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A systematic investigation of some iron(II) complexes
which might be expected to lie near the high spin —
low spin crossover, shows that the complexes are ac-
tually low spin, and previously reported anomalous
magnetic moments are found to arise essentially from
paramagnetic impurities. The temperature indepen-
dent paramagnetism (x*) expected for iron(H) in
the low spin ('A;) state is calculated and the utility of
comparison with available results of electronic absorp-
tion and Mossbauer Effect spectroscopy measurements
discussed. The approximations involved in calcula-
tions of x* are discussed in detail, and the maximum
value of x* that could reasonably be expected is esti-
mated at 3 X 10~* c.g.s.em.u. This estimate is sup-
ported by experimental magnetic susceptibility mea-
surements which may be reasonably explained in terms
of a value of x* less than 3 X 10~* c.g.s.e.m.u., to-
gether with, in some cases, a contribution from a pa-
ramagnetic impurity with normal Curie-Weiss beha-
viour. Where applicable, the magnitude of the con-
tribution from paramagnetic impurities is estimated.

Introduction

Many iron(II) complexes have been reported with
magnetic moments intermediate between the high
spin (~5 B.M.) and the low spin (<1 B.M.) values "
and many of these were found to be temperature de-
pendent. In some cases, the moment rises sharply
from low spin to high spin values over a range of a
few °C,>® which can only be ascribed to a solid phase
transition. In other cases, a more gradual rise of the
magnetic moments with temperature®® is compatible
with a « crossover » situation, where the high spin
(°T2) and the low spin ('A,) states are nearly equiener-
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getic,” or with antiferromagnetic exchange interactions
between the neighbouring iron atoms.* As has been
pointed out,®> paramagnetic impurities in a low spin
ferrous complex could account for an anomalous ma-
gnetic moment; in fact, a zero or near-zero magnetic
moment can be raised above 1.0 B.M. if as little as
3% of the iron(II) is replaced by iron(III), but the
moment should then be temperature independent.
Thus the temperature dependence of these anomalous
magnetic moments can be used to determine the ori-
gin of the anomaly. In a low spin complex, there is
also a small intrinsic paramagnetism which must be
taken into consideration.

Theory

Of the mechanisms giving rise to anomalous ma-
gnetic moments in ferrous complexes, the “T: - 'A;
crossover has previously been described,”” and the
intrinsic paramagnetism in the low spin state is di-
scussed in detail below. The effect of paramagnetic
impurities can then be estimated from experimental
results.

Paramagnetism in the Low Spin d° Ion. Tanabe
and Sugano® have determined the complete crystal
field - electrostatic interaction matrix for the d® Co**
ion in a crystal field of octahedral symmetry. Their
calculation may be applied to the d® Fe?* ion, though
the values of the ligand field strength A, and the Racah
parameters B and C are different.!*®® Figure 1 shows
the dependence of the lowest lying excited states in
the Fe’* jon on A.

When configurational mixing is included, the wave-
function of the ;A state is given, in the notation of
Griffth!® by

['Ai> =a|t%> +b | th(E)e'('E) > +-c | th('A)e*(A) > +
+d | t%CE)e'CE)> +e | the'> m

where a, b, ... e are coefficients dependent on A and
may be obtained from the crystal field - electrostatic in-
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Figure 1. Energies of the lowest lying excited states, for Fe?*
in an octahdral ligand fild, as a function of the ligand field
strength A. B(=C/4) is taken as 700 cm~! and ¢ as 350 cm™,

teraction matrix,!” and it is found that 0.97 < a < 1
while the other coefficients are quite small. Thus the
wavefunction is approximately given by [t%'A;>.
There is no first order magnetic moment in this state,

