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Thermochromic Meltable Materials with Reverse Spin Transition

Controlled by Chemical Design

Francisco-Javier Valverde-Munoz, Maksym Seredyuk,* M. Carmen Murioz, Gabor Molnar,

Yurii S. Bibik, and Jose Antonio Real*

Abstract: We report a series of meltable Fell complexes, which,
depending on the length of aliphatic chains, display abrupt
forward low-spin to high-spin transition or unprecedented
melting-triggered reverse high-spin to low-spin transition on
temperature rise. The reverse spin transition is perfectly
reproducible on thermal cycling and the obtained materials
are easily processable in the form of thin film owing to their
soft-matter nature. We found that the discovered approach
represents a potentially generalizable new avenue to control
both the location in temperature and the direction of the spin
transition in meltable compounds.

Introduction

One of the most investigated types of switchable molec-
ular materials are solid-state spin transition (ST) materials
undergoing reversible switching between the low-spin (LS)
and high-spin (HS) electronic states by action of physico-
chemical stimuli (such as temperature, pressure, light, chem-
ical substrates).[1] Detectable variation of coloration, magnet-
ism, dielectric constant and so on makes them attractive
candidates for technical application.l2l The reversible LS-to-
HS conversion on temperature rise (forward ST) is observed
for the absolute majority of the ST compounds in solution and
in solid state. The most desirable characteristics of the ST is
the hysteresis, which, if sufficiently wide, confers to the
material an exploitable memory function.3 However, the real
practical implementation of the solid state ST compounds is
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limited by processability in desired form, tunability of the ST
properties and reproducibility of the hysteretic behavior.
Generally, decomposition or mechanical fatigue on thermal
cycling leads to deterioration of completeness, steepness and
hysteresis loop width.[l

In a prior work, we reported an alternative approach
towards hysteretic melt- and solution processable tunable
materials whose ST is triggered by melting/freezing phase
transition, a process that naturally can be repeated infinitely
without detriment. To design such a system several aspects
have to be taken into account.l5] It should be a i) non-charged
mononuclear complex, ii) with large aromatic flat substituents
for effective surface contacts (p-p interactions), iii) grafted
with an optimal number of aliphatic chains. In addition, the
ligand should create the ligand field corresponding to the T1/2
close to the temperature region of the phase transition.
Following these guidelines, we synthesized and studied a series
of aliphatic complexes pyN-n (Scheme 1), where for which
the number of carbon atoms N controls the temperature of
the forward STwhile the number of carbon atoms n fine-tunes
its hysteresis width.[5bl Herein, we report the discovery of
reverse ST in a series of similar neutral compounds pm2-n,
derived from 2-pyrimidinyl ethyl ketone (Scheme 1). This
type of behavior is barely observed for Fell compounds.

The reverse ST, a HS-to-LS conversion upon heating, is
a process contradicting thermodynamic principles, according
to which a more entropic HS state should be favored at
a higher temperature.[2 As for now, this unusual behavior was
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reported for several Col! complexes undergoing solid-solid
phase transitions.l6]l However, for all known Fel! compounds
the reverse ST is a magnetic anomaly of a low magnitude,
presumably relating to a change of the magnetic g value due
to a phase transition induced geometric change of the
coordination polyhedron.l’l In contrast, a strong correlation
between the spin states and the aggregation state of matter in
pm2-n demonstrates that another conversion mechanism is
enabled, which makes the thermodynamically disfavored
process a realistic scenario able to involve substantial
fractions of the Fell centers.

Results and Discussion

Meltable neutral compounds pm2-n were prepared by
combining stoichiometric amounts of an Fell salt and corre-
sponding ligands prepared in situ, and deprotonated by a base
(see Supporting Information). Unless otherwise stated, we
shall discuss the behavior of already melted samples, that is,
subjected to the first melting/freezing cycle.

