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Iron(i) bis-pyrazolilpyridyl (bpp-R) complexes [Fe(bpp-R),](X),-solvent, R = substituent and X~ = anion, can
undergo a spin transition from high (S = 2, HS) to low spin (S = 0, LS), being spin crossover (SCO) in the
solid state. The distortion of the octahedral coordination environment around the metal centre is gov-
erned by crystal packing, i.e. the intermolecular interactions among the substituent R of the bpp-R
ligands, the anion X, and the co-crystallized solvent, and this modulates the SCO behaviour. In this work,
an innovative multivariate approach, through the combination of the chemometric tools Principal
Component Analysis and Partial Least Squares regression, was applied on the coordination bond distances
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and angles and selected torsional angles of the available HS structures. The obtained results can efficien-
tly model and rationalize the structural data distinguishing between SCO-active and HS-blocked com-
plexes bearing different R groups, X~ anions, and co-crystallized solvents and help predict the spin tran-

Published on 04 May 2023. Downloaded by Universita Degli Studi di Modena on 6/11/2023 5:02:06 PM.

rsc.li/dalton sition temperature Ty,.

“Dipartimento di Scienze Chimiche e Geologiche, Universita degli Studi di Modena e
Reggio Emilia, via G. Campi 103, 41125 Modena, Italy.

E-mail: luca.rigamonti@unimore.it

bDipartimento di Chimica Industriale ‘Toso Montanari’, Universita degli Studi di
Bologna, viale Risorgimento 4, 40136 Bologna, Italy

T Electronic supplementary information (ESI) available: Rules for the three-letter
labels of the iron(u) complexes (Table S1); drawing of the substituent R of com-
plexes [Fe(bpp-R),](X),-solvent with relative letter + number coding and anions
[Ni(mnt),]” and [Co(carborane),|” (Fig. S1); [Fe(bpp-R),](X),-solvent complexes
known in the literature (Table S2); the 28 structural parameters considered for
building the PCA and PLS models (Table S3); Chemometric methods;
Experimental section; crystallographic and refinement data for CO1AA at 100
and 293 K (Table S4); coordination bond distances and angles of C01AA at 100
and 293 K (Table S5); PC1 vs. PC2 scores plots for the PCA model constructed
including all the variables D, A and T for the selected 84 HS complexes, with
symbols corresponding to the R groups, anions X, and co-crystallized solvents
(Fig. S2-S4); PC1 vs. PC2 loadings plot for the PCA model constructed including
all the variables D, A, and T for the selected 83 HS complexes (Fig. S5); PC1 vs.
PC2 loadings plot for the PCA model constructed including all the variables D,
A, and T for the selected 39 solvent-free (SF) HS complexes (Fig. S6); PC1 vs. PC2
scores and loadings plots for the PCA model constructed including all the vari-
ables D, A, and T for the 17 HS complexes with R = SiPr (Fig. S7); root mean
square errors in calibration (RMSEC) and in cross-validation (RMSECV) vs. latent
variable number plot (Fig. S8); a PLS regression model based on 34 structures of
iron(u) complexes: weights plot LV1 vs. LV2 (Fig. 89); T: value distribution in the
PC1 vs. PC2 scores plots across the PCA models constructed with either the 83
HS complexes or the 39 SF HS derivatives (Fig. S10). CCDC 2191546 and
2191547. For ESI and crystallographic data in CIF or other electronic format see
DOI: https://doi.org/10.1039/d3dt00847a

7684 | Dalton Trans., 2023, 52, 7684-7694

Introduction

Molecular magnetic bistability in spin crossover (SCO) tran-
sition metal complexes has been intensively studied for the last
few decades,"™ and it mostly involves the thermally induced
rearrangement of d electrons from a high spin (HS) to a low
spin (LS) state in metal ions with d*-d’ configuration and an
octahedral coordination environment.®® SCO materials have
gained popularity because of their flexibility in controlling the
spin transition under different types of external stimuli like
temperature, pressure, or light and X-ray irradiation,>”°™** and
application of bistable systems like SCO complexes can be made
in the field of electronics and engineering as sensors, memory
supports, and quantum computers.>*"'* The existence of HS
and LS species is also fundamental in living systems, where the
active sites of metal enzymes and proteins can show the change
of the spin state upon regulation of their biological activity.'**®

