (23) 2885 (15) 13:6(1-2)
C(9) ~818 (15) 1664 (22) 931 (13) 12-6 (1-1)
C(14) —2070 (13) 3094 (19) 2257 (14) 11-4 (9)
C(15) —1527(12) 2098 (17) 324 (12) 9-4 (8)
0(@3) -2337(D) 2558 (8) 814 (8) 7-1(4)
C 9262 (15) 8082 (18) 2270 (13) 10-9 (8)
CI(1) 8410 (4) 8402 (5) 1316 (5) 12:9(3)
Ci(2) 9638 (4) 6475 (5) 1404 (5) 12:7(2)

* Occupancies: C(4) 0-64 (1), C(8) 0-36, C1(14) 0-61 (1), CI(18) 0-39.
T Occupancies: C(4) 0-54 (1), C(B) 0-46, C1(14) 0-56 (1), C1(1B) 0-44.

caused by differences in the absorption corrections
and/or extinction,

The dichloromethane solvate molecules occupy
positions close to the FeSg core of the complex. The
shortest distances are given in Table 3. The sum of the
van der Waals radii for the atoms involved are: C---S

3.5 and H..-S 3.0 A (Bondi, 1964). The geometric
criterion (Hamilton & Ibers, 1968) thus indicates weak
hydrogen bonds between C and S(1) and S(5), while the
C—H-..S angles, <152°, make these bonds somewhat
doubtful. The C---S interactions are between centro-
symmetrically related pairs of complexes and solvate
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molecules and are indicated as broken lines in the
packing diagrams (Fig. 4).

The geometry of the S,CNC, groups is in full
agreement with those found in other Fe(dtc), structures

Table 3. Selected intramolecular distances (A) and

bond angles (°) in the Fe[S,CN(CH,),0l; complex

and the CH,Cl, solvate molecule (see also Table 4)
and the shortest distances between FeSg and CH,Cl,

293 K 178 K 110K 20K
(a) The FeS core
Fe—S(1) 2.443 (3) 2417(3) 2.381 3) 2.366 (5)
Fe—S(2) 2.424 (3) 2.401 (3) 2.372(2) 2.358 (6)
Fe—S(3) 2.424 (2) 2.397(3) 2.363(2) 2.353 (5)
Fe—S(4) 2.418 (3) 2.390 (3) 2.365 (2) 2.353 (4)
Fe—S(5) 2.434 (3) 7.410 (4) 2.383 (2) 2-366 (7)
Fe—S(6) 2420 (3) 2.392(3) 2364 (2) 2.349 (4)
(b) Ligand 1
N(D)-C(2) 1-472(13) 1476 (16) 1461 (13)  1.420 1)
C(2)—C(10) 1.515(15)  1.513(18)  1.495(13)  1.497 (19)
C(10-0(1) 1.391(15)  1.377(17)  1-419(12)  1.438 (28)
o()=c(11) 1396 (19)  1-412(15)  1.421(13)  1.449 (25)
C(11)~C(3) 1.503(16)  1.519(18)  1-467(14)  1.497 (26)
C(H-N(D) 1439 (14)  1-468(16)  1-459 (13)  1.523 (32)
(c) Ligand 2
N(2)—C(5) 1.462(11) 1456 (13)  1.481(9) 1.449 (18)
C(5)-C(12) 1-589(12)  1-586(15)  1.519(11)  1.497(20)
c(12-0(2) 1-414(12)  1-389(13)  1.422(10)  1.448 (19)
0(2)=C(13) 1498 (11)  1.496(14)  1.413(9) 1452 (18)
C(13)-C(6) 1453 (13) 1501 (16)  1.519(11)  1-517(19)
C(6)=N(2) 1.477(12) 1458 (18)  1.448(10)  1-496 (20)
(d) Ligand 3
N(3)-C(8) 1.47 2) 1-50 (3) 1.48 (1) 1.45 (4)
C®)-C(14) 1.27(3) 1.26 (3) 1.382) 1-54 (3)
C(14)-0(3) 1.42 (2) 143 (2) 1-43 (1) 1139 2)
0(3)-C(15) 139 (2) 1-39 2) 142 (1) 145 (3)
c(15-C(9) 1-29 (2) 1-34 (3) 1.43(2) 1.42 (3)
C(9)-N(3) 1-43 (1) 144 (2) 1-47(1) 1.55 3)
(e) CH,CI,
c(a)-Ci(ia)y ) ) 1-76 (2) 175 (3)
C(B)—CI(1B) 1-54(2) 1-65(2) 1.74(2) 1-82 (6)
C(4)-Cl(2) 1.83(2) 1.83 (3)
C(B)-C1(2) 1-79(2) 1174 Q) 1-67 (2) 1-56 (4)
CH14)~C(A)—~CI(2) 110 (1) 112.(1)
Cl(18)-C(B)-Cl(zy ‘16D 116 (1) 114 (1) 116 (3)
(/) FeS,- --CH,Cl,
S(1)—C(4) 3.67(2) 3522 3.25Q2) 3.23(3)
S(1)—H(1CA) 282 2.72 2.47 2.46
S()—H(ICA)-C(4) 136 133 130 129
S(5)—C(4) 3.70 (1) 3.69 (2) 3.63(2) 3.61(2)
S(5)—H(2C4) 2.80 2.76 2.68 2.66
S(5H-HQCAI-C(4) 145 148 150 151
S(6)-C(B) 4.03 2) 3.90(2) 370 (2) 3.65 (4)
S(6)-H(1CB) 3.18 3.01 2.75 272
S(6)-H(ICB)-C(B) 140 144 152 147