The magnetic properties of pm2-n were monitored
through the thermal dependence of the cm T product recorded
at 0.5 Kmin®! (cwu is the molar magnetic susceptibility and T'is
the temperature) (Figure 1). On melting, both pm2-6 and
pm2-8 undergo an abrupt transition from the diamagnetic LS
state (cm T = 0) to a paramagnetic state reaching a cm T value
of ca. 2.7 cm3 Kmol®? at 400 K. On cooling, an abrupt drop of

cmuT back to zero is observed at the freezing point. The
hysteresis loop is centered at T F =366 K with a width DT F =

28 K for pm2-6, and T F = 352°K and DT F =29 K for pm}2-8
c h
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Figure |. Temperature dependence of Cm T vs. T for indicated com-
pounds at 0.5 Kmin®'. The Mgssbauer spectra in insets are collected
at 80 K.

(F stands for forward ST). As for pm2-4, it is LS up to 400 K.
Compounds with longer chains behave differently. On heat-
ing, pm2-10 shows a gradual increase of cm T alternating with
two abrupt drops. Cooling down restores the initial behavior
with a hysteresis loop centered at TcR = 287 K, DTR = 12 K
and another at TcR = 346 K, DT R = 26 K (R stands for
reverse ST). The compound exhibits LIESST effect.8] The
photo-generated metastable HS* state, obtained by irradia-
tion at 10 K by green laser, relaxes to the LS state in a single
step with Tugesst = 64 K (Supporting Information, Figure S1).
Compound pm2-12 behaves similarly to pm2-10 and shows
the reverse ST hysteresis loop centered at a higher TcR =
351 K, DT R =21 K. Finally, for pm2-14, the parameters are
TCR= 355K, DT§= 17 K, whereas a complete gradual ST
centered at T1/zs0lid = 275 K in the solid state has a hysteresis
1 K wide. Table 1 collects the percentage of the phase
transition triggered ST conversion between the spin states
at Tc values.

Changes resulting from melting and associated ST can be
easily followed by optical microscopy, since the solid phases
for the forward and reverse ST compounds have distinctly
different appearance and coloration. When heated, pm2-6
melts and forms a homogeneous green film containing both
LS and HS complex molecules. Upon cooling it progressively
transforms into a dark green-violet crystalline LS solid
(Figure 2, see also the Supporting Information and Figure 5
below). Compound pm2-10 forms a similar green fluid at high
temperature, but upon cooling, due to the reverse ST to the

almost HS state, it crystallizes as yellow-greenish lustrous
solid. The observed phase behavior’and thermochromism is

reversible (see the Supporting Information).

Table |: Parameters of the melting/freezing triggered ST evaluated from
the magnetic and calorimetric data.

Compound DH DS ST ™  Tco DT, STFe"
[gmol®] K mol®] type [K] Kl K [%]

pm2-6 47 128 F 352/ 366 28 60
380

pm2-8 47 132 F 336/ 352 29 50
365

pm2-10 54 156 R 336/ 348 26 43
362

pm2-12 65 184 R 342/ 351 21 33
363

pm2-14 66 187 R 348/ 35 17 50
365

[a] F=forward, R =reverse.

fluid

Figure 2. Similar green fluid phases of pm2-6 and pm2-10 and
distinctly different solid phases as observed by optical microscopy on
films of samples squeezed between two glass plates.


mailto:Kmin@1.The

In relation to the magnetic data, differential scanning
calorimetry (DSC) reveals exothermic/endothermic processes
on the cooling/heating, respectively, whose peaks coincide
with the transition temperatures observed in magnetic

measurements (Table 1; Supporting Information, Figure S2).
The enthalpy (DH) and entropy (DS) variations far exceed the
corresponding typical values for strongly cooperative ST in
the solid state (that is, DH& 20 kjmol®® and DS
&00 J K®1mol®1).9 This confirms the occurrence of a high-
ly-energetic process of melting synchronized with the ST.
Interestingly, DH and DS change non-linearly with the
growing n, and are higher for the reverse ST compounds
(Supporting Information, Figure S3).

