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ABSTRACT: The abrupt [HS-HS] < localized [HS-LS]
spin crossovers of a new triazole-based diiron(II) complex
result in a record-equaling thermal hysteresis loop width
for a dinuclear complex (AT = 22 K by SQUID
magnetometer in “settle” mode) and show a remarkable
scan rate dependence of only the cooling branch, as
revealed by detailed magnetic, DSC, and Mossbauer
studies.

pin crossover (SCO) occurs when a transition metal ion is

switched from high spin (HS) to low spin (LS) by
application of an external stimulus such as temperature, pressure,
magnetic/electric field, or light irradiation.' SCO is either
gradual (occurs over a wide temperature range) or abrupt
(occurs within a few degrees), in which case it is termed a spin
transition (ST). ST is the result of high cooperativity between
spin centers, and so it can also produce thermal hysteresis; i.e.,
the T, (temperature at which HS:LS = 1:1) is lower on cooling
(Ty;) than on heating (T,/,;). Hence, the compound also
exhibits bistability (memory effect). From an applications point
of view,” ST with a wide hysteresis loop (AT) spanning room
temperature (RT) is desirable.

To date, very few complexes show really wide (AT > 100 K)
thermal hysteresis loops that are reproducible with repeated
scanning.’ The widest of these are seen for monometallic
complexes (Table S1): AT = 140 K for both [Fe'(bpp),]-
(CF4S04),-H,0, with an asymmetric two-step ST upon
heating,* and [Co"(C,,-terpy),](BF,),, for a “reverse” ST;’
AT ~ 90 K for [Fe"(2-pic);]Cl,-H,0, but only when cooled
slowly.® For [Fe'(PM-PEA),(NCS),], AT could be expanded
from 37 to 100 K by application of 2.6 kbar external pressure.”
However, as noted, all of these examples are “special cases”.

To the best of our knowledge, the widest AT for a structurally
characterized iron(II) complex is 70 K, reported for a
monometallic iron(II) complex of a Jiger-type ligand: this is
also an example of the simplest type of hysteretic behavior (both
STs occur abruptly and in one step). The very high cooperativity
between spin centers was ascribed to a 2D network of hydrogen-
bonding interactions.® The widest loops reported for any
polymeric materials are of a similar magnitude, AT =~ 60 K for

-4 ACS Publications  ©2014 American Chemical Society

878

a Kahn-type 1D polymer of a 4-amino-1,2,4-triazole,
[Fe'(NH,trz);](NO;), ,(BF,)o3,"* and for a 3D polymer,
{Fe"(pz)[Pt(CN),]}-0.5(CS(NH,),).”

In dinuclear iron(II) complexes [HS-HS]«<>[LS-LS] SCO can
take place either in one step'® or in two steps via a “half” SCO
state, “[HS-LS]”. The “[HS-LS]” state can be either a 50:50
mixture of [HS-HS] and [LS-LS],"" or a fully localized [HS-LS]
state.'” We are aware of only five cases of thermal hysteresis in
dinuclear complexes:" four with AT < 13 K (Table $1)** and
one which, prior to the present study, had the widest hysteresis
loop reported for a dinuclear complex, AT = 21 K."*

Presumably the bulk of these studies were, correctly,
performed with the magnetometer in “settle” mode, with small
steps between temperatures and long equilibration times at each
T (so the sample easily keeps up with the rate of T change) i
however, unfortunately, this key fact is not always stated (Table
S1). This is of concern, as these instruments can also operate in a
sweep (or continuous) mode, in which case the rate of change is
of course critically important. This is because thermal hysteresis
can result from a lag in responding to the change in T, where the
hysteresis loop will be wider at high scan speeds and narrower at
low scan speeds, potentially closing (AT—0) as the scan speed
approaches 0, providing the barrier in AG between the HS and
LS states in the observed T, to T}, range is not too large.'
This point may well be understood by experts, but actual,
illustrated examples and related discussion have not appeared in
key SCO reviews or books.'” This, when combined with the lack
of scan rate information in some papers, represents a very real
potential trap for synthetic chemists entering this field. Indeed,
there are surprisingly few published examples where the scan rate
dependence of h%/steretic thermal (not light-induced) ST has been
investigated,6’9’ 8 and all of these concern mononuclear or
polymeric iron(II) complexes. These studies show that where the
increase of the scan speed does not affect the shape of the loop, it
increases AT—except in a very recently reported case where
decreasing the scan rate gave an increase in AT (due to a
kinetically controlled phase transition between two independent
and stable LS phases which are related to the same HS phase)."
The general lack of scan rate dependence studies of thermal
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Figure 1. Perspective view of 1" at 90 K (solvents omitted for clarity).

hysteresis represents a missed opportunity to further probe and
better understand these processes.