The scenario of SCO compounds is dominated by octa-
hedral iron(u) derivatives mostly with nitrogen-donor
ligands”**'7'® where the d°® configuration allows a spin tran-
sition from HS with S = 2 to LS with S = 0, also accompanied
by changes in the colour,'® dielectric constant,*’ and electrical
resistance.”’ The spin switch in iron(n) also shows the greatest
structural differences from the HS state with long Fe-N bonds
(2.15-2.20 A) to the LS state with short Fe-N bonds
(1.90-1.95 A), and this makes iron(n) compounds the most
desirable platform for studying the cooperativity in spin tran-
sitions and structure-function relationships,® guided by the
electronic features of the substituents on the coordinated

This journal is © The Royal Society of Chemistry 2023
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ligands and the intermolecular interactions,
employment of machine learning.>*?*

The iron(u) complexes [Fe(bpp-R),](X),-solvent bearing two
mer-coordinated neutral tridentate nitrogen-donor bpp-R
ligands (2,6-bis( pyrazol-1-yl)pyridine substituted at position 4
of the pyridyl ring with various R groups), different X~ anions,
and co-crystallized solvent, if present, have attracted much
attention for their peculiar SCO properties through the past
two decades.>*®*™® The perfect octahedral coordination is not
achievable due to the intrinsic structure of the ligands, which
makes the trans-N(pyrazole)-Fe-N(pyrazole) bite angle, y,
within the same bpp-R always around 145-150°, much lower
than 180°. Furthermore, these complexes are structurally
characterized by the trans-N(pyridine)-Fe-N(pyridine) angle,
¢, and the dihedral angle between the least squares (l.s.)
planes described by the 16 C/N atoms of the bpp-R ligands, 8
(Scheme 1), which can be far from the values of a regular octa-
hedron (¢ = 180° and € = 90°).*"*® The intermolecular inter-
actions among the [Fe(bpp-R),]*" cations, the anions X~, and
the co-crystallized solvent govern the iron(u) distortion degree
and hence the SCO behaviour of a given complex in the solid
state in the light of the required ligand rearrangement from
the expanded HS to the compressed LS states, i.e. the ability of
a lattice to accommodate such changes.® A recent work has
proposed a structure-function relationship relating the mag-
netic bistability features of the iron(u) centres with the struc-
tural variability upon switching from HS to LS through the
three indices V,,, 2 and @, where V,;, = volume of the FeNj

12
octahedron, ¥ = |90 — §;| (f; are the 12 cis-N-Fe-N angles
i=1

about the iron atom) and @ = i |60 — ¥;| (7; are the 24 unique
J=1

N-Fe-N angles measured on the projection of two triangular

faces of the octahedron along their common pseudo-3-fold

axis), and their variation upon spin transition.**

The three indices V,,, ¥ and @ are basically derived from
coordination bond distances and angles, what we can call the
original variables, which are in turn governed by the crystal
packing. The number of known iron(u) crystal structures with

VA

Scheme 1 Molecular scheme of [Fe(bpp-R),]** complexes, highlighting
the 6, ¢ and y angles.

This journal is © The Royal Society of Chemistry 2023
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bpp-R ligands is above 250, either in the LS or in the HS state,
meaning thousands of original variables. Table S1 in the ESIf
reports a three-letter label rule able to encode the complexes,
Fig. S1 in the ESI} contains the graphical representation of the
different substituents R, and Table S2 in the ESIf lists the deriva-
tives with relevant information. The effective rationalization and
modelling of the information these compounds provide could be
of great interest. To this aim, the structural data, despite their
large amount, can be efficiently handled by chemometrics. Thus,
here we are proposing a unified multivariate analysis of the
coordination structural parameters of derivatives [Fe(bpp-R),]
(X),-solvent considering all the complexes as a unique dataset
(ensemble), aiming at studying and modelling the coordination
distortion in relation to the SCO properties in the first place, and
then trying to predict properties like the spin transition tempera-
ture, Ty,,. A comparable approach has been recently proposed on
DFT-calculated steric and electronic descriptors of a series of
ligands employed in metal complexation for the analysis and pre-
diction of catalytic behaviour.®*%¢

