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Abstract

In this work, a systematic study on how the ligand design in the anionic spin-crossover
system [Fe(OEt-L;-pH)(NCS)3] can be used to achieve a high degree of tuning on its transition
temperature (T12) is presented. Our calculations correctly reproduce the experimentally
reported data, but allow us to gain further and systematic insight on how to tune up or down
the T1 value. The axial thiocyanate ligand can be replaced by similar groups (NCO-, NCSe
and NCBH3") that allows for a large change in the T12, while a much finer degree of tuning can
be achieved by functionalizing the para position of the pyridine groups. Altogether, the
[Fe(OEt-Li-pH)(NCS)s3]" offers a unique platform to explore how ligand design can be

harvested to prepare new anionic SCO materials with tailored properties.
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1. Introduction

Switchable or stimuli responsive materials! are currently an active research area due to
their potential technological applications in sensors,>* molecular machines,’ nanodevices,®
energy storage’® and self-healing materials,® among others. Among such type of materials,

14

Spin-Crossover (SCO) systems,’'* which can switch reversibly between two alternative

electronic states close in energy, are quite appealing systems due to their intrinsic behavior as
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molecular level switches. This transition, which can be triggered by changing the

19.20 comes with remarkable

temperature, but also with pressure or electromagnetic radiation,
changes in the physical properties of the system, such as changes in the magnetic moment, the
color, or structural distortions.?!?? For all of the above, many SCO systems have been
characterized over the last century. The phenomena was originally reported by Cambi in 1931
for Fe(Ill) coordination compounds,? but this field rapidly growth and expand to other
transition metals,?* and eventually expanded also to systems with higher nuclearity?~2’ and
even coordination polymers which exhibit SCO transitions and are sensitive to the nature of

their guest molecules.?® !

The field of SCO is vastly dominated by six coordinated Fe(Il) compounds,®* in
which the transition is often induced by controlling the external temperature. The temperature
with equal populations of both spin-states is defined as the transition temperature (T12) and is
a key parameter for the physical characterization of SCO systems,*® but also a key value in
terms of making such systems operational, because in principle, one might like to preselect the
temperature at which the SCO transition occurs. This is, however, a quite challenging task from
the experimental point of view. Even though major progress has been done in the field,
understanding how to modulate the transition temperature using ligand design is a major deal

in the rational design of new SCO systems with tailored properties. Because of this intrinsic

problem, the use of computational tools has helped in gaining insight into how to modulate the



transition temperature in SCO systems, using a broad range of electronic structure methods at
different levels of theory as well as machine learning protocols.?”~#*
Most SCO systems are either neutral or positively charged, but very few of them have

been reported with a neat negative charge.*>%2

The lack of more anionic SCO systems is
somehow problematic because such systems are key components in the design of fluorescent
multifunctional materials and conducting switchable materials. Thus, the synthesis of new
anionic SCO systems with tailored properties an important target towards the rational design
of multifunctional materials that can operate at specific temperatures.'®%* For that reason, we
decided to study in detail the anionic SCO system [Fe(OEt-L;-pH)(NCS)3] (L1 = tris(pyridin-
2-yl)ethoxymethane),>* which allows for an important degree of chemical functionalization in
the molecular skeleton, aiming to study the impact of such changes in the spin-state energy
gap of the system, the corresponding transition temperatures, and the overall spin-crossover
behavior of such systems. In this paper, we investigate the effect that three different possible
sites in which chemical functionalization can be applied have over the T1. in the family of the
[Fe(Ri-Li-pH)(L2)3]" (R1 = O-R or CH2-R, with R = H, -Me, -Et, -nPr and nBu, R, = -NHa, -
OH, -OMe, -Meg, -F, -H, -Cl, -Br, -CF3 and -NO», and L, = NCO", NCS-, NCSe™ and NCBH3")
anionic SCO systems. First, we will present the results from our computational studies, which

will be later discussed in terms of the electronic structure for the analyzed systems. Finally,

conclusions and outlook will be reported.

