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Abstract: The mononuclear diamagnet-
ic compound {Fe(bztpen)[N(CN),]}-
(PF¢)CH;0H (1) (bztpen = N-benzyl-
N,N',N'-tris(2-pyridylmethyl)ethylene-

diamine) has been synthesized and its
crystal structure studied. Complex 1
can be considered to be the formal pre-
cursor of two new dinuclear, dicyana-
mide-bridged iron(m) complexes with
the generic formula {[(Fe(bztpen)],[u-
N(CN),J}(PF);nH,0 (n = 1 (2) or 0
(3)), which have been characterized in
the solid state and in solution. In all
three complexes, the iron atoms have a
distorted [FeN4] octahedral coordina-
tion defined by a bztpen ligand and a
terminal (1) or a bridging dicyanamide
ligand (2 and 3). In the solid state, 2
and 3 can be considered to be molecu-

lar isomers that differ by the relative
position of the phenyl ring of the two
{Fe(bztpen)[N(CN),]}* halves (cis and
trans, respectively). Depending on the
texture of the sample, 2 exhibits para-
magnetic behavior or displays a very
incomplete spin transition at atmos-
pheric pressure. Complex 3 undergoes
a gradual two-step spin transition with
no observed hysteresis in the solid
state. Both steps are approximately
100 K wide, centered at ~200 K and
~350K, with a plateau of approxi-
mately 80 K separating the transitions.

Keywords: dinuclear compounds -
iron complexes - spin crossover -
X-ray diffraction

The crystal structure of 3 has been de-
termined in steps of approximately
50 K between 400 K and 90 K, which
provides a fascinating insight into the
structural behavior of the complex and
the nature of the spin transition.
Order—disorder transitions occur in the
dicyanamide bridge and the PF¢~ ions
simultaneously, with the spin-crossover
behavior suggesting that these transi-
tions may trigger the two-step charac-
ter. In solution, 2 and 3 display very
similar continuous spin conversions.
Electrochemical studies of 2 and 3
show that the voltammograms are typi-
cal of dimeric systems with electronic
coupling of the metals through the di-
cyanamide ligand.
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Introduction

In recent years, considerable effort has been focused on the
synthesis of molecular materials exhibiting physical proper-
ties that may be switched in a controlled manner because
they are potentially good candidates for signal generation
and processing. This is particularly true within the realm of
spin crossover (SCO) and related cooperative phenomena,
where interesting examples of thermal, pressure, light and
magnetic-field switching between two states have been pro-
vided.!! In addition, it was realized long ago that the possi-
ble coexistence of SCO and magnetic coupling in polynuc-
lear compounds could be exploited to modulate a magnetic
signal.”! Tt was foreseen that the nature of intramolecular
ferromagnetic or antiferromagnetic coupling in such systems
could be modified to switch the spin state of the SCO units.
Nowadays, only a few examples can be found showing this
phenomenology in which magnetic exchange and SCO coex-
ist in the same material.’! The interplay between intramo-
lecular antiferromagnetic interactions and SCO has been ex-
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hibited in some {[Fe(L)(NCX),],(u-bpym)} compounds, no-
tably those with L = bpm, X = S or Se ([bpm, S] and
[bpm, Se]) and L = 2,2'-bithiazoline (bt), X = S ([bt, S]).
Studies have been carried out by perturbing the system by
changing the temperature and/or pressure and with light ir-
radiation (LIESST effect). These experiments have made it
possible to identify the occurrence of different kinds of spin-
pair states in these compounds, namely LS-LS, LS-HS, and
HS-HS in which, for instance, LS-HS indicates that, in a di-
nuclear unit, one iron(i) atom is low-spin (LS), while the
other is high-spin (HS). A singular feature in these com-
pounds is the occurrence of a plateau between two separate
spin transitions that each involve ~50% of the iron ions.
This plateau has been associated with the existence of the
mixed spin state LS-HS. Unfortunately, standard single-crys-
tal X-ray studies carried out on compound [bt, S] in the
middle of the plateau have not enabled the observation of
the predicted symmetry change in crystals that involve the
transformations HS-HS=LS-HS and LS-LS=LS-HS.*™
However, this hypothesis has found new support in the
novel dinuclear compound {[Fe(phdia)(NCS),],(u-phdia)}.l¥
Recent contributions from Brooker, Murray, and Kaizaki
and co-workers have reported new iron(1) dinuclear SCO
compounds that have added new interesting results in this
field,>” further details of which are given later. It is also
worth mentioning that two-step transitions are not a singu-
larity associated exclusively with the dinuclear nature of the
system as there are a few well-characterized mononuclear
and polymeric compounds exhibiting two-step SCO. In this
respect, long-range ordering interactions inducing spontane-
ous symmetry breaking and formation of an intermediate
phase in which HS and LS molecules coexist at a 1:1 ratio
has been observed for {[Fe(pic);]Cl,EtOH}®! (where pic =
2-picolylamine). Furthermore, this behavior is also observed
in [Fe(btzb);](PF,),, where btzb = tris(1,4-bis(tetrazol-1-yl)-
butane-N4, N4').®! Similarly, the occurrence of infinite
chains of alternate ---LS-HS-LS-- states has been observed
in the plateau displayed by the three-dimensional polymer
{Fe(pmd)[Ag(CN),][Ag,(CN);]}, and the presence of in-
terlayer elastic interactions in the 2D polymer [Fe(H;L*)]-
[Fe(LM)]X (where LM¢ = tris[2-{[(2-methylimidazol-4-yl)-
methylidene]amino}ethyllJamine and X = ClO,~, BF,",
PF;~, and AsF;") has been shown to produce a HS-LS state
in the plateau.”

Currently, the study of new dinuclear SCO compounds
represents a challenge, not only with regard to the funda-
mental and synthetic aspects, but also because they repre-
sent the first step in the search for new functional polynuc-
lear nanomaterials, an almost unexplored area of research in
molecular chemistry. In this regard, the synthesis and char-
acterization of the first tetranuclear iron(ir) SCO compound
has recently been reported.!'”! In our pursuit of new poly-
nuclear SCO compounds, we have explored an alternative
synthetic approach based on the use of [Fe™(L)(X)]"" moi-
eties, where L is a pentadentate ligand and X is a labile sol-
vent molecule or an anionic ligand susceptible to being sub-
stituted by a suitable bridge—which is dicyanamide in the
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complexes discussed in this paper. Toftlund, McKenzie, and
co-workers adopted this strategy in similar pentadentate
compounds from a bioinorganic perspective (see ref. [19]).
Herein we report the synthesis, crystal structure, and mag-
netic characterization in the solid state of the LS precursor
{Fe(bztpen)[N(CN),]}(PF¢)-CH;OH (1) (bztpen = N-
benzyl-N,N',N'-tris(2-pyridylmethyl)ethylenediamine)  and
the related dinuclear system {[Fe(bztpen)],[N(CN),]}-
(PF¢);nS (S = solvent), which represents the first example
of a p-bridged dicyanamide dinuclear SCO complex. This
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compound undergoes a two-step spin transition whereas the
occurrence and nature of the SCO in the corresponding
monohydrate (2, which can be considered to be a coordina-
tion isomer of 3), depends on the texture and history of the
sample. Electrochemical, UV/Vis, and NMR (Evans
method) studies have been also carried out in solution. The
SCO behaviors have been analyzed within the framework of
regular solution theory.[']