The six torsional angles (T1-T6) involving the pyridyl and
pyrazolyl rings and the dihedral angle 6 (T_LL) were con-
sidered in addition to the six coordination bond distances
(D1-D6) and the fifteen coordination bond angles (A1-A15) as
probes of the effects of the crystal packing in the solid state on
the distortion of the coordination environment (see Table S3 in
the ESIf for the definition of D, A, and T, and Results and dis-
cussion for further details). The multivariate approach through
Principal Component Analysis (PCA)®” and Partial Least Squares
(PLS)®® regression (see Chemometric methods in the ESIT) will
lead to complete and general comprehensive models of the
overall influence of R, X™, and the co-crystallized solvent on the
observed structural features of the different iron(u) complexes
and then on their magnetic behaviour. PCA was used as an
exploratory analysis method to rationalize the available litera-
ture data and study the interplay of the structural factors, and
PLS was applied in the second part of the study for attempting
the prediction of magnetic properties.

Results and discussion
Structural data for complexes with bpp-Me

The magnetic properties of the iron(un) complexes with bpp-
Me, which is among the ligands with the smallest R group
except the unsubstituted bpp-H, appeared to be noteworthy,
since these compounds show a strong dependency of the SCO
behaviour from the anion X~.>° The solvent free (SF) structure
of CO1AA could not be achieved from the MeNO, : Et,O solvent
combination during the crystallization process, and the sol-
vated CO01AC was predominant. The synthesis was here
repeated changing the crystallization mixture to MeCN : Et,0,
analogous to the COOMe case,’®® and only CO01AA could
luckily be isolated as yellow crystals suitable for X-ray diffrac-
tion. Details on the synthesis and structure collection and
refinement at 100 and 293 K are reported in the Experimental
section and in Table S4 in the ESL while Fig. 1 contains the
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Fig. 1 Perspective view of the structure of the [Fe(bpp-Me),]>* cation in

CO1AA in the (a) HS (293 K) and (b) LS (100 K) states. The anions BF,;~ are
omitted for clarity; colour code: Fe = orange, N = blue, C = grey, H =
white.

perspective depiction of the cation [Fe(bpp-Me),]*" in its HS
and LS states. Coordination bond distances and angles are col-
lected in Table S5 in the ESI,{ and it is possible to observe
how the distortion angles ¢ and 6 (164.85(15)° and 89.64°,
respectively, at 293 K) are very close to the ones of CO1BA
(163.7(2)° and 89.48(7)° at 240 K), confirming the similarity of
the SCO behaviour with that of C01AA.> The structural data of
this complex, which shows a pronounced Jahn-Teller distor-
tion that usually inhibits SCO, are fundamental for building
our models, since they represent an “unexpected case” when
looking at the single parameters.

Dataset assembly and PCA models

The construction of a sound and robust dataset is the essential
part for chemometric multivariate models. Treating HS and LS
compounds together would help discriminate the HS com-
plexes from the LS ones, but this is clear from the Fe-N bond
distances. The ligand field in this family should be compar-
able, since the overall donor ability of the two bpp-R ligands is
tuned only by the presence of R, but its electron donating or
withdrawing power would not be able to modulate the ligand
field up to make it too weak to promote SCO, as Halcrow
showed with his solution studies.®® In the light of this point,
only HS structures were then considered aiming to distinguish
among the complexes able to undergo spin transition and the
ones blocked in the HS state due to crystal packing effects. The
parameters of the 83 HS species among the 250 HS/LS crystal
structures determined and available from the Cambridge
Crystallographic Data Centre (CCDC)**®* (see Table S2 in the
ESIT for all details) were then retrieved and collected.

After that selection, an ad hoc nitrogen atom numbering
rule was applied to achieve a unique correspondence between
structures belonging to different space groups and symmetries.
This also gave the opportunity to compare compounds regard-
less of the original naming and orientation. This step is funda-
mental to avoid the introduction of fake sources of variance in
the model. The classification rules of the six nitrogen atoms
are reported below and depicted in Fig. 2 using [Fe(bpp-
COOMe),]** as the template:°®

1. the bpp-R ligand with the shortest Fe-N(py) distance is
positioned on the left side and in the plane of the screen; the

7686 | Dalton Trans., 2023, 52, 7684-7694
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Fig. 2 Definition of the cartesian reference frame for [Fe(bpp-R),I**
cations, using R = COOMe as representative,®® and labelling of the 6
nitrogen atoms coordinated to the iron(i) centre; colour code: Fe =
orange, O =red, N = blue, C = grey, H = white.

pyridyl nitrogen atom of this bpp-R ligand becomes N1, while
the pyridyl nitrogen atom of the second bpp-R ligand is N4;

2. The molecule is positioned so that the second bpp-R
ligand is inclined upward, and this defines N2 and N3 in the
first bpp-R ligand;

3. The molecule is now rotated of 90° around the x axis, the
nitrogen atom of the pyrazolyl ring closer to the z axis (or to the
first bpp-R ligand) is N5 while the other nitrogen atom is N6.