The magnetic curves of all pm2-n in the fluid phase closely
coincide and correspond to a gradual ST with equilibrium
temperature T1/2flvid =354 K (Supporting Information, Fig-

ure S4). Fitting the curve of pm2-10 using the Slichter-
Drickamer modell10] expectedly gives the cooperativity pa-
rameter G equal to zero (Supporting Information, Figure S5).
In contrast, fitting the solid-state ST curve of pm2-14 gives G
& 3 k] mol®! that reflects moderately cooperative interactions
of Fell centers in solid phase.

Both forward and reverse ST of the studied compounds
are perfectly reproducible (Figure 3; Supporting Information,
Figure S6). On cycling no signs of deterioration are observed
because ST here is not a usual solid-state process, but a result
of melting/solidification which can be repeated endlessly
without deterioration if no decomposition is taking place. The
TGA data confirm stability of pm2-n up to ca. 550 K, which is
far above the operational temperature of forward or reverse
ST.

An important aspect of the work is the elucidation of the
structure-property relationship of these unusual soft matter
materials, for which we performed structural and spectro-
scopic studies. The structure of pm2-6 shows a unique Fell-
center located in the distorted octahedral coordination sphere
N4O2 formed by the two ligand molecules (Figure 4a;
Supporting Information, Tables S1 and S2). The average
bond lengths, Fe@N j= 1.901(3) c and Fe@0 j= 1.962(3) ¢,
are within the range of values reported for LS Fell complexes
of similar type.[11] The C@C bonds of hexyl chains are in trans
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Figure 3. Reproducibility of the reverse ST of pm2-10 upon cycling.

head-
groups

aliphatic
chains

Figure 4. a) Molecular structure of pm2-6. Short intermolecular con-
tacts below sum of the van der Waals radii are shown as dashed lines.

Symmetry codes: i) @, @, @& i) @ | ® @ii) |+xy 2z b)The
crystal packing in the bc plane. Highlighted is the supramolecular
dimer of complex molecules. IL stands for inter-layer distance.

c) Collinearly aligned Fe-atoms along a.

and gauche conformations and some chains are disordered.
Displaced p-p stacking between coplanar pyrimidine rings of
neighbor molecules leads to the formation of dimers. The
closest C3-+-C4i/C4---C3i contacts below the sum of the van der
Waals radii are 3.313 C, and Fe---Fei separation is 7.986 C (i:
@ x@Y,@z) (Figure 4b). The dimers are bound by inter-dimer
contacts C12---C34i, C12---C35ii and 04---C35i (ii: @x, 1 y,
@), with separations 3.390, 3.388 and 3.143 C, respectively,
into a 1D supramolecular chain along b. The closest inter-
dimer separation Fe:--Feii is 10.987 €. The supramolecular
chains stack into layers with a collinear alignment of the Fe



atoms along a with the separation value coinciding with the
cell parameter a = 8.8252(3) c (Figure 4 c). Finally, the layers
are stacked into a segregated structure formed by alternating
layers of head-groups and non-interdigitating aliphatic chains
with the interlayer distance d'L = 21.212 c (Figure 4 b).
57Fe M¢ssbauer spectroscopy can probe the local environ-
ment of Fe compounds.[121 With this in mind we collected the
spectroscopic data of crystalline and melted pm2-6 and
melted pm2-10 at 80 K, which are LS at this temperature
(Figures 1, insets, Table 2; Supporting Information, Fig-
ure S7). The spectrum of crystalline pm2-6 has an asymmetric
resonance doublet owing to the texture effect.['2] In the
melted phase the asymmetry disappears whereas the isomer
shift d and quadrupole splitting DEq change only slightly,
reflecting that the overall packing arrangement keeps un-
changed. Conversely, the increase of d and DEq observed for
pm2-10 reflects a change of the lattice contribution to the
electric field gradient due to the packing reorganization. This
observation is also in line with the LS behavior of pm2-6 at
low temperatures in contrast to pm2-10, which is mostly HS at
ambient temperature and undergoes regular ST on cooling.
Powder X-ray diffraction (XRD) studies confirm the
formation of the highly crystalline lamellar structures for all
as-synthesized pm2-n (Supporting Information, Figure S8a).
At 400 K, the diffractograms reflect the transition into the
isotropic phase (Figure5; Supporting Information, Fig-
ure S8b). Consistently with this, the profiles of derivatives
with n = 6, 8, 10 are featureless but, the derivatives withn =12
and 14 display a broad halo indicative of a disordered liquid-
like state of aliphatic chains, 2q = 19.58, d-spacing = 4.50 c.
The XRD profiles of melted pm2-n render well separated
lamellar peaks up to the 6th order revealing retention of the
long-range periodicity (Figure 6). A comparison of the
profiles of as-synthesized and melted pm2-6 indicates similar
gross features of the packing (Supporting Information, Fig-
ure S9). The interlayer distances d'l, calculated from the
Miller(s index peaks (10) of the short (n =4, 6, 8) or peaks
(20) of the long chain compounds (n=10, 12, 14) using
Bragg(s equation, and plotted against the number of carbon
atoms (n) show slightly different linear regressions (Support-
ing Information, Figure S10).