Results

Solid-state magnetic properties: Compound 1 was found to
be diamagnetic in the 400—4.2 K temperature region, indicat-
ing that the iron atom is in the LS ground state. Figure 1
shows the thermal dependence of the yT product for 2 and
3 as a function of temperature, where y,; is the molar mag-
netic susceptibility and 7 is the temperature. At 350 K, ¥, T
is ~6.7cm’Kmol™' for a sample of 2 (see Figure la,
curve (1)) consisting of small single crystals (10.88 mg). This
value is within the range of expected values for a complex
consisting of two iron(11) ions in the HS state with a signifi-
cant orbital contribution. y\7 initially remains constant as
the temperature is lowered, and below 50 K, it starts to de-
crease steeply to 3.17 cm*Kmol™! at 42 K. This behavior
may be attributed to the occurrence of zero-field splitting of
the S = 2 ground state and/or a very weak intramolecular
antiferromagnetic interaction mediated by the [N(CN),]”
bridge between the iron atoms. Precipitated microcrystalline
samples behave similarly to the single crystals; however, in
general, the former undergoes a very incomplete and rela-
tively steep spin transition at 7,~170 K involving less than
20% of the iron atoms on warming from 4 K. The extent of
the transition depends on the history of the sample. For ex-
ample, after two cooling—warming cycles, the conversion de-
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Figure 1. Magnetic properties in the solid state. a) y7 versus T plots for
compound 2: (1) single crystals; (2-4) precipitated sample after anneal-
ing; (5-7) measurements of the single crystals in the high-pressure cell at
1 bar, 3.2 kbar, and 6.4 kbar, respectively (see text). b) yyT versus T plots
for compound 3, the solid line represents the best fits between calculated
and experimental data.

creases from ~20% to 10% or even vanishes (Figure 1a,
curves (4), (3), and (2), respectively), which is probably at-
tributable to damage to the crystals. Interestingly, when
freshly prepared single crystals (5.46 mg) are measured in a
high-pressure cell at 1 bar, they display a cooperative transi-
tion, without hysteresis, involving 50 % of the iron atoms at
T. = 165 K (Figure 1a, curve (5)). This could be the result
of two combined effects: 1) a very small hydrostatic pressure
generated by the silicone oil used for transmitting pressure
in the cell, and 2) the fact that the sample is wetted by the
oil. As the pressure is increased, 7, increases and the

amount of HS species present at 300 K decreases (Figure 1a,
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curves (5)—(7)). At 6.4 kbar, compound 2 has essentially
50 % of the iron(m) atoms in the LS state, at 300 K.

For compound 3 (Figure 1b, white circles), yu7T =
7.0 cm®*Kmol ™! at 400 K, indicating that this complex is es-
sentially in the HS state. However, as the temperature is
lowered, y\7T decreases continuously reaching a plateau in
the temperature region ~285-208 K. The average value of
the plateau is yuyT ~3.65cm’Kmol™! at 250 K. Below
210 K, ymT decreases again in a second step, and yyl =
0.21 cm*Kmol ™" at 50 K. This behavior indicates the occur-
rence of an almost complete two-step § = 2 = § = 0 spin
conversion in the dinuclear species involving ~50% of
iron(11) atoms in each step (HS molar fraction yyg = 0.5).
The characteristic temperature, at which the HS molar frac-
tion of each step is yys, = 0.5 (i = 1, 2),is T,; = 3424 K,
and T, = 156.8 K for the first and second steps, respective-
ly. Owing to the lack of cooperativity, these conversions can
be considered as two consecutive spin equilibriums suppos-
edly taking place between the species HS-HS, LS-HS, and
LS-LS according to Equation (1), where nyy, ny, and ny;
are the number of moles of the species HS-HS, HS-LS, and
LS-LS, respectively.

HS— HS—=LS— HSe=LS— LS 1)
Ny 55 niL

The equilibrium constants are K; = ny/ngy and K,
ny/ny . The yyT product can be expressed by Equation (2),
where ny = nyy 4+ ny, + ny and (e T)ug and (gu 7)oy cor-
respond to the yyT value associated to 100 % of HS-HS and
LS-HS species, respectively.

n n
T = %(%MT)HH + nL(XMT)LH (2)
T T

The introduction of the equilibrium constants into Equa-
tion (2) gives Equation (3).

KK (T + Ko(ouT)in 3)
1+ KK + K,

T =

Inclusion of the thermal dependence of the equilibrium
constants gives Equation (4).

AH, | AS, AS (T,
K(T) = exp<fﬁ + 7) = exp{ R (17T>}

)

Consequently, Equation (3) can be rewritten as a function
of the characteristic 7,; temperature and AS; to give Equa-
tion (5), where the term (yy7)r has been added to account
for residual paramagnetism at low temperature and (yy7)uL
is considered to be equal to (yyT)un/2-

)] + oo 5 (1-% )|

wmT =
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The best least-squares fit of Equation (5) is in excellent
agreement with the experimental measurements (see Fig-
ure 1b, solid line). The parameters obtained from the fit are
AS; = 114JK 'mol™, AS, = 63.4JK ' mol™, (uDuu =
7.26 cm®*Kmol ™!, and (yyT)x = 0.21 cm*Kmol™". For T,; =
AH/AS,, the values for the enthalpy variations are AH, =
39 kJmol ! and AH, = 9.9 kJmol'. However, the thermo-
dynamic parameters deduced for the first step actually cor-
respond to the total transformation of the HS-HS species to
the LS-LS species. Consequently, the correct parameters for
the HS-HS —LS-HS transformation are in fact AS,’ = AS,/2
= 57JK'mol™ and AH,; = AH,/2 = 19.5 kImol". These
thermodynamic parameters agree quite well with what is ex-
pected for an almost complete S = 2 = S = 0 spin conver-
sion.

Crystal and molecular structure of 1: The molecular struc-
ture of 1 is displayed in Figure 2 together with the atom
numbering scheme. Complex 1 crystallizes in the triclinic
space group P1. The iron atom is in a distorted octahedral
[FeNy] environment, whereby five of the nitrogen atoms
belong to the pentadentate bztpen ligand and the remaining
position is occupied by the dicyanamide anion, which acts as
a monodentate ligand. A disordered PF,  group balances
the charge of the {Fe(bztpen)[N(CN),]}* species and there
is one additional methanol solvent molecule in the asym-
metric unit. The bztpen ligand is wrapped around the iron
atom defining a distorted square pyramid with the nitrogen
atom N(5) lying on the axial apex. The N(5) atom is in the
center of a tripod whose arms are defined by two picolyla-
mine-like moieties (N(5)-C(16)-C(15)-N(1) and N(5)-C(26)-
C(25)-N(2)) and one ethylenediamine-like moiety (N(5)-
C(51)-C(52)-N(4)). These arms are anchored to the iron
atom by the N(1), N(2), and N(4) atoms. The Fe—N bond
lengths average 2.0 A (Fe(1)-N(1) = 1.975(3), Fe(1)-N(2)

= 1.963(3), and Fe(1)-N(4) = 2.086(3) A), with a similar
bond length to N(5).
(2.002(3) A) The fifth nitrogen
atom of the square pyramid,
N(3), belongs to a picolyla-

Figure 2. Molecular structure of compound 1 (displacement ellipsoids are
shown at the 25 % probability level for clarity).

shows distortion from the expected 90° and 180° for a regu-
lar octahedron. This is imposed by the geometrical con-
straints created by the structure of the ligand. In addition,
the dicyanamide [N(CN),]” ion is bent (as would be expect-
ed, C(61)-N(7)-C(71) = 120.6(4)°) and while each N-C-N
half has a different angle, they are almost linear (N(6)-
C(61)-N(7) = 174.8(5) and N(8)-C(71)-N(7) = 172.9(6)°).

No significant hydrogen bonding and/or & stacking is ob-
served in the crystal, and cohesion appears to arise from the
electrostatic interaction between {Fe(bztpen)[N(CN),J}*
ions and PF,~ ions. Relevant crystal data for 1 are presented
in Table 1, selected bond lengths and angles are presented in
Table 2.

