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E4ects of counterions on the change in the magnetic behavior
due to mechanical amorphization have been examined on
iron(II) complexes with 1,10-phenanthroline, Fe(phen)2(NCS)2,
[Fe(phen)3](NCS)2 'H2O, and [Fe(phen)3](PF6)2, at temper-
atures between 2 K and 300 K. Amorphization results in the
increase in sMT, where sM is molar magnetic susceptibility and
T is temperature, in two modes, i.e., a jump at temperatures
below 20 K and a subsequent gradual increase. The 5rst mode is
attributed to the mechanically induced high spin state (5T

2g)
which is made metastable below 20 K. The second is the thermal-
ly induced transition from a low spin (1A

1g) to a high spin (5T2g)
state for the distorted complexes with the widened distribution of
the ligand 5eld strength. The stabilization of the HS state is
mainly due to the ligand 5eld distortion caused by mechanical
amorphization. Coordination of ionic species, NCS2 and PF2

6 ,
originally serving as counterions, plays a signi5cant role in the
ligand 5eld distortion. ( 2000 Academic Press

Key Words: iron(II) complex crystals; spin crossover; mech-
anical stressing; counterion; ligand 5eld strength.

INTRODUCTION

Strained crystals show various anomalies in physico-
chemical and electronic properties. One of the general
reasons is the change in the electronic states and related
transition probability due to loss of the symmetry in crystal
and ligand "elds. This is particularly signi"cant for
transition metals in view of various magnetic or optical
properties. Partial allowance of the forbidden d}d transition
of Mn2` incorporated in ZnS, for instance, enhances photo-
luminescence intensity (1).

An energy level of octahedrally symmetrical 3d electrons
in Fe2` in a complex compound is split into two states,
eg and t

2g, with a "nite separation, *
0

(2}5). The separation
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depends on the strength of crystal "eld. As a consequence,
the 3d6 con"guration of the complex takes two di!erent spin
states, i.e., a low spin (LS) state (1A

1g) described as (t
2g)6(eg)0,

and a high spin (HS) one (5¹
2g), (t

2g)4(eg)2.
The crystal "eld stabilization energy (CFSE) is de"ned as

2.4*
0
}3P for the LS state and 0.4*

0
}P for the HS state,

where P is an electron pairing energy (4). Since the energy
di!erence between LS and HS states is 2(*

0
}P), the LS state

is more stable under the condition, *
0
'P. When the en-

ergy di!erence, 2(*
0
}P), is surmounted by thermal energy,

k
B
¹, spin transition from LS to HS occurs, where k

B
is the

Boltzmann constant. The elongation of the Fe2`}ligand
bond accompanies the spin transition. This is attributed to
the presence of two electrons within the eg (d

z2
and d

x2}y2
)

orbitals which lie along the Fe2`}ligand donor atom vector
and have the stronger repulsion than t2g (d

xy
, d

yz
, and d

zx
)

orbitals (4, 6).
The spin transition behavior, i.e., *

0
, depends not only on

the di!erence of ligands, intraligand substitutuents (5}7),
and counteranions (5, 8, 9), but also on the environmental
conditions. When a complex is intercalated in an interplan-
ar space of layered material, its e!ective magnetic moment,
k
%&&

, jumps up at lower temperatures (10, 11). Nakano et al.
also observed a similar spin crossover for [Fe(amp)

3
]2`

(amp"2-(aminomethyl)pyridine) intercalated in mont-
morillonite (11). They consistently attribute the spin
transition to the stabilization of the HS state by the reduc-
tion of the energy di!erence between the HS (5¹

2g) and LS
(1A

1g) states.
Likewise, Tiwary et al. reported that [Co(bpy)

3
]2`

(bpy"2, 2@-bipyridine) encapsulated in zeolite}Y has
a near-octahedral geometry and exhibits a spin crossover
phenomenon, although the trigonally distorted
[Co(bpy)

3
]2` retains the HS state (4¹

1g) both in solution
and in the solid state (12, 13). According to the calculation of
the angular orbital ligand "eld model, the energy di!erence
between the LS (2Eg) and HS (4¹

1g) states increases by
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encapsulation to allow a thermally induced spin transition
(13). Thus, we may generalize that the spin state is deter-
mined by the molecular geometry of a coordination com-
plex, such as the metal (M)}ligand (¸) distance, the ¸}M}¸
angle, and the symmetry of coordination. The geometrical
con"guration of individual complexes and three-dimen-
sional arrangement of complexes depend mutually on each
other.

