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Tris(2-methoxy-1,10-phenanthroline)iron(II) ?erchlorate, [Fe(2-CH;Ophen);1(ClO,4)»H,0, has been prepared in polycrystalline

form and studied by variable-temperature

"Fe Mossbauer spectroscopy (293-15 K), magnetic susceptibility (300~2 K),

and far-IR (298 and 108 K) measurements. The compound shows a temperature-dependent ST»(0;) = 'A(O}) transition
with T, =~ 205 K (T, is temperature of 50% conversion). The magnetic crossover is clearly reflected in the Mossbauer
spectra as well as in the effective magnetic moment. The far-IR spectra at 298 and 108 K exhibit distinct absorption lines
which are characteristic of high-spin and low-spin Fe-N vibrations. The Debye~Waller factors of the different spin states
differ in a factor of nearly 2. Two high-spin iron(II) quadrupole doublets are observed in the Mossbauer spectra. From
a theoretical analysis of the temperature dependence of the quadrupole splitting in conjunction with a ligand field calculation,
with trigonal distortion, spin-orbit coupling, and covalency effects taken into account, these high-spin doublets have been
found to be consistent with *E(D;) and *A,(D;) ground states. The magnetic properties of this compound and other
[Fe(2-Xphen);](ClOy), complexes are discussed in terms of electronic and steric influences of the substituent X.

Introduction

The nature of the substituent X in the 2 position of '

1,10-phenanthroline (phen) exerts a marked influence on the
magnetic properties of the ferrous complexes [Fe(2-
Xphen);](ClO,4),. For X = H (abbreviated here as phen
complex) the compound is diamagnetic with iron being in the
A ,(O;) electronic ground state. For X = CH, (abbreviated
as the 2-CH;phen complex) it has been shown by magnetic'?
and Mossbauer effect measurements®? that a temperature-
dependent high-spin 5T5,(0;) = low-spin 'A;,(O;) transition
takes place. In the case of X = Cl (abbreviated as the 2-
Cl(phen) complex) the iron(II) compound is paramagnetic
with the electronic ground state of iron being °A,(°T,,) under

D; symmetry in the temperature range 300-4.2 K;*° the
complex does not exhibit thermally induced spin crossover as
originally believed by Halbert et al.° One methyl group each
in the 2 and 9 positions of 1,10-phenanthroline causes the
complex [Fe(2,9-(CH;),phen);}(Cl04),-2H,0 (abbreviated
as 2,9-(CH;),phen complex) to exhibit high-spin behavior in
the temperature range 300-79 K.’

A combined steric and electronic effect of the substituent
X appears to play a dominating role in the magnetic behavior
of these complex compounds. To gain more insight into these
effects we have investigated the electronic structure of iron
in [Fe(2-CH;0phen);}(ClO,),»H,0, where the methoxy group
next to the nitrogen atom is bigger and therefore likely to be
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sterically more demanding than the above substituents Cl and
CHj but falls between the two regarding the inductive effect.
We report here on variable-temperature magnetic, Mdssbauer,
and far-IR measurements. The results indicate a high-spin
== Jow-spin transition to take place in this complex; the
conversion, however, is shifted to higher temperatures as
compared to the spin transition in the 2-CHjphen complex.
A CNDO/2-MO calculation on the ligand with X = H, Cl,
CHj, or OCHj has been carried out; the results correlate well
with the observations. A ligand field calculation has been
performed in conjunction with a theoretical analysis of the
temperature dependence of the electric field gradient, from
which the nature of the elecironic state of the high-spin species
may be deduced.

Experimental Section

Preparations. The ligand 2-methoxy-1,10-phenanthroline (ab-
breviated to 2-CH;Ophen) was prepared following the method of Claus
et al.® by reaction of 2-Cl-1,10-phen, which was synthesized following
Halcrow et al.,’ with sodium methanolate. The ligand was recrys-
tallized from a water/ethanol mixture (1:1); mp 74.5-76.5 °C; yield
51%.

The '"H NMR spectrum of the ligand dissolved in CDCl, at room
temperature shows resonances at § (ppm) (relative to TMS) = 4.33
for OCH3; 8.06, 7.06 for H,, Hy; 7.66 for Hs, Hg; 8.2 for Hy; 7.55
for Hg; 9.18 for Hy; and the coupling constants J3, =9, J;3 = 8, Jo9
= 2, Jyg = 5 Hz.