Table 1. Crystallographic data for 1, 2, and 3.

mine-like fragment attached to

1

2

3

the N(4) atom of the ethylene formula C3HasFgFe NgO, Py CysHj0FoFeNgsOg 5P 5 CsHsgFisFe,NysPs
diamine-like moiety and the Mo Z’?é? ?22?-8?15) 11;;5?56
. space grou c

Fe(1)™N(3) bond length is ap[A] o 9.4229(3) 19.0640(4) 9.4161(7)
1.995(3) A. The octahedron is (4] 11.4330(4) 19.4420(6) 16.4923(13)
completed by the N(6) atom c¢[A] 16.5440(8) 18.5770(4) 20.6515(15)
belonging to the dicyanamide o[°] 81.312(2) 90 104.691(2)
R e oy o
1.955(4) A), which is in a trans 4y 1610.43(11) 6680.0(3) 3071.1(4)
conformation with respect to z 2 8 2
N(5). These structural data in- 7T[K] 293(2) 293(2) 290(2)
dicate that the Fe atom is in the #[Al] 0.71073 0.71073 0.71073

. p[mm] 0.592 0.605 0.656
low—sp}n state at room te.mpera— Pesa[gem ] 1.490 1.469 1.579
ture, in accordance with the gl 0.0715 0.0699 0.0694
magnetic measurements. The wR2 0.1436 0.1876 0.1181

arrangement of the angles
around the iron atom clearly

5724

[a] Rl = S||F,|—|F.||/S|F,|: wR2 = [S[W(F—F22/S w1 w = U[e*(F2) + (mP)* + nP] where P
= (P2 + 2F%)/3 (m = 0.0806 (1), 0.1470 (2), and 0.0526 (3); n = 0.0000 (1), 1.1304 (2), and 0.0000 (3)).
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Table 2. Selected bond lengths [A] and angles [°] for 1 and 2.

1 2
Fe—N(1) 1.975(3) 2.188(4)
Fe-N(2) 1.963(3) 2.148(4)
Fe-N(3) 1.995(3) 2.271(4)
Fe-N(4) 2.086(3) 2.224(4)
Fe-N(5) 2.002(3) 2.241(4)
Fe—N(6) 1.955(4) 2.065(4)
N(6)-C(61) 1.143(5) 1.130(7)
C(61)-N(7) 1.318(6) 1.292(7)
N(7)-C(71) 1.313(6)

C(71)-N(8) 1.118(5)

N(1)-Fe-N(2) 88.54(13) 100.06(15)
N(1)-Fe-N(3) 177.40(13) 172.63(15)
N(1)-Fe-N(4) 94.62(13) 98.24(15)
N(1)-Fe-N(5) 84.90(14) 76.28(15)
N(1)-Fe-N(6) 93.35(14) 92.33(18)
N(2)-Fe-N(3) 93.64(13) 85.33(14)
N(2)-Fe-N(4) 167.01(13) 145.44(14)
N(2)-Fe-N(5) 81.85(13) 75.07(15)
N(2)-Fe-N(6) 99.45(14) 102.96(17)
N(3)-Fe-N(4) 82.94(13) 74.61(14)
N(3)-Fe-N(5) 94.00(14) 100.49(14)
N(3)-Fe-N(6) 87.69(14) 91.34(17)
N(4)-Fe-N(5) 85.87(12) 81.18(14)
N(4)-Fe-N(6) 92.95(13) 105.31(16)
N(5)-Fe-N(6) 177.81(14) 167.74(16)
C(61)-N(6)-Fe 166.0(3) 166.3(5)
N(6)-C(61)-N(7) 174.8(5) 168.7(6)
C(71)-N(7)-C(61) 120.6(4)

N(8)-C(71)-N(7) 172.9(6)

Crystal and molecular structure of 2: Figure 3 shows the
crystal structure of 2 together with the atom numbering
scheme. Complex 2 crystallizes in the monoclinic space
group C2/c. The compound is made up of a dinuclear cation-

Figure 3. Molecular structure of compound 2 (displacement ellipsoids are
shown at 25 % probability level for clarity).
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ic species {[(Fe(bztpen)],[N(CN),]}** and three hexafluoro-
phosphate (PF¢") anions together with one water molecule
per formula unit. The cationic unit is made up of two identi-
cal {Fe(bztpen)}** fragments, bridged by one [N(CN),]™ ion.
A twofold axis passing through the central nitrogen atom of
the dicyanamide bridge N(7) relates the two halves of the
dinuclear complex. The bztpen ligand surrounds the iron
atom with Fe—N bond lengths Fe(1)-N(1-to-5) = 2.188(4),
2.148(4), 2.271(4), 2.224(4), and 2.241(4) A, respectively,
which are much longer than the Fe—N bond length to the di-
cyanamide unit Fe(1)-N(6) = 2.065(4) A. The iron atom is
in a severely distorted octahedral [FeNy] environment. The
bond lengths and angles of the [FeN] core differ considera-
bly with respect to those of 1. The bond lengths, much
longer in 2, are consistent with the HS state observed from
the magnetic data. As in 1, the geometrical constraints cre-
ated by the structure of the bztpen ligand impose a depar-
ture from the octahedral arrangement of the Fe atom and
the expected 90° and 180° for a regular octahedral system.
In this respect, it is worthwhile noting that the absolute
average difference of the bond angles from the regular octa-
hedron is much bigger for 2 (9.96°) than for 1 (4.30°). In par-
ticular, the angles N(2)-Fe(1)-N(1), N(5)-Fe(1)-N(6), N(1)-
Fe(1)-N(5), N(3)-Fe(1)-N(5), N(6)-Fe(1)-N(4), N(2)-Fe(1)-
N(4), and N(3)-Fe(1)-N(4) differ by 10.7°, 12.08°, 13.57°,
10.41°, 15.26°, 34.68°, and 15.4°, respectively, (compared to
1.46°,2.19°, 5.10°, 4.00°, 2.95°, 12.99°, and 7.06° for the same
angles in 1), from what is expected for a regular octahedron.
The average trigonal distortion angle, @' is 3.9° and 11.1°
for 1 and 2, respectively. These results are consistent with
the different spin states observed for the two compounds be-
cause the low-spin complexes are generally more regular
than their high-spin counterparts. As in 1, the [N(CN),]”
group is angular and nonlinear (C(61)-N(7)-C(61) =
130.9(7)° and N(6)-C(61)-N(7) = 168.3(5)°). Relevant crys-
tal data and selected bond lengths and angles for 2 are pre-
sented in Table 1, and Table 2, respectively.

Crystal and molecular structure of 3: The crystal structure
of 3 has been studied at seven selected temperatures with
intervals of approximately 50 K (400 K, 350 K, 290 K, 250 K,
200 K, 150 K, and 90 K). The crystal structure of 3 remains
in the triclinic space group P1 throughout the temperature
range studied. There are two half molecules in the asymmet-
ric unit, both of which occupy a position such that an inver-
sion center in the middle of the dicyanamide bridge gener-
ates the other half of the molecule. Figure 4 displays the mo-
lecular structure of one of the dinuclear units together with
the atom numbering scheme, which is consistent for both di-
nuclear species. Viewed down the ¢ axis, the molecules sit at
approximately 90° to each other and can be seen to cross at
the dicyanamide bridges, which are disordered (Figure 5).
Directly between the center of the disordered bridges lies
one of the three crystallographically inequivalent PF,~ ions,
namely that which is defined by P(3). The other two PF,~
groups, defined by P(1) and P(2), lie in the cavities formed
by the criss-crossing of the two bulky molecules.

5725
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Figure 4. Molecular structure of compound 3 at 290 K (displacement el-
lipsoids are shown at 25 % probability level for clarity). The second crys-
tallographically inequivalent half molecule is numbered so that the first
numerical digit of the atom label changes from 1 to 2 (thus N(11) be-
comes N(21) and C(111) becomes C(211)).

Figure 5. a) Side and b) top perspectives of the molecular packing of 3 at 400 K.

The molecular structure of 3 may be described in the
same way as 2. The iron atoms are in a distorted octahedral
environment and the Fe—N bond lengths to the bztpen
ligand are much longer than those to the dicyanamide
bridges (Fe(1)—N(16), Fe(2)—N(26), see Table 3). The mean
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Fe—N bond lengths and the octahedral volumes (calculated
with IVTON™ and included in Table 3), clearly indicate
that both iron centers are essentially in the high-spin state
at 400 K. A comparison of the coordination core [FeNy] for
1-3 demonstrates that the average Fe—N bond lengths for 3
are smaller than those seen in 2. The average trigonal distor-
tion angle, @' is 5.5° and 5.8° at 400 K for Fe(1) and Fe(2),
respectively; values that are also between those observed
for 1 and 2, indicating an intermediate distortion of the oc-
tahedra in 3. The same conclusion can be drawn, for in-
stance, from the angles N(12)-Fe(1)-N(11), N(15)-Fe(1)-
N(16), N(11)-Fe(1)-N(15), N(13)-Fe(1)-N(15), N(16)-Fe(1)-
N(14), N(12)-Fe(1)-N(14), N(13)-Fe(1)-N(14), which differ
by 1.19°, 5.59°,9.7°, 0.88°, 6.01°, 23.59°, and 11° respectively,
from what would be expected for a regular octahedron.
These differences are smaller than those observed in 2.