The 28 structural parameters (original variables) considered
for the 83 selected HS complexes, as anticipated in the
Introduction, and reported in Table S3 in the ESI,j are the
following:

» The six Fe-N coordination bond distances (named from
D1 to D6 and following the numbering rule of the coordinated
nitrogen atoms);

» The fifteen N-Fe-N coordination angles (named from A1l
to A15, A3 being the angle ¢);

« Six torsional angles comprising the aromatic rings of the
ligands in the complex (T1-T6);

+ The torsional angle 6 between the ls. planes of the two
ligands (T_LL).

The inclusion of the tortional angles T1-T6 helps consider-
ing the deviation from strict planarity caused by rotation
around the two C-N pyridine-pyrazole connecting bonds of the
bpp-R ligands. This can be in turn related to the crystal
packing, which can force some tortional degree within the
structure of the [Fe(bpp-R),]*" cations.

PCA extracted information from the 28 variables that
describe the 83 HS complexes by rotating the original space in
a constructed space so that each new variable, called a princi-
pal component (PC), is orthogonal to the others, and that each
new variable explains the maximum possible fraction of var-
iance of the data not yet explained by the previous PCs. The
PCs are linear combinations of the original variables, the first
PC is in the direction of maximum variability of the data, the
second is uncorrelated with the first (the two axes are orthog-
onal) and explains the maximum residual variance fraction,
and so on (see the ESI} for further details regarding the PCA
and loadings/scores plots interpretation). Block-scaling to unit
block variance was applied as preprocessing in our dataset
(considering as distinct blocks the D, A and T types of para-
meters) for the construction of the PCA model, and four PCs
contributed to about 74% of the total variance.

This journal is © The Royal Society of Chemistry 2023
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PCA, being an unsupervised data analysis tool, allows
inspection of the main sources of variability and the “natural”
grouping tendencies in the data without imposing any a priori
information. From the PC1 vs. PC2 scores plots (Fig. S2-S4 in
the ESIt) we cannot recognize any specific grouping based on
R, X” or solvent. This should not be surprising since the varia-
bility sources introduced in the model by 32 substituents, 10
counterions (BF,” for 43 complexes and ClO,~ for 25 com-
plexes, 80% of all the complexes) and 11 co-crystallized sol-
vents (Tables S1 and S2 in the ESIf), true expression of the
intermolecular interactions and crystal packing effects we
sought for, together contribute to the observed location of the
samples in these plots. This brings up the absence of big and
well-defined clusters, even if it is possible to observe small
grouping of complexes in each single class of R, X~ and
solvent, like for example the complexes with substituent SiPr
(depicted by brown diamonds in Fig. S2 in the ESIf) concen-
trated in the centre of the PCA plot.

On the other hand, the model shows a differentiation
according to the SCO property of the complexes mostly along
PC1 (Fig. 3), with a good distinction between the SCO-active
(Y = green squares) and the HS-blocked (N = red diamonds)
derivatives. There are cases for which the SCO properties were
not studied (N.A. = blue triangles),’*>*°>% but based on our
model we can confidently envisage that both O01AF°* and
C35AC*® (the two complexes in blue triangles in the midst of
red diamonds in Fig. 3) are most probably HS-blocked. Spin
conversion was detected to be incomplete (partial = light blue
triangle) in other complexes,®®”%® mainly related to confor-
mational rearrangements of the R groups upon temperature
change (SiPr: S03BC and SO3BE,°® StBu: S04AC%** and
NHCOMe: NO4AE’°), hence modification of the intermolecular
interactions especially with solvents like MeNO, and Me,CO,
or reversible solvation processes (E-CH=CH-Fc: C45AG™°).