We have observed two di!erent modes of spin tran-
sition, i.e., jumps and a gradual increase in mechanically
amorphized [Fe(phen)

3
](NCS)

2
)H

2
O (14). Crystalline

[Fe(phen)
3
](NCS)

2
)H

2
O exhibits a diamagnetic LS state at

least below 330 K. In contrast, amorphous [Fe(phen)
3
]

(NCS)
2
)H

2
O shows peculiar magnetic behavior; i.e., k

%&&
or

s
M
¹ (Jk

%&&
2, where s

M
is the molar magnetic susceptibility

and ¹ is temperature) jumps twice at around 20 K and
190 K. The latter jump is close to the spin transition temper-
ature for Fe(phen)

2
(NCS)

2
(5, 15). Since the magnetic behav-

ior of the milled complex is very similar to those of the
intercalated, distorted complexes (10, 11), it is reasonable to
assume that the ligand "eld strength is reduced by the
distortion of coordination bonds as a consequence of mill-
ing. The mode of s

M
¹ change with temperature di!ers

markedly among similar complexes with di!erent counter-
ions, i.e., Fe(phen)

2
(NCS)

2
, [Fe(phen)

3
](NCS)

2
)H

2
O, and

[Fe(phen)
3
](PF

6
)
2
. Therefore, we focus in this study on the

role of counterions on the anomalous spin crossover of the
mechanically strained complex compounds.

EXPERIMENTAL

Synthesis

The preparation method for [Fe(phen)
3
](NCS)

2
)H

2
O

was given in Ref. (14). Calculated values for
C

38
H

26
FeN

8
OS

2
are C, 62.5%; H, 3.6%; N, 15.3%. Ana-

lytical results are C, 63.8%; H, 3.1%; N, 15.6%. As-pur-
chased [Fe(phen)

3
](PF

6
)
2

(Aldrich, No. 38, 831-9;
calculated values for C

36
H

24
F
12

FeN
6
P

2
are C, 48.7%; H,

2.7%; N, 9.5%; Fe, 6.3%; analytical results are C, 43.0%; H,
2.2%; N, 8.3%; Fe, 5.4%.) was used. Fe(phen)

2
(NCS)

2
was

synthesized in the manner reported by Ganguli et al. (16).
A methanol solution of iron(II) sulfate heptahydrate was
prepared by dissolving 1.11 g (4 mmol) of FeSO

4
) 7H

2
O

(Kanto, purity '99.0%) in 30 cm3 of methanol, containing
10 mg of L-ascorbic acid (Kishida, purity '99.5%).
A 30 cm3 methanol solution of 0.78 g (8 mmol) of potassium
thiocyanate (Yoneyama, purity '99.5%) was added drop-
wise to this solution. After the solution was stirred for 1 h,
the precipitate was "ltered o!. A 30 cm3 methanol solution
of 1.59 g (8 mmol) of 1,10-phenantroline monohydrate
(Yoneyama, purity '99.0%) was added dropwise to the
"ltrate containing Fe2` and NCS~ with stirring. After 3 h,
the pink-violet precipitate of Fe(phen)

2
(NCS)

2
was "ltered,

washed with methanol, and dried at 0.1 Pa and room
temperature for 24 h. All operations were carried out
under an argon atmosphere. Calculated values for
C

26
H

16
F
12

FeN
6
S
2

are C, 58.6%; H, 3.0%; N, 15.8%. Ana-
lytical results are C, 58.2%; H, 2.9%; N, 15.7%.

Mechanical Treatment

External stress was applied by milling with a planetary
ball-mill (originally supplied from URF as AGO II and
modi"ed by Nara Machinery). A sample (0.5 g) was put into
a 27 cm3 Al

2
O

3
-lined vial together with sixteen 10-mm

yttrium-stabilized zirconia balls. The gas inside the vial was
replaced by Ar and the vial was sealed before milling.
Milling time was "xed at 5 h. Details of the planetary
ball-mill are given elsewhere (17).