On cooling to 350 K and 290 K, there is clearly a contrac-
tion of the FeNy octahedra that is typical of the type usually
seen in SCO compounds. In addition, the color of the crystal
has changed from pale yellow to red. The average Fe—N
bond lengths and octahedral volumes at 250 K, are slightly
smaller than half way between those expected for high- and
low-spin iron(i) centers (A[Fe-N,] = 0.070 A and AV-
[FeNg],, = 1.09 A%). On cooling to 90 K, the contraction of
the coordination polyhedra con-
tinues (A[Fe—N,] = 0.071 A,
and AV[FeNg],, = 1.09 A) and
the crystal becomes still darker
in color. The total [Fe—N,]
change between 400K and
90K is equal to 0.142 A and
0.139 A for Fe(1) and Fe(2), re-
spectively, and is ~0.06 A
smaller than that usually ob-
served for a complete iron(1)
SCO;™ a fact that may be re-
lated to the more rigid nature
of the pentadentate bztpen
ligand. However, the partial
[Fe—N,,] variations observed
for each transition, step 1 (400-
250K) and step2 (250-90 K),
are very similar, which suggests
a similar extent of spin conver-
sion in each step. Particularly
sensitive to the spin state and
to the occurrence of two steps
is the angle N(12)-Fe(1)-N(14)
and the homologous N(22)-
Fe(2)-N(24) (Table 4), which in-
crease by 10.51° for site 1 and
11.52° for site 2, in accordance
with the increased regularity on changing from the HS state
(400 K) to the LS state (90 K). The average trigonal distor-
tion angle is very similar for Fe(1) and Fe(2). It has a value
between those observed for 1 and 2. This angle is also sensi-
tive to the spin conversion and decreases as the LS state is

Chem. Eur. J. 2005, 11, 5721 -5734


www.chemeurj.org

Dicyanamide-Bridged Dinuclear Spin-Crossover Complexes

Table 3. Fe—N bond lengths[A] and octahedral volumes [A%] for 3.
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arly with cooling.” Given the

400 K 350 K 290 K 250 K 200 K 150K 90K similar atom conditions, the
Fe()-N(11)  2.143(6)  2127(5)  2.073(4) 2058(5)  2.052(5) 2.008(5) 1.985(4)  thermal motion should be com-
Fe(1)-N(12)  2.104(6) 2.112(5) 2.062(5) 2.047(5) 2.033(5) 1.992(5) 1.966(4)  parable. In 3, the thermal
FeE1;—N§13; 2‘17326)) 2.153§5; 2.09254; 2.085§5; 2.07425) 2.023E4; 1.96654; motion of the ligating nitrogen
Fe(1)-N(14)  2263(10)  2203(5 2.156(4 2.143(5 2.140(5) 2.105(5 2.082(4 . )
Fe(-N(IS)  2152(10)  2169(5)  2124(4)  2116(4) 21024y  2049(4) 2014y Atoms of the bztpen ligand de
Fe(1)-N(16)  2071(14)  2067(6)  2032(6)  2017(7)  2007(7)  1992(6)  1986(4) ~ Crease approximately linearly,
average 2.146(28)  2.134(13)  2.086(12)  2.073(10)  2.064(12)  2.027(13)  2.004(15) and all within error. However,
O, volume  12.84(6) 12.67(5) 11.89(5) 11.69(4) 11.63(4) 10.97(4) 1061(4)  the thermal parameters for
Fe(2)-N(11)  2.141(7)  2120(5)  2.060(5) 2.049(5)  2.048(5) 1.996(4) L978(4)  N(16) and N(26) (both part of
Fe(2)-N(12)  2.101(7)  2.088(5)  2.053(4) 2.043(5)  2.034(5) 1.998(4) L9S8() de  brideine 1i
Fe(2)-N(13)  2167(7)  2154(5)  2.097(4)  2.086(5)  2.072(5)  2.019(4) 1.999(4) ¢ dicyanamde bridging - li-
FeQ)-N(14)  2222(10)  2212(5)  2.162(4)  2.153(5)  2.149(4)  2.097(4)  2.078(4)  gands) do not follow this trend.
Fe(2)-N(15)  2.183(9)  2.184(5)  2.134(4) 2123(4)  2111(4) 2.039(4)  2.021(4) It is difficult to be certain what
Fe(2)-N(16) 2.07621?) 2.09o§7; 2.()4627)) 2.02658)) 2.02327)) 2.01055)) 1.99755)) is happening at high tempera-
average 2.143(9 2.137(4 2.088(11)  2.076(12)  2.069(12)  2.024(15)  2.004(13 . .
O,volume  1276(6) 127105 119205)  1L73@)  1Ls5@d)  1092(d) 10634y Lures owing fo considerable
Table 4. Selected structural parameters for 3. 0.12

N(12)-Fel-N(14)[°] N(22)-Fe2-N(24)[°]  Trigonal distortion
Fe(1) Fe(1)

400K 156.4(3) 155.7(3) 550 5.85 e |
350K 157.54(18) 157.80(19) 5.26 5.20 = i
290K 160.31(15) 160.19(16) 465 475 & e |
250K 160.99(16) 161.09(17) 447 459 < 006
200K 161.77(16) 161.72(17) 431 4.44 =
150K 164.22(16) 165.26(17) 41 3.95 .
90K  166.95(14) 167.23(15) 3.78 3.73 0.03 1

populated (Table 4). It is important to note that all these
structural modifications upon spin conversion are compara-
ble (within error) for the two independent iron(i) centers,
indicating that both independent dinuclear units undergo
spin crossover simultaneously.

In addition to the changes in the iron octahedra, there are
also changes in the disorder of the PF,~ counterions (de-
fined with reference to the central phosphorus atom) and in
the behavior of the dicyanamide bridging ligand. While the
thermal motion of all atoms is large at high temperatures,
P(1) was considered to be ordered throughout, whereas P(2)
and P(3) are both disordered. The disorder in P(2) was mod-
eled with two orientations of equal occupancy at 400 K, de-
creasing fairly linearly to the occupancy ratio 0.85:0.15 at
90 K. In contrast, in P(3), the disordered components
remain equally occupied in the temperature interval 400—
290 K, with the occupancy of one component decreasing ap-
proximately linearly to 0.75:0.25 between 250 K and 90 K.
This suggests that the change in the disorder is related to
the second step of the transition.

The changes in the dicyanamide bridge seem less appar-
ent at first. At 400 K, only the central nitrogen atom is mod-
eled as disordered. On cooling to 290 K, this disorder ap-
pears to spread to the adjacent carbon atoms. This could,
however, merely be an effect caused by the reduction of
thermal motion leading to data with a higher resolution. A
comparison of the thermal motion of the terminal nitrogen
atoms of the dicyanamide bridge, that is, those ligating the
iron centers, shows that there is a change on cooling
(Figure 6). In general, thermal motion should decrease line-
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50 150 250 350 450
Temperature / K

Figure 6. U, vs. temperature for the ligating nitrogen atoms in 3. Those

ligating Fe(1) are shown in black with a broken line and those ligating

Fe(2) in grey with a solid line (to guide the eye). The behavior of the di-

cyanamide atoms N(16) and N(26) isolates them from the remaining ni-
trogen atoms. The largest esds are shown.

errors. While it is clear that the atomic displacement for
N(16) and N(26) is comparable to that of the bztpen nitro-
gen atoms at low temperatures, this is not the case at high
temperatures. Indeed, U, for N(16) and N(26) do not
behave in the predicted linear fashion, suggesting that the
disorder in the bridge also affects the terminal nitrogen
atoms. This indicates that at 90 K, when the compound is
entirely low spin, the terminal nitrogen atoms in the bridge
are static. At 400 K, it is not certain whether the disorder in
the terminal nitrogen atoms is still present because the
errors are large, but it is safe to assume that any disorder
present includes a large dynamic component because the
energy barrier between such close positions would be small
and the thermal energy present at high temperatures would
be large enough to enable movement between the two. At
400 K, the thermal parameters for the central nitrogen in
the dicyanamide bridge are also extremely large, suggesting
that the potential energy barrier between the two positions
of the bridge is small enough to allow movement between
the two positions. Cooling would reduce the thermal energy
in the system and the disorder would begin to become static
in nature. Therefore, it is probable that this change between
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dynamic and static disorder in the center of the bridge is as-
sociated with the first step of the spin-crossover transition
and on cooling through the second step of the transition, the
disorder in the ends of the dicyanamide bridge is reduced
leading to static disorder corresponding to the low-spin
state.