[Fe(2-CH;0phen);](C10,)H,O was prepared as follows. A
18.97-mg (0.339-mmol) amount of iron powder (analytical grade,
Merck Darmstadt) was dissolved in concentrated hydrochloric acid.
After evaporation to dryness the chloride was dissolved in 5 mL of
* water. The solution was added to a solution of 250 mg (1.19 mmol)
of the ligand in 10 mL of methanol. After cooling of the mixture
to 5 °C and addition of a few milliliters of a saturated aqueous sodium
perchlorate solution the iron complex precipitated in oily form. A
red-brown crystalline product was obtained by recrystailization from
a water/methanol mixture (1:1). The material was dried under
vacuum at 40 °C. In all operations care was taken to exclude oxygen.
Anal, Calcd for Fe(CyH3NgOp): C, 51.84; H, 3.57; N, 9.3. Found:
C, 51.15; H, 3.44; N, 9.18.

Magnetic Measurements. The magnetic susceptibility data were
recorded using a Foner-type magnetometer calibrated with nickel
metal. The sample was thermostated at temperatures 2.6-300 K using
a continuous-flow cryostat. The temperature was measured with a
gallium arsenide diode; the accuracies are reported to be £0,02 K
(2-5K), £0.1 K (5~-10 K), +£0.2 K (10-100 K), and +0.5 K (100-300
K). The maximum errors of the susceptibility data are estimated to
be 1%. Effective magnetic moments, u.g, were calculated using the
formula

Hogy = 28273 (X T)'F? , )

where x.,/ is the molar susceptibility corrected for diamagnetism (523
% 107® emu/mol)."

Far-infrared spectra in the range 50-600 cm™ were taken at 298
and 108 K with a POLYTEC FIR 30 spectrometer. The samples
were pressed into polyethylene.

Massbauer spectra were measured in transmission geometry with
a constant-acceleration electromagnetic drive system operating in the
multiscaling mode. The source, ¥’Co/Cu (The Radiochemical Center,
Amersham, England), was kept at 298 K and moved relative to the
absorber, which was kept stationary at controlled temperatures between
273 and 15 K with a constancy of £0.1 K. The absorbers contained
0.15-0.20 mg of *'Fe/cm?

All Mossbauer spectra were fitted to Lorentzian line shape by a
least-squares iteration method.

Results and Discussion

The results of the magnetic susceptibility measurements are
shown in Figure 1. u.y changes gradually from 5.31 up at
300.0 K to ca. 1.51 up at 80.0 K, decreases thereafter very
slowly upon further lowering the temperature, and finally falls
off rapidly below ~10 K to 0.87 ug at 2.6 K. A very small
field dependence was observed, which is believed to be due to
a ferromagnetic impurity. The data of Figure 1 refer to
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Figure 1. Reciprocal molar magnetic susceptibility (O) and effective
magnetic moment (®) of [Fe(2-CH;Ophen);](ClO,),H,0O as a
function of temperature.

Table I. Characteristic Vibrational Bands in the Far-IR Spectra
of [Fe(2-CH,0Ophen),](Cl10,), - H,0 at 298 and 108 K and of the
Free Ligand at 298 K (Given in Parentheses in Last Column)

Wavenumber, v/cm™!

298 K 108 K Assignment
534w 537 w, sh (537 w, sh)
458 w 457 m 460 w)
395w 396 w (397 9)
gif x } v(Fe~N) low spin
323 m 325 m (320 %)
234 s, br 237 m, sh _ : :
227w sh }v(Fe N) high spin
182 w, sh 185 m 8 (N-Fe-N) low spin
160 m 163 m (167 s)
135 w, br 138 w .
123w (127 m; 115 w, sh)

measurements in an applied field of 10 kOe. The observed
dependence -of u.; on the temperature clearly indicates a
thermally induced conversion between the high-spin 5TZB(O;,)
and low-spin 'A;,(O;) states.

