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ABSTRACT: We crystallized the Schiff-base iron(III) spin-
crossover complex [Fe(3,5CI-L5)(NCSe)] from different two-
component solvent mixtures containing methanol and chloroform
(@ = V(CH,;0H)/V(solvent) = 0.03, 0.25, 0.50, 0.83, and 1.00).
The obtained crystalline products were characterized by X-ray
diffraction, and it was confirmed that they are all composed of the
same crystalline phase, and they do not contain any crystal solvent.
However, significant differences in magnetic properties were
observed, and thermal hysteresis changed from (in K) 121T,
and 134T} for ® = 0.0S and 0.25, down to 72T and 96T for ® =
1.00. The crystal structures of the low-spin and high-spin phases
were studied theoretically and experimentally.

he tunability of the spin-crossover (SCO) behavior is an
important assumption for versatile applications of SCO
materials. Beneficially, SCO parameters such as thermal
hysteresis width, transition temperature (T,,,), cooperativity
degree, curve abruptness, and completeness can be manipu-
lated by sample modifications. The effect of the presence' ™
and loss® of a solvent molecule in the lattice, the selection of an
anion,”® as well as the choice of a side substituent®™® are well-
known strategies for modifying the SCO behavior. Also, metal
dilution represents a sophisticated approach for modification of
the SCO behavior and observing of the cooperativity degree
and transition temperature of SCO materials. The SCO
behavior can be also tuned by a postsynthetic modification as
was manifested by solid state performed anion metathesis.”
Our ongoing interest in the magnetic behavior of Fe(III)
complexes with pentadentate Schiff base ligands has brought
remarkable results on distinct magnetic behaviors of
polymorphs within this class of compounds,'® or hydrogen
bonding induced modification of T, /2.11 Recently, a new report
on SCO with broad thermal hysteresis observed for an Fe(III)
complex with a pentadentate Schiff base ligand H,3,5CI-LS
(N,N'-bis(1-hydroxy-3,5-dichloro-2-benzyliden)-1,6-diamino-
4-azahexane) has been reported by Renz et al. which naturally
caught our attention.> Complex [Fe(3,5-CI-L5)(NCSe)] (1)
exhibits thermally induced SCO with 24 K wide thermal
hysteresis (T, = 99| and 1291 K). From the comparison of
the low-spin (LS, S = 1/2) and high-spin (HS, S = 5/2) crystal
structures, it is apparent that reorganization of noncovalent
interactions (H:+-Cl and Cl-+-Cl) happens upon spin transition.
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Did you know that the crystallizing
solvent mixture affects spin crossover
properties without inclusion of solvent
molecules into the crystal structure?

Y s
4 (CHOH)

This, if significant, could explain the observation of the wide
thermal hysteresis. In the original report,'” the authors did not
investigate this possibility in greater detail, and therefore, our
original motivation for studying this system was to extensively
theoretically and experimentally investigate the LS and HS
crystal structures of 1.

For the preparation of 1 we used a procedure similar to that
in the original report,'” but instead of an ultrasonic bath we
used a standard magnetic stirrer. The reaction between
[Fe(3,5-CI-LS)Cl] and KNCSe in pure methanol led to
precipitation of a brown microcrystalline powder, which was
filtered off using a paper filter. For the preparation of the
single-crystals suitable for X-ray diffraction experiments we
used the remaining mother liquor which was crystallized
isothermally. After several days thin needle-like crystals were
obtained. First, we collected the diffraction data for the HS
state (150 K), and then we attempted to measure the LS state
crystal structure at 90 K as was done in the original report."”
To our surprise, the measurement revealed the crystal structure
with the very same metal—ligand bond lengths and unit cell
parameters as was observed for the HS phase. Obviously, this
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did not match the previously reported magnetic properties."”
Therefore, we measured the temperature dependence of the
magnetic moment (y.q/pg) for two obtained fractions, needle-
like crystals (1_@1) and microcrystalline powder precipitate
(1_®1p). The measurements confirmed the presence of SCO
with thermal hysteresis for both batches; however, the critical
temperatures and profiles of magnetic functions were different
(Figure 1). The 1_@1 batch exhibited much lower T/, (72
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Figure 1. Temperature dependence of pi g/ for 1_®1 and 1_®P1p.

and 967 K, AT =24 K) than 1_®1_p (106} and 1291 K, AT
= 23 K, Figure 1). Powder X-ray diffraction undoubtedly
confirmed that both samples were the same crystallographic
phase identical to the HS structure of 1 (Supporting
Information, Figure S6—S7).