The connection between the bridge and the transition is
further confirmed by a comparison of the Fe--Fe distances
across the dicyanamide bridge. In a hypothetical isolated
molecule in which the dicyanamide bridge is linear and re-
tains its orientation and geometry during the transition,
there should be a difference of approximately 0.4 A between
the Fe---Fe distances seen at 400 K and 90 K (arising from a
contraction of ~0.2 A for the irons at each end of the dicya-
namide ligand). In the case of 3, the change in the Fe—N
bond lengths arising from the spin transition are considera-
bly less than 0.2 A (0.085 A for Fe(1)-N(16) and 0.079 A
for Fe(2)—N(26)), but they should still lead to an average
contraction of the Fe---Fe distances of 0.164 A. However, the
Fe--Fe distance changes very little during the transition
(—0.037 A for Fe(1) and +0.020 A for Fe(2)), which is
caused by a gradual increase in the N(16)--N(16) and
N(26)--N(26) distances of approximately 0.15 A between
400 K and 90 K owing to a decrease in the N--N--N angle
(from an average of 150(1) to 143(2)°).

Finally, it is interesting to point out the different relative
orientation of each of the {Fe(bztpen)}** halves with respect
to the dicyanamide bridge for 2 and 3. As shown in
Figure 3, the pendent phenyl rings in 2 are on the same side
of the molecule to give a cis-like conformation, while in 3
they point in opposite directions to give a trans-like confor-
mation.

Studies in solution: The cyclic voltammograms recorded for
complexes 1-3 in acetonitrile are displayed in Figure 7. The
potentials of 2 and 3 versus Fc/Fct were virtually the same
with two quasireversible oxidations E}/z = 0.353 and 0.350 V
and Elz/Z = 0.577 and 0.576 V (for 2 and 3, respectively),
while only one reversible oxidation was observed for 1 at
E,, = 0.344 V. These results in conjunction with the UV/Vis
behavior (see below) confirm that the coordination sphere
of each Fe in all the complexes remains intact in solution.
They also confirm that the dinuclear nature of 2 and 3 is re-
tained in solution because the two redox potentials corre-
sponding to the Fe™/Fe™ and Fe™/Fe™ species are observed.
The difference between the two potentials AE, = Ej, —Ej,
= 0.224 V and 0.226 V. This corresponds to a value of the
equilibrium constant K, = 6.26x10° and 6.77 x 10° for 2 and
3 respectively, where K, is defined according to Equa-
tion (6):

[Fem 7Fen]2

K. = [Fel —Fe][Fell —Fel]

for the equilibrium [Eq. (7)]:
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FeIII _Felll + Fell —FGHYL—C—Q, FeH _FeIII (7)

Analysis of the behavior of the voltamperometric function
of 2 and 3 shows an important depletion of the intensity in
the second process, which is probably caused by the influ-
ence of the first redox process on the second.

The magnetic properties of 2 and 3 were measured in
[D¢]acetone by the Evans method in the temperature range
180-330 K.I""! The results are shown in Figure 8a and b. As
the temperature decreases, the y\ 7T product changes from
523 cm’Kmol™ and 5.84 cm*Kmol™ to 0.92 cm®*Kmol™
and 1.52 cm?Kmol ™! for 2 and 3, respectively. This continu-
ous decrease in yy7 is consistent with a spin conversion
taking place in solution. Experimental and calculated data
have been fitted as described previously. The lack of two
steps in solution makes it possible to consider the occur-
rence of only the global transformation HS-HS=LS-LS,
characterized by the constant K,. The y\7T product can be
obtained from Equation (8), where (yu7)un has been con-
sidered as an adjustable parameter.

= AN/ 8
1+ K, ®

To obtain a good fit, the parameter fi;5 has been included,
which accounts for the HS molar fraction of species that
40
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Figure 7. Cyclic voltammograms, recorded in CH;CN, of 1 (top), 2
(middle), 3 (bottom).
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Figure 8. Magnetic properties in liquid solution state. y\T versus T plots
for compounds 2 (top) and 3 (bottom). The solid lines represent the best
fit between calculated and experimental data.

does not undergo spin conversion. Satisfactory simulations
are obtained for 7, = 258K, AS = 70JK 'mol™ (AH
~18.1kImol™), (yuDuu = 6.7 cm®’Kmol ™! and f;;s = 0.20
for 2, and T, = 252K, AS = 50JK'mol™" (AH =
12.6 kImol™), (ymT)un = 6.5 cm’Kmol™! and fi;s = 0.046
for 3.

The electronic spectra of 1-3, dissolved in acetonitrile
(see the Supporting Information), show that 2 and 3 exhibit
virtually identical UV/Vis spectra with a strong absorption
at A = 391nm with ¢ = 11537Lcm 'mol™ and
12294 Lem ! mol™! for 2 and 3 respectively, and a weaker
absorption at A = 536nm with ¢ = 185 Lcm ' mol™' for
both. On the other hand, 1 shows both absorption bands
centered at 4 = 393 and 529nm with ¢ = 2491 and
60.2 Lcm ™! mol ™, respectively. The d—d absorption bands of
these three complexes are centered at 863 nm
(11587.5cm™) for 2 and 3 with ¢ = 25Lcm ' mol™' and
22 Lem ' mol ™ for 2 and 3 respectively, while in 1, the d-d
absorption band is at 860nm (11628cm™' with ¢ =
15.6 Lecm™' mol™").
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Discussion

Synthetic approach: The synthesis and characterization of
the system [Fe(tpen)](ClO,),-n H,O, where tpen is the hexa-
dentate ligand N,N,N',N'-tetrakis(2-pyridylmethyl)-1,2-ethyl-
enediamine, was first reported more than ten years ago.!'”)
The anhydrous and hydrate (n = %}) derivatives are essen-
tially LS at 300 K, but show the onset of a spin equilibrium
at higher temperatures that is much more marked for the
hydrated compound (7,365 K). This derivative shows the
singularity of undergoing a fast spin-crossover transition
with respect to the Fe Mossbauer timescale (10°-108s7).
From a synthetic viewpoint, it is clear that the use of hexa-
dentate ligands, such as tpen, are not conducive to the inves-
tigation of new polynuclear SCO complexes because, on one
hand, they form strong ligand field LS iron(i) complexes,
and on the other hand, labilization of at least one coordina-
tion site in the precursor complex to insert a potential bridg-
ing ligand is difficult. Interestingly, the search for new syn-
thetic analogues of the active intermediate in the reaction
cycle of bleomycin™ has led to the synthesis of new ligands
derived from tpen. These include N-methyl-, N-ethyl-, or N-
benzyl-N,N',N'-tetrakis(2-pyridylmethyl)-1,2-ethylenedia-
mine, generically referred to as Rtpen.'” The use of such
pentadentate aminopyridyl ligands based on ethylenedia-
mine has allowed the formation of hexacoordinated iron(ir)
complexes whose spin state depends on the nature of the
monodentate ligand in the sixth coordination site (i.e. sol-
vent, halide, or pseudohalide groups). Therefore, in this con-
text, we decided to investigate the interaction between the
complex [Fe(bztpen)S]** (S = H,O or MeOH) and the
bridging dicyanamide anion.