The most .characteristic vibrational bands in the far-IR
spectra at 298 and 108 K are listed in Table I. There are
a number of bands which can be assigned to ligand vibrations
(the free ligand vibrations are given in parentheses in Table
I) and which are practically independent of temperature. As
expected, in analogy to variable-temperature far-IR studies
on similar compounds showing temperature-dependent spin
crossover,>!! the Fe—N stretching vibrations for the high-spin
and low-spin species are distinguishable from each other in
the variable-temperature spectra. The bands at 234 cm™ (298
K) and 237, 227 cm™ (108 K) are assigned to Fe~N stretching
vibrations in the iron(IT} high-spin state, and the bands at 352
cm™ (108 K) and 341 cm™ (108 K) to the Fe-N stretching
vibration in the iron(II) low-spin state.'"'? The band at 185
cm’’, particularly well resolved at 108 K, most likely originates
from the N-Fe-N deformation vibration in the iron(II)
low-spin state.

Some selected results of the Mdssbauer effect measurements
are collected in Table II. A few representative Mossbauer
spectra at various temperatures are shown in Figure 2. The
measured spectra were fitted to three quadrupole doublets A,
B, and C, which are distinguishable particularly well in the
approximate temperature region 130-200 K. The
“goodness-of-fit” parameter, Z = 3",o,"(N — P)"{(Yiopu ~
Y Yneor)?/ (Y expy), where N is the number of data points and
P the number of free parameters, is in most cases slightly larger
than unity (cf. Table II). On the basis of the isomer shift and
quadrupole splitting data and the temperature behavior of
AEq, the doublets B and C are assigned to high-spin iron(II)
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Table IL ' Isomer Shift & (Relative to the 37Co/Cu Source at 298 K), Quadrupole Splitting AE g, Experimental Line Width I, and
Fractional Area F under the Resonance Lines of the Doublets A, B, and C of [Fe(2-CH,Ophen),](ClO, ), -H,0

Resonance

doublet T/K §/(mms-') AE'Q/(mm s71) I'/(mm s~ Fi% ze
A 0.20 + 0.04 0.37 £ 0.09 18.2+ 2.0
B 273 0.76 £ 0.02 1.18 £ 0.02 0.39 + 0.02 56.1 ¢ 3.7 2.6
C 0.67 £ 0.02% 0.80 + 0.08 26.2 + 3.3
A 0.21 + 0.02 "0.51+0.03 345+ 1.8
B 237.5 0.80 + 0.01 1.39 £ 0.04 0.33 £ 0.02 44.5+5.0 1.1
C 0.74 + 0.02 0.99 = 0.06 21.1+ 4.0
A 0.21 + 0.01 0.50  0.02 41.2+0.7
B 221 0.82 + 0.01 1.55 + 0.03 0.31+0.01 29.2+ 1.3 1.01
c 0.80 £ 0.01 1.10 £ 0.03 29.6 + 1.3
A 0.22 ¢ 0.01 0.50 + 0.02 59.5 £ 2.0
B 193.5 0.83 £ 0.02 1.59 + 0.04 0. 28 £ 0.02 25.0 + 1.8 1.2
C 0.80 £ 0.02 1.14 £ 0.05 15.7+ 1.9
A 0.23 + 0.01 0.52 + 0.01 0.31 £ 0.03 62.6 £ 2.2
B 1715 0.83 +.0.02 1.56 £ 0.05 10.310.15 33.7 + 3.1 1.0
C 0.77 + 0.03 1.05 £ 0.06 0.43 £ 0.08 3.7+19
A 0.26 + 0.01 0.49 + 0.01 75.5+1.2
B 144.5 0.80 + 0,02 1.81 £ 0.04 0.32 £ 0.01 182+ 1.3 1.4
C 0.80 + 0.05 1.11£0.11 63+1.3
A 0.25 £ 0.01 0.48 + 0.01 0.27 £ 0.02 77.7 £ 3.2
B 138.5 0.83 £ 0.03 1.80 £ .0.07 0.36 £ 0.15 154 £ 5.4 2.1
C 0.86 + 0.06 1.08 £ 0.17 0.35 + 0.34 7.0+5.6
A 0.26 + 0.00 0.54 + 0.01 85.5+ 1.2
B 119.5 0.93 + 0.03 1.87 + 0.06 0.36 £ 0.01 13.9+ 1.3 1.1
C 0.83+0.1% 1.17 £ 0.2% 1.0 £ 3.0
A 0.28 + 0:01 0.53 +0.01 94.0+ 1.0
B 78.5 0.93 £ 0.07 1.97 £ 0.15 0.37 £ 0.01 5.0+3.0 1.1
A 0.27 £ 0.01 0.5 .01 96.3+ 1.0
B 15 0.85 + 0.08 1.93 £ 0.10 270,01 <4 1.1
C e . .