Inspired by this intriguing inconsistency, we investigated this
phenomenon in greater detail. From magnetic measurements it
is apparent that the low T, was observed for the batch
composed of crystals which grew more than 5 days, whereas
the high T/, was observed for the precipitate. Therefore, one
of the tested hypotheses was that different critical temperatures
were related to the crystallinity of the samples, which is related
to the time of the crystallization. In an attempt to prepare
crystals, whose crystallization spans different time periods, we
modified the composition of crystallization solutions from pure
CH;O0H to solutions with a growing portion of CHCl;. CHCl,
was chosen as the second solvent because it dissolves 1 very
well; it does not enter the crystal structure of 1 (does not form
a solvate) and has a similar boiling temperature as CH;OH.
Therefore, it could be expected that the crystallization of 1 will
be governed by slow evaporation of the solvent mixture. This
mixture gradually loses slightly more CHCI; than CH;0H
molecules (because of higher vapor pressure of CHCL,), and
thus the solubility of 1 should be continuously decreasing.
Four different crystallization mixtures with a different volume
fraction @ of CH;OH were prepared (® = 0.83, 0.50, 0.25 and
0.05), and the corresponding crystalline samples (1_d0.83,
1_®0.50, 1_®0.25, 1_®d0.05) were obtained. In the case of
the solutions with @ > 0.5 also microcrystalline precipitates
1_@0.83p (besides already prepared 1_@®1_p) were obtained
and were included into this study. The purity of all the
prepared samples was confirmed by X-ray powder diffraction.
It must be noted that in the case of one of the precipitates
(1_®1_p), the presence of KCI impurity was detected as this
is a side product of the ligand metathesis (Cl™ ligand was
substituted by KNCSe). We decided not to wash the
precipitates with water (which would dissolve the impurity),
because it would introduce a third solvent into the studied
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system. Furthermore, the presence of the diamagnetic KCl
should not affect the SCO temperatures.

1 crystallizes as very thin needle-shaped crystals. The
symmetry of the crystals is monoclinic with the P2,/n space
group (see Supporting Information, Table S1). The crystal
structures of LS and HS phases were well described in the
original report,'”” and we will not add a new structural
description here.

The best quality crystals were obtained for the batch
1_@0.25. Again, we opted to measure the LS and HS crystal
structures using a selected single crystal from this batch. We
monitored SCO using diffraction methods. Therefore, we
started the single crystal X-ray diffraction experiments at 140
K, and we collected sets of diffraction data at selected
temperatures on cooling and also on heating. At 116 K (on
cooling), a dramatic change in the quality of diffractions
occurred as this was the T,,| temperature. The crystal
structure of 1 _®0.25@/116K shows metal-ligand (ML)
bond lengths significantly shorter (Table S2) than observed at
higher temperatures and in very good agreement with the LS
structure of 1 reported in the original paper.'” Upon further
cooling (down to 108 K), neither the M—L bond lengths nor
the unit cell parameters changed significantly, and therefore,
we can conclude that the full HS — LS spin conversion
occurred between 116 and 117 K (Figure 2). Upon heating, we
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Figure 2. Temperature dependence of y.q/py for 1_@0.25 (top) and
the temperature dependence of the selected unit cell parameters as
determined from the single crystal X-ray diffraction experiment for
1_®0.25 (bottom).

detected the LS — HS transition between 133 (LS) and 135 K
(HS structure), whereas we were not able to get reasonable
data from the measurement at 134 K. We attempted to also
measure another SCO thermal cycle, but the crystal cracked
upon another cooling. Here, we may conclude that the single
crystal X-ray diffraction measurements confirmed that
1_®0.25 exhibits thermally induced SCO with hysteresis
wide 18 K (if we assume T;,,1 to be 134 K). This is not in
agreement with the magnetic data reported in the original
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paper,'” but it is also not in good agreement with the magnetic
data measured for 1_@1p. Of note here is that the coordinates
of the non-hydrogen atoms in the HS crystal structure of
1_®1 (at 90 K) are almost identical with those determined for
1_®0.25 (at 130 K, see Supporting Information, Figure S1)
and thus, the difference in T/, cannot be assigned to changes
in the crystal structures.