The mononuclear compound 1 precipitates as red prismat-
ic diamagnetic single crystals from appropriate stoichiomet-
ric amounts of reactants. The crystal structure and the solid
state magnetic behavior of 1 indicate the presence of LS
iron(11). This suggests that, in this case, the formal replace-
ment of one pyridyl group by one dicyanamide ligand does
not trigger the weakening of the ligand field at the iron(ir)
site that is necessary in order to observe SCO phenomena.
In this respect, it is worth mentioning that only one example
of an iron(mm) SCO compound containing the dicyanamide
anion as a ligand has been reported to date, namely [Fe-
(abpt),(dca),] (abpt = 4-amino-3,5-bis(pyridin-2-yl)-1,2,4-
triazole).”” From a comparison of this derivative with the
related [Fe(abpt),(NCX),] (X = S or Se), it is clear that the
ligand field strength of dicyanamide is markedly weaker
than that of the pseudohalides NCS™ and NCSe~.2!]

The formation of 2 or 3 takes place from a dca™:[Fe(bztp-
en)S]** ratio close to 1:2, in the presence of an excess of
PF,~. Complex 2 precipitates as a pale yellow, microcrystal-
line powder, while 3 needs at least 36 h to grow as brown
prismatic single crystals. The most remarkable structural dif-
ference between both dimers is the orientation of the
phenyl rings with respect to one another. While the phenyl
groups appear to be in a cis conformation in 2, the trans
conformation is retained in 3. Most probably, the formation
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of 2 is controlled kinetically, whereby 3 is the thermodynam-
ically stable species. The coordination core of 2 (at 300 K) is
considerably more distorted than that of 3 (at 400 K, where
it is essentially HS). These structural differences are reflect-
ed in the differences in magnetic behavior observed for 2
and 3 in the solid state. Compound 2 displays HS-HS be-
havior in the whole range of temperatures. Similarly, recent
work aimed at synthesizing dca-bridged dinuclear Fe™ SCO
compounds led to double dca bridges and HS-HS behav-
ior.?

Two-step SCO behavior: Two-step SCO transitions are
scarce and only a few well-documented examples have been
reported. The mononuclear complex [Fe(2-pic);]Cl,EtOH
(2-pic = 2-picolylamine) was the first example of a two-step
SCO and is generally considered prototypical.”®! This com-
pound contains only one crystallographically unique iron
center in both the HS state and the LS state;?* however,
the nature of the plateau has been subject of study for more
than 20 years.” From a theoretical viewpoint it was be-
lieved that the plateau reflected the existence of short-range
interactions responsible for the occurrence of clusters de-
fined by LS-HS pairs. However, Biirgi and co-workers used
synchrotron radiation to reveal the existence of an inter-
mediate phase that defines the plateau.”® Furthermore, in
contrast to previous studies, it clearly establishes that long-
range order occurs in the plateau defined by infinite -[LS—
HS-LS]- chains of [Fe(2-pic);]** molecules.®! Within each
chain, the complex molecules strongly interact with each
other through hydrogen bonds between the Cl™ ions and the
EtOH molecules. This is in contrast to the situation in the
two-step spin transition exhibited by the monomeric com-
pound {Fe[5-NO,-sal-N(1,4,7,10)]}, where 5-NO,-sal-N-
(1,4,7,10) is a hexadentate ligand synthesized from the con-
densation of 5-NO,-salicylaldehyde with 1,4,7,10-tetraazade-
cane). In this complex, the transition is associated with the
existence of two different iron sites, which allows the identi-
fication of two equally distributed sets of molecules in the
crystal.”’!

A similar phenomenology may be observed for dinuclear
compounds. As mentioned in the introduction, step-wise
transitions have been observed for the {[Fe(L)(NCX),],(u~
bpym)} family® and the compound {[Fe(phdia)(NCS),],(u-
phdia)}.l"! The {[Fe(bpym)(NCX),],(p-bpym)} (X = S or Se)
derivative is HS and displays intramolecular antiferromag-
netic coupling. However, this coupling can be suppressed by
the appropriate choice of the peripheral ligands owing to
the occurrence of thermal SCO in one or even both iron
centers. Magnetic studies performed on these compounds
under pressure have nicely demonstrated that the ligand
field strength can be tuned in a much more efficient
manner. Thus, {[Fe(bpym)(NCX),],(u-bpym)} has been ob-
served to a undergo thermal spin transition in only one of
the two centers under hydrostatic pressure.®® This is unusu-
al given that, according to an X-ray structure determination,
both centers have entirely equivalent surroundings,*" as is
the case in 3. The appearance of the spin transition in only

5730

www.chemeurj.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

one center of the bridged pair, concluding in a plateau with
all pairs present in LS-HS pair formation, supports the sug-
gestion that LS-HS pair formation is a preferred process
arising from a synergetic effect between intramolecular and
cooperative intermolecular interactions.’ Similar behavior
has been observed for {[Fe(bpym)(NCSe),],bpym} at atmos-
pheric pressure.”¥ A method has recently been developed
for direct monitoring of the spin state and the magnetic cou-
pling in dinuclear iron(1) compounds.®? This method in-
volves Mossbauer measurements carried out in an external
magnetic field (5 T). The species HS-HS, LS-HS, and LS-
LS have been identified in {[Fe(bpym)(NCS),],bpym}, {Fe-
(bpym)(NCSe),|,bpym}, {[Fe(bt)(NCS),l,bpym}, and {[Fe-
(phdia)(NCS),],(u-phdia)} at 4.2 K. Moreover, the applica-
tion of applied-field Mossbauer spectroscopy to study the
LIESST effect on dinuclear compounds demonstrates the ef-
fectiveness of this approach. The crystal structure of
{[Fe(bt)(NCS),],bpym]} in the plateau indicates that standard
X-ray diffraction experiments cannot distinguish between
the two iron(m) sites belonging to the LS-HS species,*! as
occurred in the standard X-ray studies of [Fe(2-pic);]Cly
EtOH. In contrast to mononuclear compounds, the plateau in
dinuclear compounds may also arise from the occurrence of
a 50:50 distribution of HS-HS and LS-LS dinuclear species
instead of 100 % of LS-HS species. This was the case recent-
ly observed by Kaizaki and co-workers for the compound
{[Fe(4-phpy)(NCBHS;),],(-bpypz)} (4-phpy is 4-phenyl-pyri-
dine, bipypz is 3,5-bis(2-pyridyl)pyrazolate), where the pla-
teau is defined by an ordered distribution of HS-HS and
LS-LS molecules.””! In contrast to this, the results by Brook-
er, Murray, and co-workers report the first structural charac-
terization of the LS-HS spin pair in a new dinuclear iron(1r)
compound, which displays a 50% conversion.”’

As far as compound 3 is concerned, we have observed the
occurrence of two crystallographically distinct dinuclear
molecules in the solid state. As a consequence, the step-wise
nature of the SCO could be assumed to be associated with
this fact. However, our multitemperature X-ray study dem-
onstrates that the two molecules undergo SCO simultane-
ously (Figure 9). We believe that a more sophisticated struc-
tural analysis, similar to that performed on [Fe(2-pic);]Cl,
EtOH, might provide evidence of the occurrence of an inter-
mediate phase in which the LS-HS molecules exist.