¢ Z is explained in the text. b parameter not varied.

species and doublet A is assigned to iron(II) in the low-spin
state. The area fractions of their resonance lines, F (%), are
listed in Table II and show that the intensity of the low-spin
state, which is already present at 273 K to 189%, increases
steadily with decreasing temperature, while the sum of the
intensities of the high-spin resonances continuously decreases
in the same direction of temperature change. Virtually the
same Maossbauer spectral behavior has been observed with
samples prepared independently and measured at some selected
temperatures. Measurements were also repeated of the same
sample sealed in the Plexiglas holder and stored at room
temperature for several months; no changes could be detected
as compared to the case of freshly prepared samples. The

observations are similar to those made in a study on the

polycrystallme compound [Fe(2~CH3phen)3](C104)2, except
that in the present case the spin conversion from high spin (S
= 2) to low spin (S = 0) is shifted to higher temperatures,
whereas in the 2-CH;phen comPlex no spin singlet state is
observable at room temperature.' Slmllarly to the findings
in the 2-CH,phen complex we again observe two high-spin
1ron(II) resonance doublets besides the 'A;;(0;) ground state
in the Mossbauer spectra. Their electronic nature may be
derived from the temperature dependence of the quadrupole
sphttmg by a calculational method orlgmally proposed by
Ingalls,'® employing the general expression

AEQ(T) = %ezQ(l — RXF)390 2 [F(81, 0y o, T)](
+ n2§]~)>l/2 + AEQc (2)

in'which e, 0, R, and n have the usual meaning,'* (r *)%4a
describes the free-lon radial expansion for 3d electrons upon
complex formation (e’ is the covalency factor), and AEQS is
the temperature-independent contrlbutlon to the quadrupole
splitting. The function F(8,, a,2\g, T) describes the tem-
perature dependence of the electric field §rad1ent (EFG) and
may take on values between —*/, and +2/,.!*> To determine
this reduction functlon we have pcrformed a perturbation
calculation on the ng(O,,) subspace assuming D; symmetry
(for which the asymmetry parameter n becomes zero) and
making allowance for trigonal distortion (parameter §,),
spin—-orbit coupling, and covalency effects by multiplying the
free-ion spin—orbit coupling coefficient >\0 (=104 cm™) with
the orbital reduction factor axz A = a2\, We have taken
the reduction factors .? and a,? to be equal: o? = a,? = o>
The effective Hamiltonian

R PO 5. - . a
Heg= Vt+Hso="1(Lz2"‘2)" 0N LS 3)

was applied to the 15{M| Mg) basis functlons of the ng(O,,)
state, quantlzed along the trlgonal axis.!>'® The interaction
between the ST4(0;) and the *E,(O,) states was neglected,
because the energy separation E(gstg) E(CE,) = 10Dg has
been found in similar iron(II) diimine co })lexes to be very
much larger than the ener gy separation ECA,) ~ ECE) = §,
due to trigonal distortion.” The valence contributions to the
EFG at any temperature was obtained from a Boltzmann
distribution over all energy levels of the *A,(°T,,) and *E(°Ty;)
states using the population numbers, derlved from the coef-
ficients of the eigenfunctions of the diagonalized perturbation
matrix, and the well-known!'? contributions to the EFG of the
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Figure 2. Some representative Mossbauer spectra of [Fe(2-

CH;Ophen);](C10,4)»H,0 at various temperatures; the zero point

of the velocity scale refers to the isomer shift of Na,[Fe(CN)sN-
0]-2H,0 relative to the *’Co/Cu source at 298 K.
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individual 3d orbitals. The parameters &, o?, and AEQ” were
determined by curve fitting to the experlmental data of the
quadrupole splitting, where the quantity e’Q(1 — R)(r )%
was taken to be 17.5 mm s™ as an u?per limit for a ferrous
compound with AEq ~ 4.5 mm s~