We performed magnetic measurements for all the prepared
batches. The results showed that all the samples show
thermally induced spin crossover (Figure S2 and Figure S3).
Remarkably, it is obvious that the batches prepared from the
mixture with the largest content of methanol showed hysteretic
loops shifted to lower temperatures, whereas the batches from
the higher CHCI; content had hysteretic loops shifted to
higher temperatures (Figure S2). The shift of hysteretic loops
is observable also between 1_@0.83 and 1_@1; however, the
data for their precipitates 1_@0.83p and 1_®1p did not show
a significant difference in T/, (Figure S3). The hysteretic
loops for the batches with the highest CHCl; content
(1_@0.25 and 1_40.05) are very similar, and they exhibit
the highest T, /,. The magnetic behavior of 1_@0.25 fits the
temperature dependence of the unit cell parameters rather well
(Figure 2). The observed behavior is reproducible.

The magnetic data were analyzed by using an Ising-like
model (ISM) with Gaussian distribution of the cooperativity
parameter derived by Boca et al."> Within the ISM defined by
the Hamiltonian

A~ A
H=—6-T{o)6
2 1)
the transition between two spin states, ¢ = —1 for LS and ¢ =

+1 for HS states, is governed by the energy difference between
HS and LS states (A) and the cooperativeness of the system
(T'). Such a model can be modified to also include the
distribution of the cooperativity parameter I" in order to deal
with the imperfections of the crystalline/powder samples by
varying the standard deviation parameter ¢ of the Gaussian
distribution function. The main advantage of such a model is
its ability to reproduce the slope of the hysteresis loops, and
hence better agreement with the experimental data can be
achieved. Thus, the magnetic data were fitted by varying A, T,
tep and ¢ parameters within ISM, and subsequently calculated
x'ys for given temperature was used to calculate total molar
susceptibility as

)
©)

where x,g is the residual molar fraction of the HS state at a
low temperature due to incomplete spin crossover, and x”y; is
rescaled high-spin fraction calculated from ISM resulting in the
total high-spin mole fraction xyg equal to xyg = &"yg + Ky
The molar susceptibility of the HS and LS species was
calculated by the Curie law. The fitted parameters are listed in
Table S3 and plotted in Figure 3 for crystal samples and in
Figure S4 for microcrystalline precipitates. Evidently, there is
small variation of the cooperativity I and entropy parameter
tog within the prepared crystal batches of 1, and variations of
Tl and T/,1 are mainly due to a variation of A.
Furthermore, there is a significant increase of the distribution
parameter ¢ for the microcrystalline precipitates, Table S3.
We also theoretically attempted to investigate the impact of
different solvents on the molecular geometry and the energies

x"pqs = x/HS(l - ers)

Aol = (x"ys + ers))(Hs + (1 = «"yg = ers)){Hs
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Figure 3. Temperature dependence the high-spin molar fraction xys
according to ISM (top), the ISM parameters (middle), and transition
temperatures (bottom) for crystalline samples of 1.

of the LS and HS isomer of 1 using density functional theory
(DFT) and utilizing ORCA 5.0 software.* We selected three
functionals based on published benchmark studies,">™"
namely, OPBE,'® r’SCAN," and B3LYP* (B3LYP with
reduced Hartree—Fock exchange to 15%)*° and also included
the atom-pairwise dispersion correction (D4).”' The opti-
mization was done in a vacuum, chloroform, and methanol
with the C-PCM implicit solvation model.””** Impact of
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Figure 4. Graphical comparison of the donor—acceptor bond distances between X-ray data (dotted lines) and the respective DFT methods

(B3LYP*, OPBE, and r*SCAN) for the high-spin state of 1.

solvents is demonstrated for the HS state of [Fe(3,5-Cl-
LS)(NCSe)] in Figure 4. It seems that OPBE underestimates
the Fe—NCSe bond, whereas B3LYP* and r’SCAN over-
estimates the bond lengths to amino-nitrogen of 3,5-CI-LS. In
the case of the LS molecular geometries, OPBE heavily
underestimates all Fe—N bond lengths (Figure SS). Moreover,
there is also significant variation in bond lengths induced by
the implicit solvation model, which points to the importance of
intermolecular interactions.