Characterization

The crystalline structures were examined by X-ray dif-
fractometry (XRD) (Rigaku, Rint2000). Far-infrared (far-IR)
absorption spectra (Bio-Rad, FTS40V) under 0.1 Pa were
measured in the range 500}150 cm~1 at a resolution of
2 cmv1 to analyze coordination bonds. Samples were disper-
sed in polyethylene pellets in far-IR measurements.

Changes in the electronic states of Fe2` and ligands were
examined by UV-vis di!use re#ectance spectroscopy
(JASCO, V}550) and 57Fe MoK ssbauer spectroscopy.
UV}vis spectra were measured between 800 nm and 200 nm
at a scan speed of 100 nm )min~1 and at intervals of 0.5 nm.
An MgO plate was used as a re#ection standard. MoK ssbauer
spectra were obtained with a 370 MBq 57Co source in Rh
foil (the Radiochemical Centre, Amarsham). The velocity
scale was calibrated using the absorption peaks of an iron
"lm. The curve "tting was carried out by using a least-
squares procedure assuming that the observed peak shape is
Lorentzian. All the measurements were carried out at room
temperature.

The temperature dependence of the magnetic properties
was measured by using a superconducting quantum inter-
ference device (SQUID) magnetometer (Quantum Design,
MPMS5) at 500 mT when the temperature was increased
from 2 K to 300 K.

RESULTS

Temperature Dependence of s
M
¹

The product of molar magnetic susceptibility, s
M
, and

temperature, ¹, is plotted as a function of temperature in
Fig. 1. The intact complex, Fe(phen)

2
(NCS)

2
, exhibits a typi-

cal spin crossover around 190 K, as shown by triangles in
Fig. 1a. After milling of the sample for 5 h, we observe two
marked increases in the s

M
¹ for Fe(phen)

2
(NCS)

2
, as shown

by circles in Fig. 1a. The height of the low-temperature jump
of s

M
¹ increases by 4 times after milling, followed by a



FIG. 1. Temperature dependence of s
M
¹ for (a) Fe(phen)

2
(NCS)

2
, m,

intact; d, after milling for 5 h; (b) [Fe(phen)
3
](NCS)

2
.H

2
O, m, intact; d,

after milling for 5 h; and (c) [Fe(phen)
3
](PF

6
)
2
, m, intact; d, after milling

for 5 h.

FIG. 2. XRD pro"les of Fe(phen)
2
(NCS)

2
(a) intact and (b) after milling

for 5 h, and [Fe(phen)
3
](PF

6
)
2

(c) intact and (d) after milling for 5 h.
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gradual increase. The HS state might remain at temper-
atures below 20 K, since this jump of s

M
¹ is due to magnetic

interaction among complexes with HS states and/or zero-
"eld splitting of the spin quintet state (6). A usual spin
crossover around 190 K decreases to a signi"cant extent
with a slight decrease in the onset temperature.

The intact complexes, [Fe(phen)
3
](NCS)

2
)H

2
O and

[Fe(phen)
3
](PF

6
)
2
, exhibit diamagnetism, as shown by tri-

angles in Figs. 1b and 1c, respectively. The shape of the
curve, shown by circles in Fig. 1b for [Fe(phen)

3
]

(NCS)
2
)H

2
O after milling for 5 h, is very close to that of

Fe(phen)
2
(NCS)

2
, although the entire change is one-"fth of

the latter. In a sharp contrast to the complexes containing
NCS~, the value of s

M
¹ for [Fe(phen)

3
](PF

6
)
2

after milling
for 5 h increases quasi-linearly without any sharp increase,
as shown in Fig. 1c.

Changes in Crystallinity and Coordination Bonds by
Milling

The XRD patterns of the samples of Fe(phen)
2
(NCS)

2
and [Fe(phen)

3
](PF

6
)
2

with and without milling are
shown in Fig. 2. Similar to the observation for
[Fe(phen)

3
](NCS)

2
)H

2
O in our previous report (14), the

complex crystals amorphize after milling. Thus, counterions
do not a!ect the mechanical amorphization, as far as the
long-range ordering detectable by XRD is concerned.