]
since <t62 1A] ’E“IB (liz+2siz) H | t%, lA1>' = 0. Thus

the entire susceptibility arises from interactions of
|t 'A;> with higher states|¥,> through the magnetic
field interaction BHZ([.z +si). I s must be zero in
|t 'A;> so that any interaction must be through
Z .. [, transforms as T\ and only 'T; states give non-
Zero interaction matrix elements with 'A;. The T, wa-
vefunctions are given by

|'Ti> =f | the> +g| (' THE(E)> +h | CTNSCE) > +
+i| 20T (E) > @

In a strong field case (A> Ac) g h, i in (2) are ne-
gligible, so that the wavefunction is essennaﬂy | €8 1T
0> and in the complex notation® this is
—1/V2{[(12-1%] e)> +|(I'-1%; e*)>}. The new
to first order in H, is

2 \[_Z-ﬁH ‘ the 1—I‘|0> f

[¢>=]t%"A> + (1
B2 'TH—E@% 'A)+8

and the associated susceptibility is expressed by

16Np?
X = = 16NP*/E, (3)
E(tsze lT;)—E(toz 1A]) +81

Here 8, allows for configurational mixing within the
two states, and the polarisation correction 67L(L41)
cm~1%2 When A is near to A, &, is found from (1)
- (3) to be about 2000 cm~!. As A increases, 8§ —0.
When f is equated to unity, and &, to zero, (3) reduces
to the equation given by Griffith.* Since there are
non-zero matrix elements <t%'A;|l.si|I'> when
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Inorganica Chimica Acta | 3: 1 | March, 1969

| T'> is | t%¢ *T1>, spin-orbit coupling interaction adds

a term | ®> to equation (1),

E(t%2 *Ti)-E(t% 'A)
where § is the spinorbit coupling constant, and | ®>
a linear combination of | 1 —1> |-11> and |0 0>

of |t 3T:>, <(I>|BZ(1,,+25,,)HI<I>> =0 so

that no first order contrlbutlon is added to ¥ in equa-
tion (3). Higher order contributions to x from this
term are negligible here.

Bonding Effects. The t, and e orbitals used in the
calculations are not exactly d-orbitals due to bonding
with the ligands,'®'"#® and some allowance must be
made for this. The simplest method is that outlined
by Griffith,'® leading to a corrected susceptibility y*
given by

x" = kx (4)

where k (O<k< 1) is called an orbital reduction fac-
tor and 1-k gives a measure of the deviation from
pure d-orbital character, as a result of metal-ligand
bonding. In low spin complexes, where bonding
effects should be considerable, k values of the order
or 0.6-0.8 seem the most reasonable.

Correlation with Electronic Spectra. Complexes in
which the 'A;; — 'Ty, transition has been observed are
now dealt with quite simply. In the low spin tris -
chelated ferrous complexes of glyoxal-bis-N-methyl-
imine (GMI), biacetyl-bis-N-methylimine (BMI) and
biacetyl-bis-N-butylimine (BBI), the 'A;; — 'T,; trans-
itions have been assigned to absorptions near 25,000
and 28,000 cm™! respectively,? so that from (4),
x* =160k X 10~ ¢c.g.s.u.

Since A must be greater than A, in a low spin com-
plex, it is possible to estimate maximum values for
1/E; and hence x* in (3) and (4), in order to deal
with the majority of low spin ferrous complexes for
which neither spectral data nor A values are available.
E: is related to A by

Estimates of A: have varied slightly,®"® but its value
is close to 13,000 cm~!. An examination of the ma-
gnetic properties near the T, - 'A; crossover? indica-
tes that signiﬁcant high spin contribution should be
observed in a temperature dependent magnetic study,
unless the | t4e? 5T,> state is more than 2000 cm™!
above the |t 1A1> ground state. This means that,
for low spin behaviour, A must be considerably more
than 1000 cm~' above A..