The analysis of the electronic energy differences between the
HS and LS isomers revealed positive values of AE, = E,** —
E,"S for all three DFT functionals, and thus these functionals
properly found the LS state with lower electronic energy (E,),
Table S4. As the molecular vibrations have a significant impact
on the SCO properties, a better description is achieved with
the energy difference corrected by the zero-temperature
vibrational energy from the frequency calculation, AE,,zpg,
which is depicted in Figure S.

Apparently, AE,,pg is significantly affected by applying the
implicit solvation model, and both B3LYP*and r’SCAN
provided reasonable values of the HS-LS separation. Moreover,
it seems that a more polar solvent like CH;OH tends to
increase AE,, ,pp, and thus it stabilizes the LS state. This is in
contradiction to the experimental finding (Figure 3 and Table
S3), for which higher ®(CH;0H) yielded lower A and T,
values. We can speculate that this discrepancy is caused by the
implicit solvation approach which cannot grasp the effect of all
intermolecular interactions properly, or the properties of 1 in
the solid state simply cannot be encompassed by such an
approach at all.

However, if the presented theoretical calculations are not
deceptive, perhaps it most likely leads to the conclusion that
the reported phenomenon is not governed by thermody-
namics, but by the kinetics of the crystal growth of 1 under
various contents of chloroform and methanol in crystallizing
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Figure S. Graphical comparison the energy difference corrected by
the zero-temperature vibrational energy from the frequency
calculation AE,,;pr between the HS and LS states for different
DFT methods applied to 1.

solutions. Hence, the quality of the crystalline material and
SCO properties are affected by a solvent mixture, but the
solvent molecules do not cocrystallize. One of the possible
approaches to test this hypothesis is to correlate parameters
such as crystal mosaicity with the observed magnetic behavior.
Therefore, we decided to prepare several batches of 1
crystallized at different crystallization rates. As was mentioned
above, the best crystals were obtained in the batch of
1_@0.25. However, the batches crystallized from solutions
with a major chloroform fraction (@0.25 and @0.05) have
practically the same magnetic properties (Figure 3). Thus, we
decided to crystallize 1 from 0.5 and @0.83 solutions,
because 1_@0.5 and 1_0.83 differ in T,,] (114 K for
1_@0.5 and 103 K for 1_40.83), and their spin transition on

https://doi.org/10.1021/acs.cgd.2c01411
Cryst. Growth Des. 2023, 23, 1323—-1329


https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.2c01411/suppl_file/cg2c01411_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.2c01411/suppl_file/cg2c01411_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.2c01411/suppl_file/cg2c01411_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.2c01411/suppl_file/cg2c01411_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c01411?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c01411?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c01411?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c01411?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c01411?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c01411?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c01411?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c01411?fig=fig5&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.2c01411?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Crystal Growth & Design

pubs.acs.org/crystal

Communication

120
4.8
115 = . S O | %
110 4.4
* & o () ]
1099 . 4.0-
« 1004 ) % ¥ K
X £ b 3
v 95 364 ¥
N ¥
90 - v *
801 @® very slow 2.81 * *
75 @ slow 1 ¥
704 o e @ | @ fast 2.4 1
70 80 90 100 110 120
Tip/K
(A) (B)
1.8
” *
1.6
1.6 *
141 % 141 %
. o)
{e)] 1 [0) *
S 1.2 = * D124 % %
o * @ %
1.0- % © 0] ¥
. .01 %
0.8 ¥
0.8
_ * o X X o
0.6 T T T T T T T T T T
70 80 90 100 110 120 70 80 90 100 110 120
Ty /K T2 /K
Q) (D)

Figure 6. Plot of T} ] versus crystallization rate (A). The colored boxes are used to highlight the crystallization rate, with a lighter color indicating

slower crystallization. The plots of R, vs T, (B), e3vs T}, (C), and €uwg VS T12) (D). The value of Cavg

was calculated as the arithmetic average
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visualization purposes.

cooling is still accessible using standard commercial cryogenic
devices (above 80 K). For preparation of the batches, we used
the same reaction procedures as are described in Supporting
Information, but the mother liquors were crystallized using
three different crystallization rates: fast (~1day), slow (up to 4
days), and very slow (>7 days). The majority of the used
single crystals were obtained for all the batches crystallized
from @0.5 solutions regardless of the rate of crystallization
used. However, also very slow crystallization from the 4»0.83
solutions resulted in the production of a few suitable single
crystals.