Cooperative nature of the SCO: As already discussed, the
two-step SCO is not an exclusive feature of dinuclear com-
plexes. Current research in this field has afforded four new
dinuclear complexes: {[Fe(dpa)(NCS),],(u-bpym)},® {[Fe-
(pypzH)(NCSe)],(u-pypz)} (where dpa stands for 2,2'-dipyri-
dylamine, and pypzH and pypz™ are 2-pyrazolylpyridine and
its deprotonated form, respectively),’¥ and {[Fe-
(NCX)(py)L(1-bpypz),} (where X = S or BH;).”*d The p-
pypz and p-bpypz dimers undergo relatively cooperative
one-step SCO, which indicates that two-step SCO is not a
property intrinsic to dinuclear species. Interestingly, the dpa-
(u-bpym) dimer seems to be the first member of the bpym-
bridged dimers that apparently display only one-step behav-
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Figure 9. Correlation between the thermal dependence of the magnetic
behavior and the average Fe(1)—N and Fe(2)—N bond lengths in 3.

ior. Indeed, the dpa-u-bpym derivative undergoes a very
poorly cooperative SCO transition characterized by an un-
usually shaped yy7T vs T curve. In our opinion, this fact
could indicate the occurrence of two unresolved spin transi-
tions that spread over a range of more than 300 K. In the
light of this phenomenon, it is difficult to assess the factors
that control the SCO regime in dinuclear complexes because
it seems to depend on a delicate balance between intra- and
intermolecular elastic, and perhaps electronic, interactions.
The cooperativity that leads to the propagation of the
spin-crossover transition through a crystal is dependent on
the transmission of elastic interactions through the crystal
lattice mediated by intermolecular interactions. In this re-
spect, the geometrical intramolecular changes associated
with the SCO demonstrate that 3 has a very flexible struc-
ture. For instance, the [FeNg] core experiences noticeable
angular changes in addition to the Fe—N bond length
changes. Furthermore, by bending, the flexible dicyanamide
bridge absorbs some of the effects of the spin change be-
cause no significant shortening of the Fe---Fe intra-dimer dis-
tance is observed upon SCO. In addition, the crystal packing
clearly shows that the dinuclear species are relatively well
isolated because no strong intermolecular contacts between
complex molecules (coupled directly or through PF¢~
groups) are observed. These facts explain why the transition
is poorly cooperative; however, it is difficult to ascertain
why this system displays a step-wise transition and whether
electronic communication may play a role in it. These re-
sults suggest that the lack of cooperativity does not play any
substantial role in the observation of two-step SCO in 3.

Disorder and SCO: The interplay between order—disorder
and SCO phenomena has been discussed for many years.
For instance, disorder was suggested to be related to the
nature of the SCO in [Fe(2-pic);]CLEtOH.**! As noted
above, the complex cations [Fe(2-pic);]** strongly interact
with each other through hydrogen bonds between CI™
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anions and EtOH solvent molecules. Thermal ordering of
the ethanol molecules was considered to be a trigger of the
spin change. Similarly, order—disorder transitions in solvent
molecules have been associated with the SCO in [Fe-
(dppen),CL]-2S (where dppen is cis-1,2-bis(diphenylphos-
phino)ethylene, from Mossbauer studies®™ for S =
(CH;),CO, and from X-ray studies®™! for S = CHCL).
Order—disorder transitions in uncoordinated anions have
also received much attention.®® The complex [Fe(dapp)-
(abpt)](ClO,), (dapp = bis(3-aminopropyl)(2-pyridylme-
thyl)amine) is a recent example which not only exhibits a
concomitance between the order—disorder transition of the
perchlorate ions and the SCO, but also represents the first
observation of such a transition involving the ligand directly
coordinated to the iron(m) atom.P™ Similarly, in the case of
3 we have also observed the occurrence of different kinds of
disorder, which change during the spin conversion and in-
volve both the PF¢~ counterions and the dicyanamide bridg-
ing ligand. While the thermal disorder of the P(2) PF¢~
changes linearly from an occupation ratio 0.5:0.5 at 400 K to
0.85:0.15 at 90 K, the P(3) PF,~ changes from the occupation
ratio 0.5:0.5 at 250 K to 0.75:0.25 at 90 K, and coincides
with the second spin change. These observations may sug-
gest that the two-step character of the SCO could be trig-
gered by order—disorder transitions in 3. While order—disor-
der transitions exhibited by counterions are not uncommon,
similar structural changes in ligands are considerably more
unusual.”®! In the case of 3, the changes in the counterions
appear to be coupled with changes to the bridging dicyana-
mide. Given the quality of the data at high temperature, it is
difficult to be certain of exactly what is happening. Howev-
er, it seems clear that there is dynamic disorder at 400 K
which could involve rotation of the [N(CN),]~ ligand. This is
reduced at the plateau and becomes static on cooling to
90 K. The location of the P(3) PF;~ between the crossing di-
cyanamide ligands (Figure 5) suggests that there may be a
connection between the counterion disorder and the disor-
der in the bridge; however, this is difficult to confirm.

Solution studies: Most dinuclear systems synthesized so far
are insoluble or unstable in solution, but this is not the case
for 2 and 3 and electrochemical studies have demonstrated
the stability of these dinuclear complexes in solution. These
studies along with the UV/Vis study, confirm that the coor-
dination sphere of each iron atom in all the complexes re-
mains intact in solution. The observed influence of the first
redox process on the second, can be attributed to the with-
drawal of electronic density from the iron that is oxidized
first by the second. This phenomenon is commonly observed
in systems referred to as molecular wires. All this and the
magnitude of the splitting observed in the couples indicates
a large degree of electronic coupling between the iron
atoms through the dicyanamide bridge in the spin-crossover
units, which is comparable with that observed in biferro-
cenes with steric hindrance between substituents, that is,
2,2'-dimethyl-biferrocene (AE, = 0.26 V in CH;CN) and in
a,w-diferrocenyl cumulenes.!)
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On cooling, both compounds undergo a very similar spin
change that appears to be characterized by a single step
taking place at similar characteristic temperatures (7). This
confirms that the crystal structure is responsible for the dif-
ferences between the SCO transitions in 2 and 3 in the solid
state. Another interesting result is that the two transitions
observed in the solid state for 3 present similar shapes com-
pared to those observed for 2 and 3 in solution. This con-
firms our previous hypothesis concerning the very weak in-
termolecular interactions operative in 3. A similar behavior
has been observed in [Fe(tpen)](ClO,),?/sH,O for which a
rapid SCO conversion in the solid state was observed.!'”

Conclusion

Herein we have reported a novel synthetic strategy to
obtain dinuclear spin crossover complexes. Starting from the
monomeric precursor {[(Fe(bztpen)]N(CN),}*, two isomeric
forms of the first dicyanamide-bridged iron(i) dinuclear
spin-crossover system {[(Fe(bztpen)],N(CN),}’* have been
synthesized and characterized for the first time. One form
(3) displays a gradual two-step spin conversion. For the
second form (2), this conversion depends on the texture
(crystalline or precipitate) and the history of the sample. Al-
though there are two crystallographically different iron(ir)
atoms in 3, the two-step conversion is not associated with
this fact. Probably, the occurrence of an intermediate phase
defined by 100% LS-HS molecules or by 50 % HS-HS and
50% LS-LS pairs should be the origin of this observation.
The stabilization of the LS-HS state seems to depend on a
delicate balance between intra- and intermolecular interac-
tions in the solid state. The electronic coupling between the
iron(m) atoms through the dicyanamide bridge, observed
from electrochemical measurements in solution, should
favor the stabilization of the intermediate spin state.”
However, this state seems to succumb in acetonitrile solu-
tion, in which both forms display a similar continuous spin
transition.

Experimental Section

Manipulations were performed under an atmosphere of argon by means
of standard Schlenk techniques. Commercially available chemicals were
used without prior purification. The bztpen ligand was synthesized ac-
cording to a literature procedure.?!