Here we report the first detailed scan rate study on a dinuclear
complex, [Fe",(PMPh*™T),](BF,),-3.5H,0 (1), which under-
goes an abrupt and hysteretic thermally induced half-ST from
[HS-HS] to localized [HS-LS], with one of the largest reported
AT values for a dinuclear complex and a remarkable rate
dependence (Figure 2). The resulting scan rate vs T} ,) and T} ;
plot (Figure 3) is unique.

Recrystallization of the pinkish solid obtained from 1:1
reactions of Fe(BF,),-6H,0 with PMPh™"T, from 4:1 MeCN/
DMEF by vapor diffusion of diethyl ether, results in colorless
single crystals of [Fe",(PMPh""T),](BF,),3CH;CN-1/2-
(C4H,;00) (1'). Structural characterization of 1’ shows it is
[HS-HS] at 91 K (av. Fe—N = 2.185 A; X = 1185 Figures 1, S1,
and S2, Tables S3—SS). Magnetic susceptibility measurements
from 300 to 2 K confirm that 1’ is not SCO active, i.e., this
solvatomorph remains [HS-HS] (Figure S3). In contrast,
filtration and air drying of the crystals reproducibly gives off-
white 1 (for details see Supporting Information), which magnetic
susceptibility measurements reveal undergoes a thermally
induced, reversible, half ST from [HS-HS] to [HS-LS] (Figure
S4). Subsequently, the magnetic susceptibility study was rerun in
“sweep” mode with five consecutive cycles run at scan speeds of
0.2—10 Kmin ™, across the temperature window of the hysteresis
loop, from 240 to 160 K (Figure 2).

At all scan rates, abrupt and hysteretic ST between [HS-HS]
and [LS-HS] is observed, in both the cooling and heating modes.
At 240 K, the yT value, 7.2 cm® K mol™, is consistent with both
iron(II) being HS, whereas at 160 K, T = 3.9 cm® K mol ™/,
consistent with a half SCO [HS-LS] state.'”® At 10 K min~', on
cooling the half-ST is observed at T | =175.4 K, and on heating
T\ /5 =216.6 K, giving the widest hysteresis loop reported to date
for dinuclear complex, albeit a kinetic one, of AT = 41 K. The
scan rate study (Figure 2) reveals that the loop width is scan rate
dependent, ranging from 22 to 41 K for sweep rates of 0.2—10 K
min~" (Table S7). Surprisingly, though, the heating branch T, 5,
is practically invariant (varying by just 1.7 K, Table S7, Figure 3),
whereas the cooling branch T | values are affected by the scan
speed (varying by 18.5 K), as might be expected. Hence, the
hysteresis loop narrows only “at one end” (Figures 3 and SS).

To determine the “real” curve for the cooling branch of the
hysteresis, the sample was rapidly cooled (at 10 K min™) to T =
190, 195, or 200 K (within the loop), and in each case T held
constant while y was measured over time, X(t—co) tO give
relaxation rate curves (Figures S6—S8) from which a 0 K min™"
scan rate cooling branch was estimated (Figure 2, ll and black
line). The resulting AT = 21 K loop is, within experimental error,
the same as that observed at the slowest sweep rate (0.2 Kmin™;
AT =22XK) and that obtained by plotting T ,, vs scan rate and by
estimating by linear extrapolation to zero scan rate (Figure S9,
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Figure 2. Scan rate study (0.2—10 K min™") of yT vs T for 1, plus the
infinitely slow scan rate curve estimated from the relaxation studies (Il
and black line; see Supporting Information) and the values calculated
from the Mdssbauer data (W) assuming one HS Fe(II) ion is 3.55 cm®

mol™ K. Inset: d(yT)/dT vs T plot used to determine T, values.
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Figure 3. Semi-log plot of the scan rate dependence of T/, and T} 5,
values for 1, determined from magnetic (triangles) and DSC (circles)
measurements.