Table 4. Some average geometric parameters of the
FeSq core and the S,CNC, part of the ligands

Temperature (K) 293 (1) 178 (2) 110 (2) 20(2)
Uy (BM) 5-60 (6) 5-05 (4) 4.45 (3) 3-80(2)
(Fe-S) (A 2.427(3) 2.401 (4) 2:371 (2) 2-358(5)
(S—Fe-S8) (°)* 727 (1) 73-4(1) 74-0 (1) 742 (2)
(S---Sy(A)»* 2-873(3) 2-869 (4) 2:854 (3) 2-844 (T)
Edge of triangular faces (A)* 3-536 (4) 3-496 (5) 3.455(3) 3-436 ()
Height of prism (A) 2:620 (4) 2:595 (5) 2:560 (3) 2:532(6)
Trigonal twist, a (°)* 33.5(3) 34-9(3) 36-7(3) 37-1(3)
Tilt between triangular 3(1) 3D 3(1) 3()
faces (°)*
(S—C) (Ay* 1.715 (9) 1-719 (1) 1.722(9) 1-710(18)
(S—C-8) (°)* 114-1(5) 113-1(6) 112-0 (4) 111-9 (9)
(C-NY (A)* 1-322(12)  1.325(15) 1:319(10)  1-327(23)
(N--C) (A)* 1-457(15) 1-467(18) 1-467(12) 1-477(30)
(C-N-C)(°)* 112-8 (9) 114 (1) 112-7(8) 112 (1)
R.m.s. deviation from the 0-0141 0.0199 0-0211 0-0266
S,CNC, planes (A)

* Tabulated e.s.d.s are r.m.s. values from the individual e.s.d.’s.
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(¢f. references in Fig. 5), and is not significantly
changed between 20 and 293 K. The slight deviations
from planarity in the S,CNC, groups and the partial
double-bond character in the S—C and C—N bonds
indicate a m-bonding system extended over the S,CN
moiety. As seen from the large thermal parameters
(Table 2) and the unusually short observed bond dis-
tances the morpholine ring in ligand 3 and the dichloro-

methane molecule are disordered in the high-
C12 cn
[e]]
T T
o3 \
N % CL}:L‘ cla %‘\ D-L:ﬁ:t

S N

Y vl
% ;:zb %7}
\

Fig. 3. Drawings of tris(4-morpholinecarbodithioato)iron(III)}-
CH,Cl, viewed along the pseudo threefold axis. CH,Cl, is in the
same plane as the complex. The thermal ellipsoids are scaled to
include 50% probability.