SF S03AA®* and S03BA®® with SiPr as the substituent are
instead reported to be able to give spin conversion but are
located in the PCA area of the model dominated by the com-
plexes blocked in the HS state. The flexibility of the substituent

*

L ¢ 4
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PO X LY
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‘53 : ! Scores on P% 1(42.64%) i
Fig. 3 PC1 vs. PC2 scores plot for the PCA model constructed includ-
ing all the variables D, A and T for the 83 HS complexes; a symbol
legend corresponding to the possibility of undergoing spin transition (Y
= yes in green, N = no in red, partial in light blue and N.A. in blue) was
applied, and the labels are added only for complexes directly discussed
in the text.
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can be again envisaged as one of the possible causes to justify
their place in the plot; in fact, in both complexes one of the
two SiPr groups was found to be strongly disordered in the HS
structures, while no disorder can be found in the LS ones. An
anomaly is also given by the HS-blocked N04BE, placed in the
SCO-active area of the model, but breaking of the crystallo-
graphic symmetry is reported to occur at a temperature close
to the expected T4, similar to that in NO4AE, and this causes
the alteration of the SCO classification.”®

It is important to point out how there are complexes whose
structural data are available at different temperatures, for
example the structure of HO1AA was collected and refined at
375,2¢ 300**** and 290%° K, and all of them were included in
the construction of the PCA model. Looking at their position
in the PC1 vs. PC2 scores plot (Fig. S2 in the ESI}), the four
structures of HO1AA can be found close to each other but with
a diagonal shift, tracing both the effect of the temperature at
which the crystal structures were collected (Trx) and the good-
ness of fit of the structural data. This validates our model,
which can efficiently consider this degree of variability intrin-
sically introduced during X-ray diffraction data collection and
thus independent and not artificially induced by the model
itself.

Noteworthy can be a further comment on the complexes
without any substituent (R = H, H01) where the [Fe(bpp-H),]**
cation has the smallest dimension and the possible inter-
molecular interactions do not involve any substituent, which
can be instead quite big in some instances (Fig. S1 in the
ESIT). This is the case where the most diverse X~ anions are
represented, being BF,~ (A),>*** ClO,~ (B),>* PF~ (D),”” SbF,~
(F),>° 17/1,~ (H),*! [Ni(mnt),]” (1),** and [Co(carborane)]™ (J).*!
The different dimensions and intermolecular interactions,
which each anion can give rise to, lead to a position in two dis-
tinct areas of the PC1 vs. PC2 scores plot (Fig. S2 and S3 in the
ESI}). Complexes with ClO,”, PFs~ and SbF,~ represent the
most extreme examples along the positive PC1 direction, while
the other ones seem to be positioned along a diagonal from
the negative PC1/PC2 quadrant to the positive PC1/PC2 quad-
rant, with HO1IC ([Ni(mnt),]”) on the first extreme, HO1AA
(BF,") in the middle and HO1JC ([Co(carborane)]”) and HO1HA
(I'/137) on the other extreme. Even if the molar volumes of
BF,” and ClO,~ are quite similar,”® H01AA and HO1BA are dis-
tinct in the model as a clear detection of the different inter-
molecular contacts, which indeed block HO1BA in the HS state
while allowing HO1AA to undergo spin conversion at Ty, =
260 K.*°

The PC1 vs. PC2 loadings plot (Fig. S5 in the ESIf) shows
how the structural parameters influence the position of the
complexes in the scores plot. The greatest contribution to the
distinct SCO behaviour is given by the variables that show high
loadings values (both positive and negative) on PC1: for
example, high values of T_LL (6) and A3 (¢) are directly corre-
lated to SCO =, a fact that reflects the most influential struc-
tural parameters also reported in the literature within univari-
ate data analyses.*">® Nevertheless, these are not the only
structural parameters determining the distinction along PC1:

Dalton Trans., 2023, 52, 7684-7694 | 7687
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high values of D1, D2, D4 and D5 also have a direct specific
weight in determining the HS-blocked complexes, together
with A5 and A10, i.e. the two largest cis-N(pyridine)-Fe-N(pyra-
zole) angles between the two coordinated ligands. In contrast,
A4 and A7, i.e. the two smallest cis-N( pyridine)-Fe-N(pyrazole)
angles, have the opposite effect compared to A5 and A10, in
line with the mer coordination of the ligands: low values of A4
and A7 are correlated to lack of SCO transition. It is also inter-
esting to note how D3 and D6 do not have a relevant effect,
being close to 0 along PC1, and this is a direct consequence of
the rigidity of the bpp-R ligands, but also an indirect confir-
mation of the good choice of the reference frame in determin-
ing the labelling of the nitrogen atoms.