AT =23 K), and equals the record set for dinuclear complexes by
Weber et al.'®

That the loop is not observed to close (AT = 0) as the scan
speed nears 0 (as might be expected) implies that, at the observed
T, )y, to T} 5y range for 1, the barrier in AG between the [HS-HS]
and [HS-LS] states is significant,'® resulting in a long lifetime for
the metastable state (perhaps even >24 h, Figure S9), which is a
good step toward the lifetimes of >10 years that will likely be
needed in device applications. Interestingly the relaxation curves
(Figures S6—S8) obtained for the cooling branch do not obey first
order kinetics, rather they reveal that this process has two distinct
relaxation constants, consistent with another state being involved
in this transformation. We propose that before thermally induced
[HS-HS]—[HS-LS] ST can occur, the HS iron(II) centers first
adopt a vibrationally excited [HS-HS] state in which one of them
is less distorted (and can subsequently switch to LS) while the other
one is more distorted, due to the highly constrained nature of the
PMPh™"T ligand, and it remains HS (Figure 4).

In this and other dinuclear complexes of such PMRT ligands,
all 12 donors to the two Fe(I) centers come from just two
ligands that also doubly bridge the metal centers, resulting in a
highly constrained environment (Table S5)."**" This is likely
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Figure 4. Generalized view of a possible explanation for the unusual
kinetic data obtained on 1. Two bis-terdentate PMPh™T ligands in
gray; iron ions in blue (LS) and red (HS; circle vs small ellipse vs large
ellipse show increasing distortion).

also why the [LS-LS] state has not been observed for any PMRT
complex. Unlike the cooling branch, the heating branch, [HS-
LS]—[HS-HS] ST, is not scan-rate dependent, probably because
converting the LS center to HS releases the ligand-strain inherent
in this PMRT ligand, conforming to the more closely octahedral
geometry required for LS than for HS iron(II) (Figure 4; £(LS)
= 65—70°; T(HS) = 88—118° in [HS-HS] vs 123—133° in [HS-
LS] )‘123,19

Differential scanning calorimetry (DSC) experiments con-
ducted on 1, with the same scan speeds as for the magnetic
measurements, confirm the presence of thermal hysteresis that is
scan rate dependent only in the cooling branch (Figures 3, S, and
S15, Tables S7 and S8). The exothermic/endothermic processes
observed on the cooling/warming paths, respectively, peaked at
similar temperatures to those obtained from the magnetic data
and T ,; was again independent of scan speed (Figures 3 and $,
Table S7).

The thermodynamic parameters were calculated from the
DSC data in two ways, (a) using the DSC integration software
(Figures S10 and S11) and (b) calculating the excess heat
capacities AC, (Figures S, S12—S14), and were in good
agreement (Table S8). Interestingly, again the heating mode
parameters, AH; (12.2—13.2 kJ mol™") and AS, (55.6—60.8 ]
K™ mol™"), remain relatively constant, regardless of scan speed
(10—0.6 K min™"), whereas the cooling mode parameters, AH,
(9.8—18.3 k] mol™!) and AS; (542—94.0 J K" mol™"), are scan
rate dependent, further supporting our proposal that the [HS-
HS]—[HS-LS] ST is more complex than the [HS-LS]—[HS-
HS] ST (Figure 4). These values are as expected for iron(II)
systems' and are close to the overall values determined for the
two-step non-hysteretic SCO seen for the dinuclear complex
[{Fe(bt)(NCS),},(bpym)] (AH = 13 k] mol™' and AS = 82 ]
K" mol™).?° As usual, the entropy values are much larger than
can be attributed to the change in spin multiplicity alone (AS =
RIn(2AS, + 1) = 13.4 ] mol™" K™'), consistent with a large
vibrational entropy component upon ST."*'