Fig. 4. Stereoscopic drawings of the crystal packing of tris(4-
morpholinecarbodithioato)iron(III)-CH,Cl, above and below the
phase-transition temperature. C- - -S interactions are indicated as
broken lines.
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temperature phase. Because of the high degree of
disorder no bond-length corrections based on thermal
motions have been applied.

The structure of the low-temperature phase (phase II)

Inspection of the packing diagrams (Fig. 4) and the
coordinate list (Table 2) reveals the main changes in the
phase transition to be in the morpholine ring in ligand 3
and in the dichloromethane molecule. The change in the
morpholine ring is due to decreased disorder in the
low-temperature phase as seen from the decrease in
thermal parameters and increased observed bond
lengths. The dichloromethane molecules are distributed
between two sites below the phase transition tem-
perature. Site 4 [CI(14)—C(4)—CI(2)] is approxi-
mately the same as that of the high-temperature phase,
while site B [CI(1B)—C(B)—Cl(2)] corresponds to a
re-orientation of the dichloromethane molecule. As seen
from Table 3 site B gives a new possible hydrogen
bond, C(B)---S(6). The C(4)---S(1) distance becomes
remarkably short in the low-temperature phase, but this
may partly be an artefact due to unresolved disorder of
S(1).

Thermal parameters and the geometry of the FeS, core

The thermal parameters (Table 2, Fig. 24) are un-
usually large at 20 K. B, is typically 0-5 to 1.0 A%in
comparable X-ray crystal structures at 20 to 30 K
(Albertsson, Oskarsson, Stahl, Svensson & Ymén, 1980,
1981), while this investigation shows values mainly be-

MAGNETIC PROPERTIES AND STRUCTURE OF Fe(S,CNC,H,;0),.CH,Cl,

tween 1.0 and 5-0 A2, At 20 K this difference cannot be
explained by larger thermal motions. The explanation
lies in different kinds of unresolved features of the
low-temperature phase, i.e. disorder of the morpholine
ring in ligand 3, effects from the two dichloromethane
orientations and effects of a mixture of high- and
low-spin complexes. The C-- .S interactions propagate
the (resolved) disorder of the dichloromethane molecule
into the complex and especially to S(1), which is
involved in the strongest C---S interaction. At mag-
netic moments between ~2 and 5-92 BM Fe(dtc),
crystal structures consist of a mixture of the high- and
low-spin forms of the complex. The low-spin molar
ratio, x, ¢ , is defined by

L= X5 (e + (1 — x5 ) (b2 (1
(ub#)? =35 and

WHr= |8+ (3£—8) exp(—ii)/
o RT 2 RT

o3

— 2 +exp|l—=——

RT 2 RT

where Z is the spin orbit coupling constants (Earnshaw,
1968). At 20, 110, 178 and 293 K x,, is 0-65 (1),
0-49 (1), 0-32 (1) and 0-10 (1), respectively. From
plots of the average Fe—S distances, S—Fe—S angles,
and trigonal twist of the FeSg polyhedron (a) vs u for
27 Fe(dtc), crystal structures (Fig. 5) one can estimate
the differences between pure high-spin and pure
low-spin complexes: 4(Fe—S) =~ 0-15 A, 4(S—Fe—S)

r:0.76

No. Substituents Solvate  Temperature Reference
(K)
1 Dihydroxyethyl — 175 (a)
2 Dihydroxyethyl — 295 (a)
3 Dibenzyl — 175 (b)
4 Dibenzyl —_ 295 (b)
5 Dimethyl — 25 )
6 Dimethyl — 175 (d)
7 Dimethyl — 295 (d)
8 Dimethyl — 400 (c)
9 Dipropionitrile  {CHCI; 178 (e)
10 Dipropionitrile ~ {CHCI, 298 (e)
11 Tetramethylene  {C,H, 175 ()]
12 Tetramethylene IC,H, 295 (%3]
13 Morpholinyl CH,Cl, 20 ®)
14 Morpholinyl CH,Cl, 110 @