For the gaseous Fe?* ion,'* the value of C is 3900
cm~! but in iron(II) complexes, C is considerably
lower and may be estimated, rather approximately, in
the compounds for which the ‘Alg Ty, transitions
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have been assigned, using equation (5) and the relation
E; = E(T:—E('A)) = A+16B—C+38; 6)

where 6, is a correction allowing for mixing and po-
larisation.’*®. The latter part of the correction is
small, and the mixing contribution consists essentially
of the lowering of the |'T;> state below the
| e "T2>, and this can be estimated from the relation

['Ta> =il the > +k' | t9('T)e*(A) > +1] t4( T CE) > +
+m | t9CTNECA) > 40 | (T)ECE) > +
+o | thCT)ECE)4p | the' > @)

The coefficients j, k’, ... p may be obtained from the
crystal field - electrostatic interaction matrix,” and to
sufficient accuracy all but j and k" may be taken as
zero. Making the usual approximation C=4B, &, is
found to be of the order of —6000 cm~! near the cros-
sover. This is quite large but the value decreases ra-
pidly as A increases. In the GMI, BMI and BBI
complexes, E;~25,000 cm™' and E;~28,000 cm~17
so that A~26,000 cm~! and C~2000 cm~!. In other
calculations B (==C/4) has been estimated as 600 cm™"
in Fe(phen)®* (phen=1,10-phenanthroline)® and 400
cm~! in Fe(CN)¢#~2 In a series of the isoelectronic
low spin cobalt(IIT) complexes, for which spectral
data are available, the calculated B values range from
400-700 cm~1® It therefore seems likely that C will
generally be significantly smaller than 3000 cm™' in
low spin iron(II) complexes, so that from (5) E,> 1300
cm~! and x* <310k x 10-% c.g.s.u. Thus, the maxi-
mum temperature independent susceptibility to be
expected in low spin iron(II) is about 3 X 10~* ¢c.g.s.u.,
which corresponds to a magnetic moment of about
0.8-0.9 B.M. at foom ‘temperature.

Correlation with Méssbauer Results: Distortion from
Octahedral Symmetry and Anisotropy of Bonding. The
matrix elements <t% 'A;| H:|t% 'A;> are zero for
the distortion Hamiltonian (8)%7.%

H, = Ai![zlllizz +§L(Iiz+ +12)] 8

where e« and e are distortion parameters. Thus
distortion from octahedral symmetry does not affect
the spherical !A; state, other than to impose directio-
nal dependence upon k, but it will increase or decrea-
se E(t; 'T)) by a quantity §,", which cannot be esti-
mated without a knowledge of the degree of distortion
and which must be added to the denominator of (3).
This has the effect of making more approximate the
quantity & in (3).

Marked anisotropy in k would require (4) to be
replaced by a more complicated relation. The ani-
sotropy can be estimated from experimental Mdssbauer
results, which show small quadrupole splittings for
iron(II) complexes with BMI, GMI and unsubstituted
and ring-substituted phen and dipy (dipy=2,2"-dipy-
ridyD) ligands.®® For transition metal ions, the quadru-
pole splitting of a Mossbauer spectrum can be inter-

(28) K. Madeja and E. Kénig, J. Inorg. Nucl. Chem., 25, 377 (1963).
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preted using the Hamiltonian (9), in the usual nota-
tionlé,ﬂ‘lﬁ,n

Q=Yoo ) KI3> &

H, = X (k. 1)1+-;—( . D210 +1)} (9)

7I(I--1) i

The metal-ligand bonding may be taken into account®
by replacing the pure (unbonded) t, wavefunctions

| lt >’ }—lt>s i c‘:>

by the molecular orbital wavefunctions

al1*>4d, a|1*> +®, B¢ >+,
(@4, @y, @5 are the appropriate ligand orbitals) so that
we have two directionally dependent orbital reduction
1 a2 1 Bz
f IO mt— — fom QR —
actors kg 3 + > and kg 3 -+ 3
The only non-zero matrix elements arising from the
operation of the Hamiltonian (9) on these wavefunc-
tions are <'A; M:i|H:|'A; Mi> = 2(f—a?)[3M/~
I{I+1)], and the expected quadrupole spliting AEq
is given by

AEq = _‘;_e20(1—yw)<r3>(az—a=) (10)

e?Q(1=vw)<1r*> is of the order of 9 mm/sec,”®
and AEq is about 0.3 mm/sec in substituted and un-
substituted phen complexes of iron(II)® (it is not
known whether AEq is positive or negative). Thus
f*—a?=0.06, and k.=kg=Kk, i.e. the bonding is almost
completely isotropic. The largest AEq value observed
in a range of fourteen iron(II) complexes with bi-
and tri- dentate ligands was 1.14 mm/sec for
(Fe(terpy)?* (terpy=2,2’2"-terpyridyl). In this case
*~a?2-0.2 and kg—k,==0.1, an anisotropy smaller than
the accuracy to which k is known a priori, and no
modification of (4) is warranted. More approximate
estimates of x* have also been made® in cobalt(ILI)
d® complexes.