The following “best fit values” were obtained for the
quadrupole doublet B

§,=-184t4cm™

a? =0.70 £ 0.05
AEG =-0.69 +0.02 mms™

The theoretical function AEo(T), calculated with these values,
is drawn as a solid line in Figure 3; it covers the experimental
data very satisfactorily. §; < 0 (EFG < 0) indicates that the
iron(II) atom of species B possesses an orbitally nondegenerate
ground term ‘A, under D; symmetry (cf. Figure 3). The
results agree well with those of similar studies on [Fe(2 -Cl-
(phen));}(C10,)»H;0° and [Fe(2-CH;phen);}(ClO,),.?
The calculation for the quadrupole doublet C, which also
arises from a high-spin iron(II) species, did not proceed as
successfully, because experimental data for AEq(T) are only
available for the region 119.5 < T <273 K, w1th relatively
large errors for AEq at <150 K. Regarding the Tnagnitude
and temperature dependence of AEq, however, this resonance
doublet C resembles very much one of the two quadrupole
doublets observed in the 2-CH;phen complex,? which was
assigned to a “E(Ds) (V,, ~ EFG > 0) ground state. We
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Figure 3. Temperature dependence of the quadrupole splitting AEq
of the two high-spin iron(II) species B (®) and C (O) in [Fe(2-
CH,3Ophen);](ClO,)»H,0. The solid and broken lines are calculated
functions. The inserted energy level diagrams show the splitting of
the *T,,(O;) term under the influence of negative (8, < 0) and positive
(8, > 0) trigonal distortion (D; symmetry).
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Figure 4. Temperature dependence of the relative area F of the sum
of the high-spin resonances (B, C) from the Mdssbauer spectra (®)
and molar fraction vyyg of the high-spin states evaluated from magnetic

measurements usmg the parameters /A = 3.0, &2 = 0.7 (a) and
/A= 3.0, 2% = 0.5 (b).

therefore conclude that doublet C of the present study also
arises from a *E(D;) electronic ground state. At present we
are not able to give a definite explanation for the coexistence
of two high-spin iron(1I) lattice sites with opposite sign of the
EFG. There may be a temperature-dependent equilibrium (i)
between trigonally compressed (§; < 0, EFG < 0, |xy) lowest)
and trigonally elongated (8, > 0, EFG > 0, jyz) and |xz)
lowest) complex molecules or (ii) between two geometric
isomers, facial and meridional.