The crystal mosaicity was determined taking into consid-
eration the results of previous work on mosaicity in SCO
complexes.”* We set experimental conditions to be as identical
as possible for all the investigated specimens. The experiment
was conducted at 150 K, which is well above the highest T,
(Table S3). The data were collected using w-scans (width 0.5
deg), and the exposition time was adjusted for each crystal
based on its size, aiming for 0.83 A resolution, completeness
above 99%, data redundancy > 3, and I/6 > 10. As was already
mentioned, the crystals of 1 are very thin (typically ~0.05 mm
in two dimensions), needle-like shaped growing in clumps of
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overlapping specimens, which makes it challenging to
investigate the statistically relevant number of crystallites
within a reasonable measurement time. Thus, we were capable
of performing measurements for a limited number (14) of
single crystals. It is important to note that the vast majority of
the prepared crystals were not suitable for single-crystal
experiments, and thus the results obtained only represent
those crystals that met the necessary criteria.

After collecting each set of data at 150 K, we determined
Ty, for each crystal by measuring unit cell parameters starting
from 125 K down to 80 K in decrements of S K. The
occurrence of the SCO phenomenon was recorded between
two measured temperature points, and the average of these
values was used for visualization purposes. The T)/,| value of
crystals that remained in the high spin phase at 80 K was set to
70 K for visualization purposes. The distribution of the
determined T,),; values is shown (Figure 6A). The results
supported our hypothesis that the speed of crystallization
affects the quality of crystals and the T,/ value. Crystals
crystallized in the "fast” and “slow” modes showed T, values
above 100 K. Crystals that crystallized “very slowly” showed
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Ty, values below 90 K with most of them having T/, even
below 80 K.

The results of the X-ray diffraction measurements were
evaluated in the CrysAlisPro software.”® As a first indication of
the crystal quality, we inspected the equivalency of symmetry
equivalent reflections (R;,,) in the studied crystals. There is no
strong correlation between T)/,; and R;,, but apparently, the
crystals with lower T, values tend to have larger R, and vice
versa (Figure 6B).

The CrysAlisPro software provides the mosaicity in three
directions (ey, e,, and e;) by fitting a Gaussian function to the
peak.”**” Although these parameters do not measure the
mosaicity directly, variations in the values of e, e,, and e; can
indicate changes in the mosaicity of the studied crystals and
thus their quality.”® Some authors only use the e, parameter
due to its correlation with mosaicity values obtained from
other data integration methods.”® The results revealed that the
e, component varied slightly among the measurements (0.76—
0.96°), while larger variations were observed for e, (0.75—
2.61°) and e; (0.71—1.66°). As per previous reports, for
evaluation of mosaicity, we considered the values of e; and the
arithmetic average (ea\,g)29 of all three components ey, ¢,, and e,
(Figure 6C—D, Table SS). As with Ry, the results for e, and
ey did not show a strong linear correlation; however, crystals
with higher T, values tend to have lower values of ¢ and e,
and vice versa.

In summary, to the best of our knowledge, such an
unprecedented solvent-induced variation of SCO spin-
transition temperature as was discussed for 1 has not been
reported yet. We showed that the different crystallization rates
produced crystals exhibiting different SCO critical temper-
atures. Very slow crystallization (>7 days) of the d0.5 and
®0.83 solutions resulted into crystals exhibiting low SCO
critical temperatures (T, ,,] < 90 K), while faster crystallization
(shorter than 4 days) led to larger T/, values (>100 K). The
performed diffraction experiments indicate that crystals with
low T, /,] values tend to have larger mosaicity parameters and
Ry, and thus they are of lower quality than those with larger
T, 51 values.
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