FIG. 3. Far-IR spectra of Fe(phen)
2
(NCS)

2
(a) intact and (b) after

milling for 5 h, and [Fe(phen)
3
](PF

6
)
2
(c) intact and (d) after milling for 5 h.
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Curves (a) and (b) in Fig. 3 show far-IR absorption
spectra of Fe(phen)

2
(NCS)

2
before and after milling, respec-

tively. The absorption bands at 249 cm~1 and 218 cm~1 are
the stretching vibrations of Fe}N (NCS) and Fe}N (phen)
in complexes with the HS states, respectively (18}21).
The intact Fe(phen)

2
(NCS)

2
shows the doublet bands at

419 cm~1 and 431 cm~1 due to the out-of-plane phen ring
TABL
Parameters of MoK ssbauer Spe

Fig. d/mm s~

Fe(phen)
2
(NCS)

2
intact 4a 0.97

0.23
milled 4b 0.97
for 5 h 0.28

[Fe(phen)
3
(NCS)

2
. H

2
O intact 4c 0.31

milled 4d 1.06
for 5 h 0.28

[Fe(phen)
3
(PF

6
)
2

intact 4e 0.32
milled 4f 0.25
for 5 h 0.28

aThe peak area fraction.
deformation (22), and at 473 cm~1 and 484 cm~1 due to
coordinated NCS bending vibration (15, 22). The band
splittings disappear after milling. The IR band at 284 cm~1

is assigned to the ligand vibration activated by complex
formation (20). All the absorption peaks become broader
after milling. These tendencies are similar to those found for
[Fe(phen)

3
](NCS)

2
)H

2
O in our previous report (14). Note

that a new peak appears at 296 cm~1 after milling. This
peak is close to those of phen vibration, observed in the LS
state of Fe(phen)

2
(NCS)

2
at 100 K (21).

The intact [Fe(phen)
3
](PF

6
)
2

shows IR bands at
209 cm~1 and 217 cm~1 due to the deformation vibration
of N(phen)}Fe}N(phen) (Figs. 3c and 3d) (23}25). The IR
band at 209 cm~1 does not shift toward lower wavenum-
bers, while the IR band at 217 cm~1 disappears after mill-
ing. The changes in the IR spectrum of [Fe(phen)

3
](PF

6
)
2

are smaller than those of Fe(phen)
2
(NCS)

2
and

[Fe(phen)
3
](NCS)

2
)H

2
O.

Ligand Fields around Iron(II)

MoK ssbauer spectra are shown in Figs. 4a}4f and their
parameters are listed in Table 1. Two doublet peaks from
the HS and LS states are observed in both spectra of
Fe(phen)

2
(NCS)

2
without and with milling (Figs. 4a, 4b, and 5).

Although the peak area proportion of the LS state in the
intact Fe(phen)

2
(NCS)

2
is 34%, the amount of LS states

must be less than 34% because of the larger recoil-free
fraction of LS state. By milling, the peak widths, !, for LS
state increase by a factor of 1.5. The peak area fraction of the
LS state increases from 34% to 64% upon milling.

The intact [Fe(phen)
3
](NCS)

2
)H

2
O (Fig. 4c) is in the LS

state, judging from the values of the isomer shift, d, and the
quadropole splitting, *E

Q
, 0.31 mms~1 and 0.26 mms~1,

respectively (26). After milling, a new doublet peak with
d"1.06 mms~1 and *E

Q
"2.39 mms~1 appears (Fig. 4d).