The abruptness of the STs observed for 1 was further
investigated by analysis of the DSC data using the Sorai and
Seki phenomenological domain model (eq S2 and Figures 520
and S21),”"** which calculates the number of interacting spin
centers 1 per domain (higher n = more cooperative ST).'® The
experimental AC,; and AC,,, values vs T were simulated at each
scan rate, giving n; ~ 28 and n) = 10—12, regardless of scan rate
(Figure S21). This indicates that the [HS-LS]—[HS-HS] ST is
about twice as cooperative (as twice the number of centers
interact) as the [HS-HS]—[HS-LS] ST. While this model does
not account for hysteresis, when the domain sizes in the cooling
and warming modes differ significantly, as it is the case here,
hysteresis may be expected.'®"*

The Slichter—Drickamer model (eq $3)** was employed to
model the hysteretic behavior,"* with cooperativity indicated by
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Figure 5. Scan rate (0.6—10 Kmin™") DSC study for 1, showing the exo-
and endothermic transitions seen on cooling and heating.

the mean-field interaction term I' (hysteretic systems should
have I' > 2RT, where T, = 1/2(T,5; + Ty;)). For each scan
speed, the T. and HS molar fractions (145) were calculated from
the magnetic data, then AH = 1/2(AH, + AH)) was calculated
from the DSC measurements by integration of AC,, followed by
(using T, and AH) AS (Table S10). All of the experimental
hysteresis curves are very well reproduced with I' = 4.9-5.1,
regardless of scan speed (Figure $23). So I' (~5 kJ mol™"), and
hence the extent of the cooperative interaction, is practically
invariant over these scan rates and is greater than 2RT, (~3.3K]
mol™"), consistent with the observed hysteresis.

The variable-temperature *’Fe Mdssbauer study of 1 (Figure
S16, Table S9) confirms (a) the presence of the hysteresis loop
during ST between the [HS-HS] and [HS-LS] states, (b) that the
[HS-LS] state is of the localized type (not 1:1 [HS-HS]:[LS-
LS]), and (c) that rapidly freezing the sample in liquid nitrogen
can trap it in a metastable [HS-HS] state (reported before for
mononuclear complexes24 and coordination polymers,25 but
seldom for discrete polynuclear complexes'®). At 293 K, the
Méssbauer spectrum of 1 is typical of HS iron(II) centers (Figure
S16, Table S9). On cooling slowly to 200 K, 1 remains [HS-HS],
with just a slight increase in isomer shift (due to the second-order
Doppler shift*®) and %uadrupole splitting (commonly observed
in SCO compounds'*®) (Figures S16—S19). On further slow
cooling, to 160 K, a small amount of the pure [HS-HS] state
remains (weak shoulders on the outer edges of the main HS
quadrupole doublet), however the bulk of the sample has
undergone SCO to the localized [HS-LS] state. While the new,
intense HS quadrupole doublet has a similar isomer shift to
before, the quadrupole splitting is narrower due to the HS
iron(II) being affected by the neighboring iron(II) being LS
rather than HS (as first observed without applying a magnetic
field in the analogous PMAT complex'"). This is because of the
highly constrained nature of dinuclear complexes of PMRT
ligands (Figure 4), a feature which allows us to readily identify
the nature of the “[HS-LS]” species (as being localized). When 1
is slowly warmed back up to 200 K, a spectrum consistent with
predominantly [HS-LS], and completely different from the [HS-
HS] spectrum observed at 200 K on cooling, is seen (Figure
S16), consistent with hysteresis.

In conclusion, 1 undergoes abrupt SCO between [HS-HS]
and localized [HS-LS] with a record equaling thermal hysteresis
loop width for a dinuclear SCO-active complex. Close examination
of this loop has clearly demonstrated the critical importance of
scan rate on the width of a thermal hysteresis loop and revealed
unique scan rate dependence whereby on slowing the scan rate only

dx.doi.org/10.1021/ja411563x | J. Am. Chem. Soc. 2014, 136, 878—881



Journal of the American Chemical Society

Communication

the cooling branch narrows, while the heating branch remains
unaffected. Future reports of thermal hysteresis should include
scan rate details, ideally alongside figures showing the results of
scan rate dependence studies, with a view to future reviews being
able to include a well-illustrated and referenced section covering
this important aspect of hysteretic SCO.
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