It is apparent from (10) that while the directional
dependence may be estimated, no absolute k values
can be obtained from Méssbauer quadrupole splittings.
Combination of magnetic susceptibilities and electro-
nic spectra via (3) and (5) can give at best very appro-
ximate values for k. Independent estimates of Kk,
though again approximate, can be made from NMR
chemical shifts,® but no suitable experimental results
are available at present.

Paramagnetic Impurities. The most likely parama-
gnetic impurities to be found in low spin ferrous com-
plexes would be some high spin iron(II)* or iron(IIT)
species. Small admixtures of high spin cobalt(Il).
species would have the same effect on low spin co-
balt(I1]) complexes. The magnetic properties. of such
impurities could be adequately represented by a Curie-

(31) R. M. Sternhéimer, Phys. Rev., 95, 736 (1954).

(32) C. }. Ballhausen and R. W. Asmussen, Acta Chem. Scand., 11,
479 (1957).
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Weiss law ypox T:—@ where @ is the Weiss constant,
or more approximately by the Curie law ypoc ‘:}T The

value of ® is expected to be of the order of a few
°K 2, so that the resulting magnetic moment legroc-

T T2 . .
[ T+ ®] should be fairly constant in the tem
perature range of interest (80-400°K).

Diamagnetism. Diamagnetic corrections, xp (per
mole), were estimated from tabulated values.**¥ Li-
terature values of yp obtained by direct measurements
are available for some ligands,” but where the ligands
have been measured as solids, diamagnetic anisotropy
is expected to give rise to some inaccuracy. Such
inaccuracy could normally be disregarded, but in low
spin d® complexes, ¥p is likely to be greater than x*
so that it is better to calculate xp directly, or to use
y» values obtained from measurements on liquids.
Thus xp(dipy) = 2y=(py)—2x(H), where dipy = 2,2"-
dipyridyl and py = pyridine. 10%s(py) = —49.21
c.g.s.u.¥ so that 10%-=(dipy) = —93 c.g.s.u.

Experimental Section

The previously known complexes were prepared
according to the standard methods**®#* A second
sample of each of Fe(phen)i(ClOs). and Fe(PAQHY):-
(Cl0s): (PAQHY = 1-(2"-pyridyl)-3-(2”"-quinolyl)-1,2-
diaza-2-propene) was prepared by two recrystallisations
from aqueous ethanol.

FC(PAQHY)z(ClO4)2 . Hzo3. Calcd. for C;onaNsOg-
Cl,Fe: C, 46.8; H, 3.4: Fe, 7.3. Found: C, 47.0;
H, 35; Fe, 7.4. Fe(MPAPHY)ClO,), . H,O* (MP-
APHY = 1-(2"-pyridyD)-3-(6”-methyl-2""-pyridyl)-1,2-
diaza-2-propene). Calcd. for CuHauN;OoCliFe: C,
41.3; H, 3.8; Fe, 80. Found: C, 41.7; H, 4.0;
Fe, 8.1. Fe(PAQY),? (PAQY is the deprotonated form
of PAQHY) Calcd. for C;onstFe: C, 65.5; H, 4.0;
Fe, 102. Found: C, 65.2; H, 4.2; Fe, 9.9.