Co-crystallized solvent can be challenging in the engineer-
ing of SCO materials.”®> The most interesting aspect in this
regard is indeed the improved modelling when the structural
parameters of the 39 SF derivatives are considered, represent-
ing about half of the previous dataset. The new PCA model
implies the same preprocessing as before and considers four
PCs, which express 85% of the total variance. In the PC1 vs.
PC2 scores plot (Fig. 4), the complexes able to undergo spin
transition (Y, green square) are well separated from the com-
plexes blocked in their HS state (N, red diamonds). Only SO3AA
and SO3BA, i.e. two complexes bearing SiPr as the substituent
and BF,” or ClO,” as anion,®*®® are borderline within the
model, but as previously outlined this is probably caused by
the different conformations of SiPr, which are reported to
affect the spin state.*"°° The PC1 vs. PC2 loadings plot (Fig. S6
in the ESI}) is practically superimposable with the one of the
all-in PCA model (Fig. S5 in the ESI{), meaning that the con-
sidered structural parameters solidly operate in the same way
in the two PCA models, and hence the crystal packing effects
are efficiently represented by considering the coordination
environment of the iron(u) ions.

The usefulness of the chemometric approach can be under-
lined in the explanation of the case cited before: CO1AA
resides close to CO1BA, and it is well described by the model,
so it can be now moved from an “unexpected” case to a well
“modelized” one. With this regard, the presence of the substi-
tuent Me, which is the smallest substituent R after its total

SHO1AA
. SO3BA, HO1AA
SO03AAR " BHO

CO1AA SHO1AA

» H0|‘BA . a -

Scores on PC 2 (14.46%)
-

. P .

1 1 2 3

Scores on PC 1 (54.81%)

Fig. 4 PC1 vs. PC2 scores plot for the PCA model constructed includ-
ing all the variables D, A and T for the 39 SF HS complexes; a symbol
legend corresponding to the possibility of undergoing spin transition (Y
= yes in green, N = no in red) was applied, and the labels are added only
for complexes directly discussed in the text.
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absence, is already sufficient to modulate the intermolecular
contacts in the crystal packing, and C01AA and C01BA, both
SCO-active with similar T,, values despite the different
anion,*® do not behave as HO1AA and HO1BA (R = H), where
going from BF,” to ClO,” blocks the iron(u) in the HS
state.>®*°

The SiPr substituent, due to the high number of structurally
characterised solvated complexes,®"®*%! represents a good
opportunity to create another model with the same R and vari-
able anion X~, BF,~ or ClO, , and co-crystallised solvent,
Me,CO, MeNO,, MeCN, EtCN, H,O or SF. The PCA was con-
ducted on a dataset composed of all 28 structural parameters
for 17 S03 complexes (same preprocessing, four PCs describing
the 87% total variance) and the results are reported in Fig. S7
in the ESL.f The PC1 vs. PC2 scores plot shows how this model
can efficiently cluster the complexes depending on the co-crys-
tallized solvent. Furthermore, PC1 seems to distinguish the
steric effect of the co-crystallized solvent, going from EtCN to
SF, passing through H,0, MeCN, MeNO, and Me,CO. On the
other hand, PC2 seems to represent the different polarities of
the solvents, going from the most polar water to the less polar
acetone, and maintaining the SF complexes close to 0 of the
PC2 axis. Both effects contribute with a comparable and sub-
stantial weight to the model, with PC1 and PC2 describing the
36.74% and 25.07% variance, respectively. The two anions
BF,~ and ClO,7, instead, have a minor -contribution.
Nevertheless, a closer look reveals how the perchlorate deriva-
tives are distinguishable from the tetrafluoroborate ones in a
diagonal fashion from negative PC1 to positive PC2 for H,O,
MeCN, MeNO, and Me,CO solvates, while it is the opposite for
the SF derivatives. This highlights how the model can depict
and model the presence of intermolecular solvent-anion inter-
actions, absent in the SF structures and different between BF,~
and ClO,”, able to govern the structural distortion of the
iron(u) centres.