These new peaks are assigned to the HS state (5). At the
E 1
ctra at Room Temperature

1 *E
Q
/mms~1 !/mms~1 Spain state

2.61 0.31 HS(66%)a
0.33 0.35 LS(34%)
2.57 0.31 HS(36%)
0.28 0.52 LS(64%)

0.26 0.26 LS
2.39 0.24 HS(9%)
0.24 0.35 LS(91%)

0.28 0.26 LS
0.40 0.36 LS(49%)
* 0.34 LS(51%)



86 TSUCHIYA ET AL.
same time, the value of ! for the LS state increases by
a factor of 1.3. The doublet peak with d"0.32 mms~1 and
*E

Q
"0.28 mms~1 is observed in the spectrum of the intact

[Fe(phen)
3
](PF

6
)
2

(Fig. 4e) and it is also assigned to the LS
state. After milling, the parameter ! increases by a factor of
1.4 (Fig. 4f). A new single peak with d"0.28 mms~1 ap-
pears and is assigned to the LS state (26). The doublet peak
due to the HS state is not observed even after milling.

Electronic States

Figure 5(a) shows UV}vis spectra of Fe(phen)
2
(NCS)

2
with their assignments (Table 2). The intact sample exhibits
FIG. 4. MoK ssbauer spectra of Fe(phen)
2
(NCS)

2
(a) intact and (b) after m

and [Fe(phen)
3
](PF

6
)
2
, (e) intact and (f) after milling for 5 h.
bands at 255 nm and 298 nm due to the n*Qn transition
and a band at 544 nm due to metal-to-ligand charge
transfer (MLCT) (15). The intensity of the MLCT band
relative to the largest n*Qn band, a, increases by 49% after
milling.

The MLCT broad band at &460 nm and the n*Qn
bands at around 250 nm are observed in the spectrum of the
intact [Fe(phen)

3
](NCS)

2
)H

2
O, as shown by a broken line

in Fig. 5b, where the assignments are based on those for
[Fe(phen)

3
]2` ions dissolved in the solvent (27). The value

of a increases by 23% after milling, as shown by a solid line
in Fig. 5b. It is noteworthy that not only the value of a but
also the shape of the UV}vis spectrum of the milled
illing for 5 h; [Fe(phen)
3
](NCS)

2
)H

2
O (c) intact and (d) after milling for 5 h,



FIG. 4=Continued
FIG. 5. UV}vis spectra for (a) Fe(phen)

2
(NCS)

2
, ---, intact and*, after

milling for 5 h; (b) [Fe(phen)
3
](NCS)

2
)H

2
O, ---, intact and*, after milling

for 5 h; and (c) [Fe(phen)
3
](PF

6
)
2
, ---, intact and *, after milling for 5 h.

The vertical axis is normalized so that top of the peak of the largest n*Qn
band is unity, in order to evaluate the peak ratio, a.
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[Fe(phen)
3
](NCS)

2
)H

2
O are similar to those of the milled

Fe(phen)
2
(NCS)

2
.

The MLCT band at 472 nm and the n*Qn bands at
260 nm and 294 nm are observed in the intact [Fe(phen)

3
]

(PF
6
)
2

(Fig. 5c). The value of a increases by only 2% after
milling, in contrast to the cases of Fe(phen)

2
(NCS)

2
and

[Fe(phen)
3
](NCS)

2
)H

2
O. Thus, the change in the UV}vis

spectrum of [Fe(phen)
3
](PF

6
)
2

upon milling is much smaller
than those of [Fe(phen)

3
](NCS)

2
)H

2
O and Fe(phen)

2
(NCS)

2
.

DISCUSSION

Change in the Coordination State

An increase in s
M
¹ due to milling was always observed.

However, a distinct di!erence among the complexes is ob-
served in the mode of the increase, particularly at temper-
atures below 20 K. While a jump in s

M
¹ appeared in

Fe(phen)
2
(NCS)

2
and [Fe(phen)

3
](NCS)

2
)H

2
O, the value

of s
M
¹ increased only gradually in [Fe(phen)

3
](PF

6
)
2
. The

di!erence in the mode is discussed below in the light of
structure-related electronic states. Thermally induced spin
crossover observed near 190 K for the milled sample of
[Fe(phen)

3
](NCS)

2
)H

2
O is also to be elucidated.

Since no di!erence in the mechanical amorphization be-
havior was observed for the three iron(II) complexes, the



TABLE 2
Assignments and Peak Intensities of UV}Vis Spectra

Intact Milled for 5 h

Wavelength/nm Intensitya/* ab/2 Wavelength/nm Intensity/* a/2 Assignment *ac/2

Fe(phen)
2
(NCS)