FB(GMI)}[Z » Calcd. for ClezaN(sIzFe: C, 25.6; H,
4.3; Fe, 99. Found: C, 25.5; H, 4.5; Fe, 9.7.
Fe(BMI);Iz.” Caled. for CizHiNgl:Fe: C, 33.5; H,
56; Fe, 86. Found: C, 334; H, 59; Fe, 85.
FC(BBl)a(BF4)z.4O Caled. for CmszNbFaBzFe: C, 52.8;
H, 89; Fe, 6.8. Found: C, 52.3; H, 9.2; Fe, 6.7.

Fe(dipy)x(ClO,), . 3H,0. A.R. ferrous ammonium
sulphate hexahydrate (0.5 g) was dissolved in nitrogen-
saturated distilled water (100 ml) and dipy (0.6 g)
added. Ethanol (20-30 ml) was then added and the
solution stirred on a steam bath until the ligands dis-
solved. The solution was filtered and a slight excess
of sodium perchlorate mixed into the filtrate. The
mixture was allowed to stand until cool, then the

(35) B. N. Figgis and j. Lewis, Ch. 6 of « Modern Coordination
Chemistry ». Ed. J. Lewis and R. G. Wilkins, Interscience Publishers
Inc., Ncw York, 1960.

(36) P. W. Selwood, « Magnetochemistry ». Interscience Publishers,
Inc., New York, 2nd Edition, 1956.

(37) Handbook of Chemistry and Physics Ed. C. D. Hodgman,
Chemical Rubber Publishing Co., Cleveland. Ohio, 44th Edition, 1963,
p. 2745.

(38) F. H. Burstall and R. S. Nyholm, J. Chem. Soc., 3570 (1952).

(39) P. Krumholz, J. Amer, Chem. Soc., 75, 2163 (1953).

(40) S. Otsuka, T. Yoshida and A. Nakamura, fnorg. Chem., 6, 20
(1967).
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red product was filtered off. Calcd. for CyuHiN¢O1Cla-
Fe: C, 46.3; H, 3.9; Fe, 7.2. Found: C, 46.0; H,
4.0; Fe, 7.2.

Fe(phen)i(Cl0,); . 3H;O. Similar to above prepa-
ration, using phen (0.76 g). Calcd. for CisHiNeOyCly-
Fe: 50.9; H, 3.6. Found: C, 50.8; H, 3.5.

Fe(5-chlorophen);(Cl0,); . 2H,O. Similar to above
preparation, using 5-chloro-1,10-phenanthroline (5-
chlorophen) (0.82 g). Calcd. for CsHisNeO1CloFe:
C, 46.3; H,2.7; N,9.0; Fe, 6.0. Found: C, 46.2;
H, 3.1; N, 89; Fe, 59.

Fe(dmdipy)s(ClOy): . 2H,O. Similar to above pre-
paration, using 4,4-dimethyl-2,2"-dipyridyl (dmdipy)
(071 g) Calcd. for CunNeOmCleel C, 51.3; H,
48; N, 10.0; Fe, 6.5. Found: C, 51.4; H, 4.7;
N. 9.6; Fe, 6.4.

Fe(tmphen);(ClOs), . 2H,O. Similar to above pre-
paration, using 3.4,7,8-tetramethyl-1,10-phenanthroli-
ne(tmphen) (0.90 g).  Calcd. for CuHs:NeOwCl:Fe:
C,57.7; H,52; N,84; Fe 56. Found: C, 57.9;
H, 5.1; N, 8.1; Fe, 5.6.

Fe(tmphen);Cl; . 4H,O. Similar to above prepa-
ration, using excess lithium chloride instead of so-
dium perchiorate. Calcd. for CiHsxN¢O,ClFe: C,
63.5; H, 6.2; N, 9.3; Fe, 6.2. Found: C, 63.8;
H, 6.4; N, 9.1; Fe, 6.1.

Fe(tmphen)y(NCS), . 5H,O. Similar to above pre-
paration, using excess ammonium thiocyanate. Calcd.
for CsoHsstOsSzFC: C, 61.8; H, 6.0; N, 11.5; Fe,
5.8. Found: C, 614; H, 6.3; N, 11.2; Fe, 5.8.