In Figure 4 we have plotted the fractional area F of the
Madssbauer resonance lines of the sum of the high-spin species
B and C as a function of temperature, These data have been
compared with the relative amount of high-spin molecules as
a function of temperature, evaluated from the results of the
magnetic susceptibility measurements using the expression
Mot = (1 = Tus Yttt )? + Yrs(Hett™ )’ C))
The abbreviations HS and LS stand for high spin and low spin,
respectively. yus = nus/(nys + nrs) is the mole fraction of
the high-spin molecules. g is the effective magnetic moment
derived from the measured susceptibility data. In analo§y to
similar iron(II) complexes with low-spin behavior u > has
been taken to be 1.0 up and practically independent of
temperature. uer > has been evaluated as a function of KT/
and the trigonal distortion parameter §;, using the results of
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the treatment of d® high-spin ions by Konig et al.'® No
distinction between the *E(D;) and 3A(D;) states has been
made here, because the two electronic states have very similar
magnetic properties. The calculated results of the molar
fraction yys as a function of temperature and for different
values of the parameters 8;/\ and «, are shown in Figure 4.
The curves for /X = 3.0, @’ = 0.7 and for §,/A = 3.0, o
= 0.5 refer to calculations using the upper and lower limits
of the 8, and o, values from the ligand field calculations above.
In any case, we notice that at higher temperatures (7 2 200
K) the relative amount of high-spin molecules as evaluated
from the magnetic measurements exceeds considerably the
relative intensity (fractional area F) of the high-spin resonances
from the Mossbauer spectra, most probably due to the fact
that the relative intensities (areas) of the high-spin and
low-spin states do not reflect the relative amounts of these spin
states because of unequal recoil-free fractions,' fuys # fis.
It is expected that the iron atom in the high-spin state is more
loosely bound to the ligands than in the low-spin state, mostly
due to weaker w-back-bonding effects; experimental support
may be taken from the far-IR spectra, which show that the
Fe—N stretching vibrations for the low-spin state appear at
considerably higher wavenumbers (352, 341 cm™) than those
for the high-spin state (237, 227 cm™). Accordingly, we should
expect fus < fis. In a separate calculation in the framework
of Debye’s model of a solid we have evaluated at 7= 185 K
(transition temperature T. from magnetic susceptibility
measurements) fis = 0.06 and fis = 0.11. Although these
values appear to be somewhat low, the expected tendency of
fis > fus comes out correct. The factor of nearly 2 for fis/fus
at T~ 210 K has also been found by Konig et al. in a similar
“recoil-free fraction study of Fe(papt), (papt = 2-(2-pyridyl-
.amino)-4-(2-pyridyl)thiazolate), which shows a similar spin
\transition behavior as the present complex.!” The gradual
change from high spin to low spin, reflected, e.g., by the
| function u.y = f(T), is similar to the one observed in the
2-CH;phen complex’ except that in the present case the
: conversion is shifted to higher temperatures by ca. 60 K. The
temperature of 50% conversion (taken from the relative area
of the Mdssbauer resonance lines) is T, = 205 K in this study
‘but only ca. 145 K in case of the 2-CH,phen complex.
Obviously, the ligand field potential in the 2-CH;Ophen
.complex appears to be somewhat stronger than in the 2-
CH,phen complex. Comparing the ligand field strength in
the compounds [Fe(2-Xphen);](ClQy),, with X = H, CH,,
CH;0, or Cl, we find at a given temperature that the ligand
field potential decreases in the order of substituents X = H
> CH,0 > CH, > Cl. This ordering suggests that both steric
and electronic effects exert decisive influences on the magnetic
properties of the central ion. A methyl group in the 2 position
of 1,10-phenanthroline requires more space than the H atom.
It is believed that the resulting steric hindrance in the 2-
CHjphen complex causes the Fe-N bond to elongate some-
what, which in turn reduces the crystal field splitting parameter
by a reduced electrostatic interaction according to 10Dg ~ R™®
and by less effective ¢ and w interactions between the ligands
and the central ion. The steric hindrance becomes even more
effective in the 2,9-(CH;),phen complex, which may be the
dominating effect for this complex to display strictly high-spin
behavior even at low temperatures. A steric effect of this kind
has been demonstrated by other authors in variable-tem-
perature x-ray crystallographic studies on other iron(II) spin
crossover systems.”>?' The methoxy group seems to demand
even more space than the methyl group and one would
therefore expect for the same reasons the paramagnetic be-
havior in the 2-CH,Ophen complex to be more pronounced
than in the 2-CH;phen complex.” The reverse is true. The
stronger tendency toward low-spin behavior in the 2-
CH;Ophen complex as compared to the 2-CH;phen complex
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may be rationalized by a considerable influence on the Fe-N
bonds arising from the electronic properties of the substituent
X, which dominates over the steric effect.

The ligand field parameter 10Dg = A is known to be
composed of several terms according to

AxAg+ Ay + Ar(M-L) — A/ (L->M) Q)

where the individual terms have the usual meaning.”? A refers
to the energy difference between the antibonding ez(o*)
molecular orbitals and the bonding t,,(w) molecular orbitals
(cf. Figure 7 of ref 23). 1,10-Phenanthroline as a ligand has
relatively strong o-donor and w-acceptor properties causing
a large energy separation between the antibonding e,(o*)
orbitals and the ty,(w) orbitals and thus favoring the 'A,,
ground state of the iFe(phen);] (C10,), complex. The positive
inductive effect of the methyl group in 2-CHjphen reinforces
the basicity of the neighboring nitrogen atom. This is sup-
ported by the results which we have obtained from a
CNDO/2-MO calculation using a computer program similar
to the one of Pople and Beveridge.”**> The bond lengths and
angles were taken from the literature.*> The results show
that in going from phen to 2-CHjphen the electron density
at the nitrogen atom in the 1 position, preferentially in the p,
orbital, increases and a simultaneous destabilization of the
highest occupied 7 orbital of the ligand takes place: E(x) =
~10.87 eV in phen and -10.69 eV in 2-CHjphen. As a
consequence, A,/(L—M) becomes larger and reduces the
ligand field splitting parameter A in the 2-CH;phen complex
with respect to the phen complex. No significant difference
occurs in the A, term between phen and 2-CH;phen. In case
of 2-Cl(phen) we have found a considerable stabilization of
the highest occupied o orbital as compared to phen, viz., -11.54
eV for 2-Cl(phen) and -10.97 eV for Fhen, as well as a de-
crease of the electron density in the sp~hybrid orbital of the
nitrogen. This weakens markedly the donation to the metal
ion and thus decreases A." The smaller steric hindrance caused
by the chlorine atom as compared to the methyl group is
overbalanced by a significantly weaker o interaction. As a
result, A is smaller in the paramagnetic 2-Cl(phen) complex
than in the spin crossover complex 2-CHsphen. The difference
in the strength of ¢ interaction also seems to be reflected by
a small difference in the Mossbauer isomer shift and thus in
the electron density at the nucleus: §c,(293) = 0.75, £ 0.01,
mm s~ for [Fe(2-Cl(phen));](Cl0,),»-H,0;° 6c,(293) = 0.70,
% 0.01, mm s for [Fe(2-CH;(phen));]1(ClO,),.