Furthermore, the diffractograms of melted pm2-6 and
pm2-8 manifest a broad peak centered at 2q = 11.58, d-spacing
& 8¢, approximately corresponding to the stacking perio-

dicity within the head-group layers. The stacking is regularly
observed for soft matter compounds with the structure
favoring supramolecular aggregation.[13] Indeed, the single
crystal data of pm2-6 demonstrate collinear alignment
Fe---Fe:--Fe (see above), which, apparently, is retained in
melted phase, but due to partial amorphization the peak

Table 2: *’Fe Mgssbauer parameters, isomer shift vs. metallic g-Fe at
293 K (d), quadrupole splitting (DE 3, half-width of the lines (G ”) for

selected compounds.

Compound  Spin state  d [mms®]  DE, [mms®']  Gj; [mms®']
pm2-6 cryst. LS 0278Q2)  1243(4) 0.1333)
pm2-6 Ls 0283(1)  1.23903) 0.128(2)
pm2-10 LS 0322(4)  1.426(3) 0.129(4)
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Figure 5. Evolution of XRD profiles on heating and corresponding
melting of a single crystal of pm2-6 at around 360 K (inset).
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Figure 6. XRD profiles of pm2-n at RT. SP stands for the head-groups
stacking periodicity peak; AH = aliphatic halo.

becomes broadened and shifted. To confirm the assignment,
we conducted an additional XRD examination of analogous
pm1-6 and pm4-6 with methyl and butyl ketone substituents,
respectively, also demonstrating forward ST upon melting.
Their diffractograms show the same stacking peak, whose
position correlates with the head-group size (Supporting
Information, Figure S11). In contrast to the short-chain
compounds, melted pm2-10, pm2-12 and pm2-14 with reverse
ST, have a distinct value of the stacking peak at 2q = 8.18, d-
spacing of about 11 ¢, that reflects changes in the arrange-
ment of head-groups. This observation is also in line with
another common feature of the XRD profiles, namely the
aliphatic halo, whose barycenter at 2q = 21.58, d-spacing =
4.12 ¢ for pm2-6, pm2-8 moves to 2q = 218, d-spacing =
4.21 c for pm2-10, pm2-12, pm2-14.



IR spectroscopic data in the region of characteristic C@H

absorption bands reveal the conformation of aliphatic chains
and the reason for the different positions of the halo. For
crystalline and melted pm2-6 and melted pm2-8, the Nani(C@
H) = 2925-2928 cm®! and nsym(C@H) = 2854-2856 cm®! sug-
gest significant gauche population of aliphatic chains[!4] that
corroborates the single crystal data of pm2-6 (Figure 7;
Supporting Information, Figures S12, S13). For melted pm2-
10, pm2-12, pm2-14 the peak maxima at Nani(C@H) = 2920-
2922 and nsym(C@H) = 2850-2851 cm®! suggest that the ma-
jority of C@C bonds are in the trans conformation.[14] Upon
melting the position of the Nani(C@H) and Nsym(C@H) of pm2-
10 are reversibly blue-shifted to the typical gauche values
(Nanti(C@H) = 2928 and ngym(C@H) = 2856 cm®! at 393 K),
while the bands of pm2-6 are insensitive to the temperature
rise (Supporting Information, Figure S14).