Fe(5-chlorophen);Cl; . 4H,O. Preparation similar
to that of Fe(5-chlorophen)y(ClO,); . 2H,0, using ex-
cess lithium chloride instead of sodium perchlorate.
Caled. for C36H29N604C15Fe: C, 5].3; H, 3.5; N,
10.0, Fe, 6.6. Found: C, 514; H, 3.7; N, 9.6;
Fe, 6.4.

Fe(5-chlorophen)y(NCS), . 3H,O. Similar to above
preparation, using excess ammonium thiocyanate.
Calcd. for C33H27N303C1352FC: C, 52.5; H, 3.1; N,
129; Fe, 6.4. Found: C, 52.6; H, 3.2; N, 12.6;
Fe, 6.3.

Fe(dmdipy)s(NCS); . 3 . 5H,O. Preparation similar
to that of Fe(dmdipy)s(ClOa); . 2H;O, using excess am-
monium thiocyanate. Calcd. for CisHaNgOs . sS;Fe:
C, 57.9; H, 5.5;: N, 142; Fe, 7.1. Found: C,
57.8; H,5.5; N, 14.0; Fe, 7.1.

Fe(dmdipy)s(NCSe), . 3H,0. Similar to above pre-
paration, using excess potassium selenocyanate. Calcd.
for CxHiN:OsSe,Fe: C, 52.3; H, 49; N, 12.8;
Fe, 6.4 Found: C, 52.6: H,4.8; N, 12.4; Fe, 6.4.

The magnetic measurements were made by the
Gouy method.”'# The accuracy is about 2% for nor-
mal paramagnetic substances, but becomes poorer whe-
re the magnetism is weak, and the error may be as
high as 20% for cases where diamagnetism makes the
biggesi contribution.

Results and Discussion

The magnetic susceptibilities of the complexes cor-
rected for diamagnetism, x», are listed in Table I. It

(41) S. J. Gruber, C. M. Harris and E. Sinn, J. Inorg. Nucl. Chem.,
30, 1805 (1968).

42) C. M. Harris, H. R. H. Patil, and E. Sinn, Inorg. Chem., 6,
1102 (1967).



is evident that in cases where magnetism is anoma-
lously high (p. is significantly higher than 1 B.M.),
the susceptibility decreases rapidly with increasing tem-
perature, suggesting that the magnetism arises mainly
from paramagnetic impurities. This is confirmed
by the fact that the paramagnetism of each of Fe-
(phen);(Cl04); and Fe(PAQHY)(Cl0.); decreases upon
recrystallisation, and the paramagnetism of Fe(MPA-
PHY)(CIO4), and Fe( PAQY), varies from sample
to sample. The literature s values of 1.9 and 1.8
B.M. for Fe(MPAPHY)(ClOs), and Fe(PAQY), re-
spectively suggest the possibility of a high spin - low
spin crossover situation, but the results in Table 1
lead to uncorrected room temperature values of 1.2
and 1.4 B.M. respectively.

Since contribution of paramagnetic impurities ¥
is often much larger than y*, accurate yx* values can-
not be expected from the experimental data. For
complexes in which E; is known, x* has been esti-

Table 1. Observed Magnetic Susceptibilities, yu, in c.g.s.e.m.u.

Fe(PAQHY)(C1O,), first sample
T(K) 89.0 1172 1653 218.7 2920
10°u 1840 1432 1095 921 729

Fe(PAQHY)(CI0.), second sample
TeK) 920 1160 261.2 2975 3485
10 865 718 7 l 5 689 742 714 797

Fe(PAQY),
T(°K) 93.1 117.4 1582 1872 2461 2950 3216 3680
10°%u 990 791 663 566 616 673 789 762

Fe(MPAPHY)(CIO,), .
T(’K) 842 1004 1272 1489 1782 2096 2520 2922 3430
16'%u 1680 1510 1221 1030 949 873 844 839 762

Fe(phen)(C1O)): . 3H,O first sample
T¢K) 975 1382 1620 2314 2972 3450
10 1630 1225 1039 817 667 625