The CNDO/2-MO calculation for 2-CH;Ophen shows that
the highest occupied ¢® orbital is destabilized as compared to
2-CH;phen, whereas the energy level of the =x° orbital is
practically unaffected as compared to the unsubstituted
1,10-phenanthroline. This apparently causes the ligand field
potential in the 2-CH,Ophen complex to be stronger than in
the 2-CH3phen complex and weaker than in the phen complex.

‘Although the size and the electronic properties of the
substituent X in the ligand 2-Xphen appear to influence the
magnetic properties of the perchlorates of (2-Xphen),Fe’, it
is likely that some additional influence comes from the variable
amounts of crystallization water: one water molecule per unit
formula each in the solid 2-CH;Ophen and 2-Cl(phen)
compounds; none in the 2-CHsphen and phen compounds.
Such an effect has been observed in similar systems.%!

Since it has been shown that, for example, the spin con-
version in the crystalline 2-CH;phen complex is strongly anion
dependent,!?! it is possible that a different anion may give a
different substituent ordering. To test this we plan to extend
the present studies into the solution state where other authors
recently have shown for a >T = SA transition that anion
dependences may largely be diminished.*
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Congerning the mechanism of the spin transition in the
2-CH;Ophen complex and the 2-CH;phen complex, we believe
that of all of the models which have been suggested for spin
crossover systems*>3° the one based on a cooperative coupling
between the electronic state of the iron ion involved and the
phonon system (inciuding both intramolecular and lattice
vibrations)>* comes closest to reality. We have discussed this
model at length in conjunction with systematic experimental
investigations on the spin crossover system [Fe(2-pic);]Cl,Sol
(2-pic = a-picolylamine; Sol = C,H;OH, CH,OH, H,0,
2H,0).%**7 One of the most essential points in this model is
that the driving force of the spin transition at a given tem-
perature is the entropy difference AS between the two spin
states, which in turn governs the free energy difference AG
= AH — TAS. There are (at least) two main sources con-
tributing to the entropy of the spin states. One of them is the
electronic part R In (25 + 1), which is R In 5 for the high-spin
state (S = 2) and approximately zero for the low-spin state
(S = 0). The other important contribution arises from the
normal modes of intramolecular vibrations, particularly the
Fe-N stretching vibrations and the N-Fe-N deformation
vibration. The differences in the stretching vibrations observed
in the far-IR spectra (cf. Table I), which are due to a larger
w-back-bonding effect in the low-spin state as compared to the
high-spin state, result in a large difference of the vibrational
entropies between the two spin states (Sus > Sig).>* Atany
temperature the entropy term 7§ of the high-spin state is
larger than that of the low-spin state. This initiates the spin
conversion from 1A1g(0,,) t0 *Ty,(O4) in a group of molecules
by increasing the temperature. The spin excitation in turn
causes a modulation of the normal modes of intramolecular
vibrations; this modulation communicates the information of
the spin conversion via coupling with lattice vibrations to other
low-spin molecules within a “cooperative region”. Their
normal vibrations will be damped this way which causes the
central ion to change spin from § = 0 to § = 2, This model,
which is described in more detail in ref 34, 35, and 37, receives
support by experimental results from Mdssbauer effect
measurements on the diluted system [Fe,Zn,_,(2-pic);]-
Cl,C,HsOH,* investigation of the deuterium isotope effect
in [Fe(2-pic);]Cl»CD,0D,* and variable-temperature far-IR
studies in the present work and other studies.’* In addition,
the difference in the recoil-free fractions for the two spin states
of the 2-CH,Ophen complex, which have been evaluated in
a separate calculation in the framework of Debye’s model to
be fus = 0.06 (185 K) and f;g = 0.11 (185 K), strongly
supports the spin—flip mechanism based on a cooperative
coupling between the electronic state and the phonon system.
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