Consequently, different diffraction and IR data indicate
different packing of aliphatic chains which, evidently, is the
source of intra-serial structural variability on going from the
short to the long chain compounds and that governs the
packing of the head-groups.

As mentioned above, all pm2-n have the same coordina-
tion function whose chemical nature defines the same
intrinsic behavior consisting in a gradual transition charac-
terized by the Ti,.fluid, In the solid state the transition
temperature TUZSOlld is equal to Tl/zﬂuld + DThatt, where the
term DThatt represents the positive or negative contribution of
the adopted lattice packing.[!5] Our results demonstrate that
the pm2-n series experience a delicate balance between
packing preferences of the head-groups, on one hand, and of
the aliphatic chains, on the other hand, which have opposite
effect on observed Ti/2s0ld, For n = 4, 6, 8 the poorly packed
short chains favor a lattice with closely packed head-groups.
This results in a strongly positive contribution + DTttt that
stabilizes the LS state of the compounds up to the melting
point (T q0ld > T fluid), For n =10, 12, 14 the chains become
sufficiently long to influence the packing of the covalently
tethered head-groups. But, in comparison with the short chain
compounds, the changed arrangement of head-groups
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Figure 7. Maxima of C@H absorption bands of pm2-n. Solid lines are
guides to the eye.

through @DThatt shifts the T solid down in temperature (T
1/2 1/

solid fluid
< T ). . . . . .
Thereby, the role of the aliphatic chains in pm2-n is

twofold. Besides the structure-determining function, the
chains define the melting point of these soft matter com-
pounds and, thus, the temperature of the switching between
the fluid- and solid-like behaviors. For the reverse ST
compounds, a clear increase of the melting point with
n demonstrates the possibility of fine-tuning the reverse ST
temperature.

The mechanism of the synchronization between the phase
transition and ST can be explained by the fact that upon
melting pm2-n compound undergo a disruption of static
intermolecular contacts. The role of these contacts is very
clear: it is paramount for defining ST characteristics, its
location in temperature, abruptness, completeness, hysteresis
etc. A review by Tao et al.[1é] gives an illustration of how
different lattice arrangements with distinct patterns of
intermolecular interactions can lead to radically different
ST properties. Melting is an extreme case of a rearrangement.
In isotropic fluid phase, the ST becomes gradual and obeys
the Bolzmann(s distribution over two spin states. On going
back to the solid state the complex molecule becomes LS or
mostly HS due to the formed lattice. Since in the two phases
the complex molecules behave differently, the ST properties
exhibit a jump-like change at the phase transition point.
Owing to the hysteretic structural phase transition, the
forward and reverse ST also becomes hysteretic. In some
sense, the Fe-centers probe the phases and their interconver-
sions for pm2-n. The schematic packing arrangements and
changes upon melting and freezing are shown in Figure 8.

It is worth noting that a series pyH-n based on 2-pyridine
aldehyde also demonstrates a change between forward and
reverse ST with growing n (Supporting Information, Fig-
ure S15). This indicates a potentially general character of the
approach described in this report.

Conclusion

The study of meltable Fell complexes led us to discovery
of a unique and promising approach which, besides a possi-
bility to control location in temperature, allows to choose
between forward and reverse STs. The approach exploits
a fine balance between supramolecular preferences of head-
groups and aliphatic chains. Disruption of the solid structure
upon melting produces a great effect on the spin state of
coordinated Fell ions. Experimental data demonstrate that
the reverse ST is a consequence of a difference between the
high equilibrium temperature T1/2fuid in fluid phase and of the
low-temperature Ti/250ld in the solid state, and also of the
temperature at which the melting/freezing takes place,
whereas the latter is the subject of the chain length. This
unique behavior is highly interesting from both fundamental
and practical points of view as it opens up new unexplored
perspectives for construction of easily processable switchable
molecular materials. Further research in this direction is
underway.
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