The most important part of this PCA model is the PC1 vs.
PC2 loadings plot (Fig. S7 in the ESI}). Indeed, T_LL (#) and
A3 (¢), pillars for the previous models, have a much minor role
with respect to the torsion angles T2, T3 and T5 this time.
This should not be surprising since we are now always consid-
ering the same cation with SiPr. On the other hand, this
clearly reflects the interlocking of solvent molecules and
anions mainly in the pockets between the two mer ligands,
leading to a mutual rotation of the bpp-R three-ring skeleton
along with the C-N bonds. These subtle distortions, induced
by the crystal packing, are again proficiently modelled by con-
sidering the structural parameters around the iron(u) ions.

PLS regression for T, prediction

Another foundation of this work is the construction of predic-
tive models of the SCO properties of iron(u) complexes using
their structural properties (D, A and T). A PLS regression
model between structural data available in the literature
(X-block: 34 x 28) and the temperature T, at which they
undergo SCO (Y-block: 34 x 1) was then elaborated (see the
ESI} for further details regarding the PLS). Ty, was reported
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only for 34 complexes over the 83 ones employed for the PCA
models (meaning that all the other structures either are
double data at different Trx, belong to derivatives blocked in
the HS state or that undergo partial SCO, or were not magneti-
cally characterized), so the analysis had to be inevitably
restricted to those. Autoscaling was used as preprocessing, and
2 PLS latent variables (LVs) were chosen (Fig. S8 in the ESIt),
according to root mean squares error in internal cross vali-
dation, i.e. RMSECV (using as cancelation scheme a venetian
blind with 10 splits). The following results were obtained:
RMSEC: 29.3, RMSECV: 37.6, R* Cal: 0.76 and R* CV: 0.62,
where RMSEC and RMSECYV are the errors in fit and in cross-
validation, respectively, R*> Cal and R> CV are the corres-
ponding coefficients of determination. The predicted (in cross
validation) vs. experimental T/, plot is shown in Fig. 5.

RMSECYV, albeit being of the same magnitude, is about 5%
higher than RMSEC, meaning that the model is not
sufficiently rugged. Even though the coefficient of determi-
nation in calibration (R* Cal) is high, signifying that the cali-
bration has a satisfying goodness of fit, the coefficient of deter-
mination in cross-validation (R*> CV) explains about 15% less
of y-variance, meaning that the model is not suitable for quan-
titative prediction. Nonetheless, the trend is encouraging con-
sidering the property we are aiming to predict, and the fact
that Ty, values were collected from different authors and
measured in possibly varying setups, which could have intro-
duced a degree of error in the measured y. BF,~ and ClO,™ are
the only two anions represented in this model and, even if
being similar in terms of structure and dimensions, a slight
shift is found among complexes with the same substituent.
This again reflects the importance of the anion in determining
the crystal packing and the magnetic properties.

PLS weights plot, reported in Fig. S9 in the ESI T gives a
glimpse on how the variables combine to form a quantitative
relationship. Its interpretation is the same as the loadings plot
in a PCA model. All the variables are spread almost equally
into the plot, without any major observable trend. The farth-
est, and so the most relevant, variables are T4, T5 (directly cor-
related), A8 and A9, meaning that bond angles and tortional
angles, and not bond distances, play the major role in T, pre-

350

T
*
[
1

x
Iy v v
= a v A
- A
< %0 v
2
£ v
2 "
@ 200 .
v

> L
o
> $ : ¢

150 v

*
100 L
100 150 200 250 300 350 00
Y Measured 1 T12K
11 ¢ Br B CCH A CH20H CH2SCN COOEt
COOH ® E-CH=CH-Ph A F v H | Me
¢ seiPr S-tBu A sMe

Fig. 5 PLS regression model based on 34 structures of iron(i) com-
plexes: Ty, values measured vs. predicted in cross-validation, complexes
are classified based on the substituent R.
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diction. Indeed, once the crystal packing allows the rearrange-
ment of bpp-R ligands toward a more regular octahedron, the
Fe-N bond lengths can easily shrink to accommodate the iron
() in the LS state.