No. Substituents Solvate  Temperature Reference
15 Morpholinyl CH,Cl, 178 ®
16 Morpholinyl CH,Cl, 293 @)
17 Morpholinyl CH,C, 293 (h)
18 Morpholinyl CHCl, 300 @
19 Morpholinyl H,0 300 @
20 Morpholinyl 2CH, 300 o
21 Morpholinyl CH,NO, 300 )
22 Diethy! —_ 79 )
23 Diethyl — 297 o
24 Dibutyl CH, 295 (m)
25 Tetramethylene — 295 (n)
26 Pyrrole JCH,CI, 297 (0)
27 Methylpheny! — 300 V2]

References: (a) Albertsson, Oskarsson & Nygren (1979); (b) Albertsson, Elding & Oskarsson (1979); (c) Albertsson er al. (1981); (d)
Albertsson & Oskarsson (1977); (e) Albertsson, Oskarsson & Stahl (1982), (/) Albertsson & Oskarsson (1982); (g) this work; (h) Stahl
(1983); (/) Butcher & Sinn (1976a);' (j) Butcher & Sinn (19765); (k) Cukauskas, Deaver & Sinn (1977):1 (/) Leipoldt & Coppens (1973);
{m) Mitra, Raston & White (1976); (n) Mitra, Raston & White (1978); (0) Bereman, Churchill & Nalewajek (1979): (p) Healy & White

(1972).

Fig. 5. Correlation between structural parameters and effective magnetic moment of substituted Fe(dtc), compounds. The probability of 27
randomly distributed observations having a correlation coefficient » > 0-487 is 0-005 (Fisher, 1972).
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=~ 3° and A4(0) &~ 10°. The simultaneous presence of
the two spin forms, which cannot be resolved in
the present experiment, will increase the observed
thermal parameters. Assuming equal occupancy
of two Gaussian distributions the increase in By, can
be estimated as

4B, ~ 1872 (34X)?, ?2)

where AX is the distance between the unresolved
positions (Leipoldt & Coppens, 1973). Using the
differences between the high- and low-spin forms
(origin at Fe) in eq. (2) gives an average 4B, ~0-5 A?
for the S atoms, thus largely explaining the increased
temperature factor coefficients.

Tables 3 and 4 do not indicate an increased
distortion of the FeS, core at low temperatures, as had
been required in order to have a spin quartet ground
state (Butcher & Sinn, 1976a). The correlation between
the FeS, core geometry and p. (Fig. 5) fits very well
into the behaviour of other Fe(dtc); compounds,
supporting a doublet—sextet spin equilibrium.

iso

Magnetic properties

Effective magnetic moments vs temperature for some
tris(4-morpholinecarbodithioato)iron(III) solvates are
shown in Fig. 6(a). Studies of the magnetic properties
of the title compound are complicated by its readiness
to lose dichloromethane. To minimize loss of dichloro-
methane polycrystalline samples containing small
(<0-5 mm) single crystals were used. The resulting u,
vs T curve, b in Fig. 6(a), shows a distinct break at the
phase-transition temperature. The drop in g4 below 20
K is expected from a completion of the spin transition
and/or from zero-field splitting of remaining high-spin

Pott /B.M.

AT

.
107 T-YK-!
100 200 300 04 0% 06 07

(@) ()

Fig. 6. (a) Effective magnetic moment vs temperature for tris(4-
morpholinecarbodithioato)iron(Ill) solvates: a CH,Cl, (phase
I11), b CH,Cl,, title compound (phases I and II), ¢ desolvated a, b
or d, d 2C¢H,. (b) In K vs T-! for tris(4-morpholinecarbo-
dithioato)iron(III)-CH,Cl, phase | [T > 150 K, K = (1 —
xl.s.)/xl.s.]'
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complexes. The curve is fully reproduced even after
mild heating (~323 K) in vacuum for several hours.
When the crystals were ground and heated to 363 K in
vacuum until complete desolvation curve c¢ in Fig. 6(a)
was obtained. Curve c is also obtained after desolvating
the benzene-solvated tris(morpholinecarbodithioato)-
iron(III).