2
544 0.69 505 1.18 MLCT
298 0.80

0.69
335 0.90

1.18
n*Qn

#0.49255 1.00 255 1.00 n*Qn
213 0.79 215 0.79 n*Qn

[Fe(phen)
3
](NCS)

2>H2
O

459 0.95 472 1.18 MLCT
338 0.75

0.95
339 0.94

1.18
n*Qn

#0.23254 1.00 254 1.00 n*Qn
222 0.81 222 0.80 n*Qn

[Fe(phen)
3
](PF

6
)
2

472 0.10 472 1.12 MLCT
294 0.91

1.10
295 0.88

1.12
n*Qn

#0.02260 1.00 253 1.00 n*Qn
228 0.89 * * n*Qn

a Normalized intensity, evaluated by taking the peak top of the largest n*Qn band to be unity.
bRelative intensity of MLCT band to the largest n*Qn band.
cThe di!erence in a between intact and milled samples.
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arrangement of complexes, i.e., long-range ordering, cannot
play a dominant role in the changes in the magnetic behav-
ior described above. In contrast, the change in the coordina-
tion state, i.e., the short-range ordering, is speci"c to each
complex in many aspects. Broadening of IR absorption
bands assigned to phen ring deformation and Fe}N stretch-
ing vibration is always observed below 300 cm~1 after mill-
ing, particularly for Fe(phen)

2
(NCS)

2
. An increase in the

distribution of the bond nature is suggested by this kind of
broadening. The IR bands due to N(phen)}Fe}N(phen) de-
formation of [Fe(phen)

3
](NCS)

2
)H

2
O shift remarkably to-

ward the lower wavenumbers as well. This indicates the
weakening of the Fe}N bonds by milling of highly symmet-
ric [Fe(phen)

3
](NCS)

2
)H

2
O (14).

The changes in the intramolecular bonding state of
[Fe(phen)

3
](PF

6
)
2

are relatively small compared to those
with NCS~ as a counterion. Thus, a loss of the symmetry in
a complex to a greater extent under mechanical stress tends
to exhibit a low-temperature jump in s

M
¹. This kind of

change is found in the case of the complexes with NCS~

ions.

Change in the Electronic States

The octahedral symmetry of iron(II) complexes became
lower upon milling. This is re#ected in the large peak width,
!, of the MoK ssbauer spectra due to the wider distribution of
the electronic state of Fe2` after milling. On top of that, we
observed the new doublet peak due to the HS state after
milling [Fe(phen)

3
](NCS)

2
)H

2
O. The MoK ssbauer para-

meters, d and *E
Q
, of the HS state are close to those of

Fe(phen)
2
(NCS)

2
. It is well known that [Fe(phen)

3
]

(NCS)
2
)H

2
O is diamagnetic as long as its intrinsic high

symmetry is preserved. In our previous paper (14), we exam-
ined the C}N stretching vibration in IR spectra. The milled
sample of [Fe(phen)

3
](NCS)

2
)H

2
O shows IR bands due to

both free and coordinated NCS~. A part of the ligand, phen,
is therefore exchanged with NCS~ upon milling of a com-
plex [Fe(phen)

3
](NCS)

2
)H

2
O, resulting in the partial

formation of Fe(phen)
2
(NCS)

2
. In contrast, no HS doublet

was observed in the MoK ssbauer spectrum of milled
[Fe(phen)

3
](PF

6
)
2
. Judging from the s

M
¹ values of

[Fe(phen)
3
](NCS)

2
)H

2
O and [Fe(phen)

3
](PF

6
)
2
, HS com-

ponents other than Fe(phen)
2
(NCS)

2
are expected. The ab-

sence of the absorption peaks of the HS components in the
MoK ssbauer spectra may be attributed to their small recoil-
free fraction and/or too small relaxation time compared to
the time scale of MoK ssbauer spectroscopy. In the case of too
small relaxation time, analysis with the relaxation model
could explain the peak broadenings and allow estimation of
the other HS components (28, 29). The new single peak due
to the LS state after milling [Fe(phen)

3
](PF

6
)
2

is also asso-
ciated with the wider distribution of the electronic state of
Fe2` after milling.