In addition, T;,, seems to show a correlation with the elec-
tronic properties of the substituent R. Complexes with Me and
SiPr are positioned on the one side, derivatives with H in the
middle, and then substituents like Br, I and COOH on the
other side of the PLS model. A comparable trend between the
c-Hammett parameter97 of R and Ty, measured in solution
(thus cancelling crystal packing effects) with the variable-temp-
erature Evans method in deuterated solvents®® was previously
observed by analysing 14 [Fe(bpp-R),](BF,), complexes belong-
ing to the congeneric series with R = NO,, COOH, H, SH, Br, I,
Cl, F, Me, SMe, OH, OMe, NH, and NMe,.*® Finding a similar
trend in our study, where a much higher variability is present
due to the R groups involved (departure from congeneric
series) and the use of structural variables in the solid state
where crystal packing interactions are active, is noteworthy. In
this PLS regression, the substituents are ordered according to
the electronic properties: electron withdrawing groups give the
highest T, values, while electron donor groups give the lowest
Ty, values, with halogens and mild donating groups like Me
with intermediate properties being in the middle.
Unfortunately, structural data for complexes with NO, and
NH, groups, which represent the two extremes in the solution
studies,®® are not yet available.

The projection of the T, values in the PC1 vs. PC2 scores
plots of the two PCA models constructed with either the 83 HS
complexes or the 39 SF HS derivatives also show a clear trend in
the distribution across the entire chemical space probed with the
PCA models (Fig. S10 in the ESIt). The complexes showing the
highest T/, values (CO6BA and X04AA, i.e. bearing COOH and I
as substituents) are in the extreme bottom right corner of the
plots, as shown in the PLS regression. T;,, then decreases moving
in a diagonal fashion toward the centre of the plots until reach-
ing the area of the HS-blocked complexes. This is particularly
clear in the case of the SF model, where the challenge given by
the solvent lattice is overcome.

Conclusions

This work reports the rationalization of the vast body of struc-
tural data available for [Fe(bpp-R),](X),-solvent complexes, by
using a novel approach based on multivariate data analysis.
The construction of the appropriate dataset for PCA and PLS
models involved a great deal of data collection, starting from
the literature available and downloading the structural files
from the CCDC. Subsequently, the orientation of the mole-
cules to make them comparable in their structural parameters
D, A and T proved to be a delicate but fundamental step to
avoid errors and the introduction of a source of fictitious varia-
bility in the models. Furthermore, the “unexpected” cases, as
CO01AA, enrich the modelling process that is based on captur-
ing the maximum variance among all the complexes.
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The PCA models can strikingly distinguish SCO-active com-
plexes from the HS-blocked ones, directly in the solid state.
Structural parameters of the iron(u) complexes were also
involved in a multivariate regression through the PLS
approach. The regression model built towards the prediction
of Ty, shows a correlation with the electronic (withdrawing of
donor) power of the substituents, in analogy with the previous
study in solution,®® and with the addition of crystal packing
effects in the solid state. For sure, more examples of complexes
bearing anions X~ other than ClO,™ and BF,” (now accounting
for about 80% of the 83 HS compounds available) would
enrich the models and make them more comprehensive of the
crystal packing effects induced by the cation-anion inter-
molecular interactions, and this would probably lead to even
amplifying the distinction of SCO and HS-blocked complexes
in the PCA models.

An important aspect of the approach applied here is that
chemometric models can handle, describe, and benefit from
the covariance structure among different structural para-
meters. Thus, considering the structural parameters of the
same complex more than once, for example because it is
known at various TgrxS, is not detrimental for the models.
Moreover, PLS regression can cope with highly collinear para-
meters derived from the various variables, meaning that it is
not affected by redundancy, with respect to either samples or
descriptors. The possibilities to simultaneously analyse and
rationalize all available structural data in a single model and,
at the same time, to gather different degrees of details refining
specific models on restricted congeneric series, e.g. anions,
substituents, etc., offer the desired flexibility to deepen the
knowledge of the interplay of all the main structural motifs
and related intermolecular interactions.

It is possible to implement the models by introducing other
families of iron(u) complexes with two mer-coordinated neutral
tridentate ligands to gather information on the donor sets and
this will be the object of future research. The derived models
can also be directly used to estimate other isostructural com-
plexes for which the same structural parameters (A, T, D) can
be defined, e.g. holding a different metal centre. In addition,
the approach is very general and can be adopted with any
complex set whose structural information is available in the
CCDC. This opens the road to an innovative branch of data
analysis from the synergistic match of crystallography, with
over one million available crystal structures, and chemo-
metrics, with the potency of dealing with big data.
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