Fe(phen):(C10.); . 3H,O first sample
T(°K) 936 1148 1506 181.5 2234 2421 276.1 276.2 3080 3205 3640
10°xu 217 181 151 187 139 175 177 202 149 161

FE(dlpy);(CIO.)z 3H,0
T¢K) 1081 1456 1900 2431 2976 3350
10%x 324 286 204 265 280 234

Fe(5-chlorophen)(C1Oy); . 2H,O
T(°K) 884 1339 1552 2234 2981 3380
10 998 752 652 517 408 398

Fe(tmphn)y(C10.); . 2H.0
T(°K) 960 137.2 1695 2182 267.5 2983 3520
10°%u 430 376 298 311 320 275 321

Fe(tmphen),Cl, . 4H,0
T(°K) 98.7 1493 236.2 305.1
10°%u 988 719 592 485

Fe(tmphen),(NCS), . SH,O"
T(K) 87.4 1004 1148 1481 179.1 2234 2932 319.2
10°xu 323 195 164 250 274 257 158 181

Fe(5-chlorophen),(NCS), . 5SH,O
T(°K) 859 1098 1326 166.1 2154 2606 298.5 331.5
10 412 347 273 298 313 290 263 260

Fe(5- chlorophen);(NCS), 3H,0
T(K) 864 49 1415 1796 2124 2429 2688 303.0 329.0
10w 2009 1866 1401 1197 1065 986 896 778 755

Fe(dmdipy:(NCS), . 3.5H,0
TCK) 852 1232 1595 1960 2295 2574 2945 327.0
10 2208 1632 1268 1110 988 949 738 732

Fe(dmdipy)(NCSe), . 3H.0
T(K) 872 1147 1395 1742 208.1 2394 266.1 299.0 3322
10°%u 568 548 410 340 284 254 252 237 261

Fe(GMI)1;
TCK) 95.2 1285 163.0 2123 2828 3245
10°%u 320 210 186 142 138 110

Fe(BMI)1,
T(K) 920 1346 1580 2034 2510 2952 3240
10%%u 425 351 290 280 235 188 190

Fe(BBI),(BF.):
T(K) 88.6 1410 2082 2910 3187
10°%u 18020 1185 897 705 651

K.Fe(CN),
TCK) 962 137.1 1950 253.2 2980 352.1
10 %u 250 139 153 56 9% 80
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mated from (3) and (4) using k = 0.7. Then for the
GMI, BMI and BBI complexes, the 10%* value is
about 100 c.gs.u., and for Fe(CN)s*~ (El'—31000

m~' %) and Fe(phen);’* (E1=12,300 cm™ %) it is 80
and 200 respectively. For the other complexes 10%*
was taken as 200 c.g.s.u. Where xp, (=¥obsa—)*) is
appreciably greater than the experimental greater than
the experimental scatter, the y, values were fitted to a
Curie-Weiss law of the form y,>x 1/(T+®) and the
mean value of the magnetic moments due to para-
magnetic impurities, corrected for the Weiss constant
® were obtained from the relation

Ln

b = 5V EOOLOTTO+6], ‘“’

where n is the number of determinations of the su-
sceptibility yp(i) at temperatures T(i). These values
are listed in Table II. In each case whete y, is no ne-
gligible, the ® values are fairly small, indicating that
impurities are normal paramagnetics.

Table Il. Mean magnetic moment contributions from para-
magnetic impurities, {,, correctd for the Weiss constant @
(equation (11)).