Since grinding of the title compound results in
dichloromethane loss it is not possible to investigate
directly the cooperative effects on the spin transition
(Haddad, Federer e al., 1981; Haddad, Lynch et al.,
1981). However, the distinct and reproducible y ; vs T
behaviour at the phase-transition temperature makes it
plausible that the sample used was free of the kind of
imperfections that it is possible to induce by grinding,
and is therefore expected to give the most complete spin
transition (¢f. Fig. 1b). Using the closely related
phenomenological thermodynamic model established
by Giitlich, Képpen, Link & Stanhduser (1979) it is
possible to estimate the strength of the intermolecular
interactions in terms of a domain size, n, where n — 1 is
the number of neighbouring complexes involved in a
secondary spin transition induced by the initial one. The
n complexes may then act as a nucleus in a continued
domain growth:

(low-spin complex), = (high-spin complex),,

(Albertsson et al., 1982). Fig. 6(b) shows In K vs T}
above the phase-transition temperature. Evaluating the
least-squares line gives 4AH,x = 4-6 (1) kJ mol~! and
485 =122-2 (4)J K~ mol~!, where 4H ;= n4AH° and
AS s =nAS°. Similar treatment for Fe(dtc), in solution
results in AH® = 6-9 kJ mol~! and 45° = 17-23 ]
K~! mol~! (Evans & James, 1979). This indicates a
domain size, n, in the present case, close to unity, and
thereby small cooperative effects.

Curve a in Fig. 6(a) represents a new phase (III) of
the same composition as the title compound [triclinic,
space group P1, Z =2, a = 9-264 (1), b = 10-459 (1),
c = 13-665 (2) A, @ = 10065 (1), B = 95-60 (1), y =
105-83 (1)° at 293 (1) K], but with the dichloro-
methane molecules in positions where they cannot give
hydrogen bonds to the FeS, core (Stdhl, 1983).
Desolvation of this phase gave a u,y vs T curve
equivalent to curve ¢ in Fig. 6(a). The existence of this
new phase explains the magnetic properties observed by
Malliaris & Papaefthimiou (1982).

Thus, in conclusion, neither cooperative effects nor
solvent loss are responsible for the intermediate spin
behaviour at low temperature of the title compound.
The hydrogen bonds are themselves too weak to
influence directly the spin state of Fe through weaken-
ing and lengthening of the Fe—S distances at any
temperature (cf. Table 3). Instead the u; vs T curve (b
in Fig. 6a) shows a close connexion between the
magnetic properties and the phase transition, where the
changes in crystal packing and hydrogen bonding
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below the phase-transition temperature sterically dis-
favour the low-spin geometry of the complex.

I am indebted to Drs Jérgen Albertsson and Christer
Svensson for many stimulating discussions and Ms
Lena Timby for part of the susceptibility measure-
ments and drawing of the illustrations. Financial
support from the Royal Physiographic Society in Lund
and the Swedish Natural Science Research Council is
gratefully acknowledged.
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Abstract

The series of compounds [(n-C,H,,, ,)NH;],MCl,
crystallize in layers alternately formed by the metal
complexes and the alkylammonium chains. They
exhibit various phase transitions depending on the

0108-7681/83/050620-06$01.50

parity of the number of C atoms included in the chains.
To compare the packing characteristics of even and
odd members of the Zn series, the structure of
[(C;H,;)NH,],ZnCl, was solved. The structure is
monoclinic, space group P2,, M, = 607-48, a =
10-644 (2), b = 7-3074(9), ¢ = 44.043 (DA, § =
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