The increase in the value a was observed for the UV}vis
spectra of Fe(phen)

2
(NCS)

2
and [Fe(phen)

3
](NCS)

2
)H

2
O



FIG. 6. Energy gap between t
2g and eg , *0

, of Fe2`(3d6) in (a) octahed-
ral and (b) distorted environment.

FIG. 7. Schematic energy level diagram of Fe2`(3d6) as a function of
the ligand "eld strength, *

0
.
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after milling. The increase in the value a suggests broaden-
ing of the distribution of the ligand "eld strength to both the
higher and lower wings.

The similarity of the UV}vis spectra between
Fe(phen)

2
(NCS)

2
and [Fe(phen)

3
](NCS)

2
)H

2
O also sug-

gests an exchange between the ligand and the counte-
rion, i.e., phen and NCS~, by milling. As a result, a small
amount of Fe(phen)

2
(NCS)

2
is produced from [Fe(phen)

3
]

(NCS)
2
)H

2
O. This accords well with the results of IR (14)

and MoK ssbauer spectroscopy discussed above. In the case of
[Fe(phen)

3
](PF

6
)
2
, however, the increase in a is only 2%,

being much smaller than those in the other complexes.
Hence, the change in the ligand symmetry is correspond-
ingly small. Thus, the coordination compound with NCS~

as a counterion exhibits a larger change in the coordination
bonds under mechanical stress. This leads to a higher prob-
ability of the exchange reaction between the ligand and the
counterion.

One of the most signi"cant features in the milled samples,
especially for Fe(phen)

2
(NCS)

2
and [Fe(phen)

3
](NCS)

2
)

H
2
O, is the distribution of strain in Fe2`}N coordination

bonds and those of electronic states. As a consequence,
ligand "eld symmetry is gradually lost as con"rmed by IR,
MoK ssbauer, and UV}vis spectra. Thus, mechanical treat-
ment increases various kinds of heterogeneity. As the values
of s

M
¹ suppress above 200 K in the milled

Fe(phen)
2
(NCS)

2
, not only HS states are metastabilized

below 20 K but also the fraction of LS states increases at
temperatures between 2 K and 300 K.

Two Modes for Temperature Dependence of s
M
¹

An energy gap diagram between t
2g and eg, i.e., the ligand

"eld splitting parameter, *
0
, for Fe2` (3d6) in O

h
symmetry

is given in Fig. 6a. After milling, the molecular symmetry
deviates from O

h
. The degree of deviation is not uniform, as

mentioned above. However, the molecular strain after mill-
ing is represented by *

0
which serves as a measure of the

deviation from O
h

symmetry. The value *
0

is distributed
between *

0
} d

1
and *

0
#d

2
, (d

1
, d

2
'0), as shown in

Fig. 6b. A widened distribution of the ligand "eld strength
upon milling is veri"ed by a wider spectrum due to coord-
ination bonds, as described above.

An energy level diagram for Fe2` (3d6) is given in Fig. 7.
The value of *

0
for intact complexes, [Fe(phen)

3
](NCS)

2
and [Fe(phen)

3
](PF

6
)
2
, is larger than *

0,53
, where the energy

di!erence between the LS and HS states is zero on the
ordinate, at temperatures below 300 K. Therefore, the
ground state is LS state. For the milled complexes, thermal-
ly induced spin transition begins for the LS state with the
smallest *

0
} d

1
and propagates gradually to the states of

larger *
0
. This explains a gradual increase of s

M
¹ with

increasing temperature for all the milled complexes. In addi-
tion, larger ligand "eld splitting, * #d , suppresses the
0 2
transition from the LS to the HS states, as observed in
Fig. 1a for Fe(phen)

2
(NCS)

2
above 200 K.