Compound U (B.M)) 8"
Fe(phen);(ClO.)z . 3H20“ 1.08 6
Fe(5-chlorophen),(ClOs), . 2H,0 0.7 —18
Fe(tmphen),Cl, . 4H,O 0.85 21
Fe(5-chlorophen)y(NCS), . 3H,0 1.22 10
Fe(dmdipy)(NCS), . 3H,0 1.15 ~10
Fe(BBI)y(BF.). 1.20 16

The PAQHY, PAQY and MPAPY compplexes to
be exceptional in that after correction of Yebsa for
10%* =200 c.g.s.u. and for a constant y,, estimated
from.(11) with ®=0, there remains a very small su-
sceptibility (Table 111), which might be the result of a
very small thermal population of the T, state.”? This
susceptibility is too small to permit accurate estimates
of the crossover parameters but corresponds to a se-
paration at least as high as 3000 ¢m™ between the
'A; and °T; states. This contribution would be small
for all temperatures at which the complexes are ther-
mally stable. It is quite likely that this residual su-
sceptibility, which is small compared to the sum of
the other contributions, yp, Xp and x*( results from ex-
perimental error, or a slight temperature dependence
in x,. The absence of a significant degree of high spin
low spin crossover behaviour in Fe(PAQHY)xClOs),
suggests that all the iron(II) complexes of PAPHY ty-
pe’ are essentially low spin over the accessible tem-.
perature range, and the anomalous moments result
largely from paramagnetic impurities. In complexes
with PAPHY ligands (LH) the iron(IIl) complex Fe-
(LH)(L)(CIO4)2, containing one deprotonated PAPY
ligand (L) is analytlcally indistinguishable from the
normal low spin iron(I1) complex Fe(LH)AClOs),
and is a likely source of paramagnetic impurities.
Such deprotonation with simultaneous oxidation of
the central metal has been observed in some cases.*

(43) B. Chiswell, J. P. Geldard, A. T. Phillip and F. Lions, Inorg.
Chem., 3, 1272 (1964).
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16

Table 1ll. Magnetic Susceptibilities ¥w» of Fe(PAQHY):-
(C10.)., Fe(PAQY),;, and Fe(MPAPHY):(CIO,), after correc-
tion for y and ;.

Fe(PAQHY),(CIO,). sp=0.70 B.M.
TCK) 1462 189.0 261.2 2975 348.6
Yeore 97 165 320 308 421
Fe(PAQY), 1e=0.75 BM.

TCK) 2461 2950 3216 368.0

eorr 126 181 367 368
Fe(MPAPHY)A(CIO,). pe=10 BM.
TCK) 1782 2096 2520 2922 3430
Yeorr 37 68 141 205 192

The complexes with ring-substituted phenanthroli-
nes and dipyridyls are all pure low spin, indicating
either that Fe(phen);(ClOs); is further from the cros-
sover than has previously been believed, or that the
effect of the substituents is negligibly small. The
substituents are not close enough to the coordinating
nitrogens to exert any steric influence on the metal-
ligand system, and they can affect A, and hence the
magnetic properties, only through an electronic mecha-
nism. The existence of such an electronic effect due
to ring substituents in dipyridyls and phenanthrolines
has been demonstrated in a series of bis(phen, dipy)-
iron(IT) complexes which are already in the crosso-
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ver region and whose magnetic properties are there-
fore very sensitive to any perturbations in the envi-
ronment of the central metal atom.>* On the other
hand, the effect of the steric crowding resulting from
ring-substitution adiacent to the nitrogen atoms in bi-
and tri-dentate ligands is found to be much more
drastic, and can change a pure low spin (unsubstitu-
ted) iron(I1) complex to pure high spin (substituted)
together with a significant increase in metal-ligand
bond length.>**  Although inaccuracy is introduced
by the paramagnetic impurities, the temperature in-
dependent part of the paramagnetism, y*, in the pre-
sent series of dipy and phen complexes appears to
show significant variations according to the type of
substitution, but more definite conclusions are best
deferred at this stage, pending further corroborative
evidence such as NMR data, and detailed electronic
spectral assignments. However, it is apparent that
none of the complexes have y* values above the esti-
mated maximum of 300X 10~* c.gs.u., and the re-
sults illustrate the utility of temperature dependent
magnetic susceptibility measurements in evaluating
the significance of anomalous room temperature ma-
gnetic moments.

(44) E. Sinn, unpublished results.
(4)5) C. M. Harris, H. R, Patil, and E. Sinn, Inorg. Chem. 8, 101
(1969).