Preparation of {Fe(bztpen)[N(CN),]}PF,CH,OH (1): A solution of
bztpen (0.24 mmol) in methanol (10 mL) was added dropwise to a solu-
tion of Fe(BF,),,6H,0 (0.24 mmol) in the same solvent (5 mL). To the
resulting yellow solution was slowly added a freshly prepared solution of
NaN(CN), (0.71 mmol) in methanol (10 mL). The mixture was stirred for
20 min, then a solution of NH,PF, (0.71 mmol) in methanol (20 mL) was
added very slowly. The resulting transparent brown solution was evapo-
rated slowly under Ar. Brown needles of 1 were collected after ~36 h.
Yield: 0.087g (51%); FAB MS: m/z: 498 [M—PF¢—CH;OH-
N(CN),+H,0]", 545 [M—PF, —CH,;OH]*; elemental analysis calcd (%)
for C;Hy3NgFsOPFe: C 49.9, H 4.57, N 15.5; found: C 49.3, H 4.15, N
14.7; IR (KBr): # = 2160, 2220, 2259 (C=N) cm ™.
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Preparation of {[(Fe(bztpen)],[N(CN),]}(PF¢);;H,O (2) and [(Fe-
(bztpen) [,IN(CN),1}(PF); (3): A solution of bztpen (0.24 mmol) in meth-
anol (10mL) was added dropwise to a solution of Fe(BF,),6H,0
(0.24 mmol) in the same solvent (5mL). To this yellow solution was
added very slowly a freshly prepared solution of NaN(CN), (0.12 mmol)
in methanol (10 mL). The mixture was stirred for 20 min, after which a
solution of NH,PF, (0.71 mmol) in methanol (20 mL) was added very
slowly while stirring. A yellow microcrystalline powder of 2 precipitated
immediately from this dark yellow mixture. Yellow crystals of 2 had
formed 24 h later. Yield of powder and crystals: 0.09 g (52%); FAB MS:
mlz: 479 [Fe(Bztpen)+e™|*, 545 [M—Fe(bztpen)—3PF, —H,0]*, 1188
[M—2PF; +e]*, 1314 [M—PF, —H,0]*; elemental analysis calcd (%)
for Fe,CsgHgF 5N ;OP5: C 45.5, H 4.06, N 12.3; found: C 45.8, H 4.13, N
12.3; IR (KBr): # = 2203, 2253, 2364 (C=N) cm . The filtered brown so-
lution was left under Ar for 36 h. The dark brown prismatic crystals of 3
that had formed were collected over the following week. Yield: 0.04 g
(23%); FAB MS: m/z: 479 [M—Fe(Bztpen)—N(CN),—3PF, +e"|*, 545
[M—Fe(bztpen)—3PF¢"|*, 1188 [M—2PF, +H,0 +e"]*, 1314 [M—PF,]*
; elemental analysis caled (%) for Fe,CssHsgF 5N sPs: C 46.1, H 3.97, N
12.5; found: C 457, H 3.85, N 12.1; IR (KBr): # = 2172, 2318
(C=N)cm™.

Physical measurements: Variable-temperature magnetic susceptibility
measurements of samples consisting of small single crystals (20-30 mg)
were recorded with a Quantum Design MPMS2SQUID susceptometer
equipped with a 5.5 T magnet, operating at 1 T and at temperatures from
1.8-300 K. Magnetic measurements under pressure were performed in a
cylindrical hydrostatic pressure cell made of hardened beryllium bronze
(1 mm in diameter and 5-7 mm in length) that was specially designed for
this SQUID set up.™ Silicone oil was used as the pressure-transmitting
medium operating in the pressure range 1 bar to 12 kbar. The pressure
was measured with respect to the pressure dependence of the supercon-
ducting transition temperature of a built-in pressure sensor made of high
purity tin. The susceptometer was calibrated with (NH,),Mn-
(SO,),12H,0. The variable-temperature magnetic susceptibility in solu-
tion was measured with the Evans method, in the range 183-323 K in
(CDg),CO at a concentration of 0.01 M. Chemical shifts are referenced to
tetramethylsilane (TMS). All spectra were recorded in a Varian Unity
Inova300 instrument at 300 MHz. Experimental susceptibilities were cor-
rected for diamagnetism of the constituent atoms by the use of Pascal’s
constants. UV/Vis absorption spectra in solution were measured on a
HP 8493 diode array spectrophotometer in CH;CN. All 4, and the cor-
responding molar absorptivity coefficients &[Lcm®mol~!] were obtained
with a statistic treatment of the absorption spectra at several concentra-
tions. Electrochemical measurements were carried out in a potentiostat
galvanostate autolab model Pgstat30, with a three-electrode system in a
0.1m Bu,N(PF;) acetonitrile solution as the supporting electrolyte. A
carbon glass disc (0.071 cm?) was used as the working electrode, a Pt wire
as the auxiliary electrode, and 0.1m (Bu,N)Br/AgBr(s)/Ag was used as
the reference electrode. The working electrode (C) was polished with
alumina to ensure the absence of residues on the surface. All voltammo-
grams were initiated from the null current potential (E; = 0) and the
scan was initiated in both positive and negative potential directions. In
order to report the potentials used according to the IUPAC convention,
voltammograms were obtained for approximately 10~>m solutions of fer-
rocene (Fc) in a supporting electrolyte. For the working conditions, the
electroactive domain was between —1.726 and 0.274 V Fc*/Fc. The half-
wave potentials were estimated from Ei, = (E,, + E,)/2, where E,, and
E,. are the anodic and cathodic peak potentials, respectively.
Single-crystal X-ray diffraction: Diffraction data of prismatic crystals of 1
and 2 were collected at 293 K with an Enraf-Nonius CAD4 diffractome-
ter and graphite-monochromated Moy, radiation (1 = 0.71073 A). The
structures were solved by direct methods with SHELXS-97 and refined
by full-matrix least-squares on F? with SHELXL-97.Y The hydrogen
atoms of the solvent molecules were located in the difference map; how-
ever, refinement was unstable so that the hydrogen atoms of CH;OH
were refined with a riding model.

Single-crystal X-ray diffraction experiments for 3 were carried out with
graphite-monochromated Moy, radiation (A = 0.71073 A) on a Bruker
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ProteumM diffractometer with an Apex area detector and a Bede Micro-
source. In general, three series of narrow w scans (0.3°) were performed
at different settings in such a way as to cover a sphere of reciprocal space
to a maximum resolution of 0.75 A. The temperature control was carried
out with an Oxford Cryostream 700 series N, open-flow cooling device,"”!
and data were collected at 400, 350, 290, 250, 200, 150, and 90 K.

In each case, the unit cell parameters were determined and refined with
the SMART softwarel®! and the raw frame data were integrated with the
SAINT program.””! The structures were solved by direct methods and re-
fined by full-matrix least-squares on F* with SHELXTL software.*! Re-
flection intensities were corrected for absorption effects by numerical in-
tegration based on measurements and indexing of the crystal faces
(SHELXTL software).*!

Non-hydrogen atoms were refined anisotropically, except if there was dis-
order present. The two halves of the dinuclear cations are related by an
inversion center; however, the central nitrogen of the dicyanamide bridg-
ing ligand occupies a position away from the symmetry position, and is
therefore disordered over two positions. The distance between these two
positions is sufficient to enable anisotropic refinement at all tempera-
tures; however, at 290 K and below, the carbon atoms in the bridge were
also modeled as disordered. These two positions are much closer together
with a considerable amount of overlap, making anisotropic refinement
impossible. Thus, at 290, 250, 200, and 150 K, the carbon atom displace-
ments were modeled as isotropic. At 90 K, the disorder is still present,
but the thermal motion is sufficiently reduced to allow refinement of ani-
sotropic displacement parameters. In addition, there is disorder present
in the PFy~ counterions (hereafter referred to by the phosphorous atom
label). In the case of the P(1), although the PF,~ ion is clearly librating at
higher temperatures, no disorder is modeled because the large displace-
ment parameters appear to be caused only by thermal effects. This is not
the case for P(2) and P(3) however. At 400 K, P(2) was modeled with
two equally occupied components, rotationally offset, with the central
phosphorous atom coincident. The disorder is clearly dynamic in nature,
because the occupancy changes on cooling (modeled linearly) until the
minor component is only 15% occupied at 90 K. The disorder in P(3) is
also rotational in nature, but is more structured as the rotation axis is co-
incident with the F(35)—P(3)/P(3)—F(36) bonds, so that at 400 K, a total
of eight equatorial fluorine atoms were modeled with two equally occu-
pied components. Similar to P(2), there is clearly a dynamic aspect to the
disorder, but in contrast, the disordered P(3) components were modeled
as equally occupied from 400 K to 250 K, after which the occupancy was
also modeled as reducing linearly. At low occupancies, anisotropic refine-
ment of the thermal motion leads to infeasible displacement parameters
for the fluorine atoms. Therefore, for P(2), the minor component was
modeled as isotropic at 250 K and below, while for P(3) this is the case
only at 150 K and 90 K. In many cases, restraints were necessary to main-
tain sensible octahedral geometries, and in general, these were used to
restrain similar distances to a consistent value. Hydrogen atoms were
positioned geometrically and refined with a riding model. Selected crys-
tallographic data are presented in Table 1.

CCDC 263310-CCDC-263318 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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