If milling decreases the ligand "eld strength to *
0
} d

1
,

less than *
0,53

, a ground state changes from the LS to the HS
states. Consequently, milling produces a metastable HS
state. We propose such a transition as a &&mechanically
induced spin transition.'' The mechanically induced HS
state might remain at temperatures below 20 K, showing the
observed jump of s

M
¹ due to magnetic interaction among

complexes with HS states and/or zero-"eld splitting of the
the spin quintet state (6). This jump is observed for
Fe(phen)

2
(NCS)

2
and [Fe(phen)

3
](NCS)

2
)H

2
O after mill-

ing, but not for [Fe(phen)
3
](PF

6
)
2
. The extent of the jump is

10 times larger for milled Fe(phen)
2
(NCS)

2
than for milled

[Fe(phen)
3
](NCS)

2
)H

2
O. The latter contains a small

amount of Fe(phen)
2
(NCS)

2
formed by an exchange reac-

tion between counterions and ligands, as mentioned above.
Hence, the mechanically induced HS state is closely related
to the distorted Fe(phen)

2
(NCS)

2
.

The increase of s
M
¹ for milled [Fe(phen)

3
](NCS)

2
)H

2
O

at around 190 K is quite similar to that of Fe(phen)
2
(NCS)

2
with and without milling. This is due to the partial exchange
of phen with NCS~ which originally serves as a counterion
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of [Fe(phen)
3
](NCS)

2
)H

2
O. This partial ligand exchange is

also con"rmed by IR (14), MoK ssbauer, and UV}vis spectra.
The formation of Fe(phen)

2
(NCS)

2
from [Fe(phen)

3
]

(NCS)
2
)H

2
O decreases the symmetry of the ligand "eld

around Fe2`, and hence widens the distribution of *
0
. This

is consistent with the above-mentioned discussion.

Ligand Exchange and Flexibility of Complexes under
Mechanical Stress

The ligand, phen, is partly replaced by NCS~ which was
a counterion of [Fe(phen)

3
](NCS)

2
)H

2
O before milling.

The absence of the jumping increase of s
M
¹ in

[Fe(phen)
3
](PF

6
)
2

could, then, be explained by the smaller
chance of the ligand exchange between phen and PF~

6
, as

compared to the case of [Fe(phen)
3
](NCS)

2
)H

2
O.

Coordination bonds in Fe(phen)
2
(NCS)

2
and

[Fe(phen)
3
](NCS)

2
)H

2
O are able to deform considerably,

as discussed above. Complexes with three phen ligands are
highly symmetrical and thus less deformable. The #exibility
of [Fe(phen)

3
]2` compounds depends, however, on the

species of the counterion, as well. Since linear NCS~ is
smaller than octahedral PF~

6
, it is expected that the

probability to replace ligands by counterions is larger
for NCS~ than for PF~

6
, due to smaller steric hindrance.

Moreover, the "nite polarity of NCS~, in contrast to the
nonpolar PF~

6
, also increases its ability to approach the

complex ion. A crystal water molecule in
[Fe(phen)

3
](NCS)

2
.H

2
O may also assist the exchange reac-

tion due to its polarity. It is known in the "eld of
mechanochemistry that a water molecule tends to increase
its polarity under mechanical stress because of the loss of the
stability of the substrate (30, 31).

The ligand exchange between phen and NCS~ results
in a signi"cant lowering of the symmetry in a complex.
The loss of the symmetry, in turn, is related to the decrease
in the ligand "eld strength. Thus, the deformation of the
crystals under mechanical stress causes the distortion of
coordination bonds. This, in turn, brings about the
wider distribution of the energy states. This explains all
the observed changes in the magnetic behavior of the com-
plexes in a solid state. Further elucidation of ligand}
counterion exchange reactions under mechanical stress is
ongoing.

CONCLUSION

The milling of iron(II) complexes with 1,10-phenanthro-
line gives rise to amorphization, the decrease in the ligand
"eld symmetry, and partial exchange between the species of
the ligand and the counterion. These changes are much
more pronounced for NCS~ as a counterion than for PF~

6
and result in the increase in s

M
¹ in two modes, i.e., a jump at

temperatures below 20 K and a subsequent gradual in-
crease. The "rst mode is attributed to the mechanically
induced HS state (5¹

2g), while the second is thermally in-
duced transition from LS (1A

1g) to HS (5¹
2g) states for the

distorted complexes with the widened distribution of the
ligand "eld strength.
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