2. Computational Details

All density functional calculations (DFT) have been carried out with Gaussian 16 (revision
B0.1)% electronic structure package with a 107® convergence criterion for the density matrix
elements, using the latest triple-C basis set with polarization functions for all elements (def2-

TZVP).% For all systems, the exchange correlation functional TPSSh has been used, which has



been recently reported as the most accurate one towards transition metal ions d*-d’ in terms of
the spin-state energy gaps.®® However, the calculation of spin-state energy gaps using Density
Functional methods is a quite challenging problem.”-7% Therefore, a benchmark on the
[Fe(OEt-Li-pH)(NCS)3] system was done, showing that only the TPSSh and OPBE’!"? among
several exchange/correlation functionals provide with the correct spin-state energy gap (see
ESI). Finally, the TPSSh functional,” a hybrid version of the TPSS7 meta-GGA functional
with a 10% of exact exchange Hartree-Fock, was chosen due to its overall performance towards
SCO systems. The corresponding vibrational analysis was done for all optimized structures to
ensure that they were global minimums along the potential energy surface. The transition
temperatures (712) were estimated using the thermochemistry quantities obtained in the
vibrational analysis. To study the d-MOs energy gap in the low-spin systems (S=0), n-electron
valence perturbation theory (NEVPT2)” calculations were performed using the Orca 4.0
computer code.’® In these calculations, we employed the def2TZVPP basis set, including the
corresponding auxiliary basis set for the correlation and Coulomb fitting. The active space
contains the 5 d-orbitals of the metal and 4 electrons, and the ab initio ligand-field theory

(AILFT) approach was employed to extract the related orbitals.”’

3. Results

As indicated above, few anionic spin-crossover systems have been reported in the literature.*>
02 Among them, the Fe(Il) compound [Fe(OEt-Li-pH)(NCS);]" (L1 = tris(pyridin-2-
yl)ethoxymethane) offers us the possibility of studying how different chemical modifications
on the ligand can be harvested to modify the physical properties of the compound allowing for,
in principle, a fine degree of tuning on the T1,.>* In Figure 1, we show the molecular structure
of the parent compound, and a schematic depiction of the system with the three sites in which

chemical modifications can be applied in order to alter the ligand field around the metal center,



and thus its SCO properties. Such sites are the R; group (ethoxy in the original system), the R»
group, which is the para position of the pyridine groups (a H atom in the parent molecule), and
finally the L, ligand, which is a NCS™ group in the original molecule. Therefore, one can
systematically study the effect of modifying such sites over the spin-state energy gap in the
system. Overall, the system of study can be labelled with the generic formula [Fe(Ri-Li-
pR2)(L2)3]", which denotes the three positions in which we will apply chemical modifications

to the molecule.

Figure 1: Left, the [Fe(OEt-Li-pH)(NCS)3] (OEt-Li-pH = tris(pyridin-2-yl)ethoxymethane)
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molecule.”>* Right, a schematic draw of the system of study indicating the different

functionalization sites.

First, we studied the effect of replacing the thiocyanate (NCS-) ligand by similar
ligands, such as the selenocyanate and cyanoborohydride ligands (NCSe” and NCBH3°), which
are stronger ligand field substituents than the original NCS-, but we also tested the isocyanide
ligand (NCO"), a weaker one, to get a broader picture of the effect that L, has over the SCO

properties of the [Fe(OEt-Li-pH)(L2)3] system. Results are summarized in Table 1.



[Fe(OEt-Li-pH)(L2)3] AE AH AS T2
L, =NCS 6.94 5.59 24.67 226 (17012
L> = NCSe 8.32 6.92 24.63 281
L = NCBH 12.28 10.78 2445 | 441 (3131)
L, =NCO 1.73 0.49 20.70 24

Table 1: Computed AE, AH, AS and Ti. for the [Fe(OEt-Li-pH)(L2)s3] systems. Electronic
Energies and Enthalpies in kcal-mol™!. Entropies in cal-K!'mol! and all temperatures in K.
Experimental values (when available) in parenthesis. [a] Average value of reported Ti/ (see

ESI).

From the above, one can see that the experimentally reported trends for the [Fe(OEt-Li-
pH)(NCS)3]" and [Fe(OEt-Li-pH)(NCBH3)3] are properly reproduced (see ESI),>? with a
similar shift in the computed Ti2 as has been observed for previous calculations in SCO

systems using the TPSSh functional.3”-¢6

Next, we modified the R; group while keeping R» = H and Lo = NCS". Two sets of
substituents have been studied. First, alkane groups, starting from the smallest one (R; = H)
and up to the n-butyl group. Secondly, alkoxide groups, starting from R; = OH and up to the

n-butoxy group. Results are summarized in Table 2.

[Fe(Ri-Li-pH)(NCS)3] AE AH AS T
Ri=H 8.32 7.02 23.82 295
Ri =Me 10.48 9.15 23.50 389 (290)




R; =Et 6.97 5.63 24.66 228 (338)
Ri=nPr 9.22 7.83 22.01 356 (298)
R; =nBu 9.34 7.97 23.84 334 (315)
R; =OH 9.03 7.70 23.32 330 (132)
R; =0OMe 7.92 6.59 26.47 249 (245)
R; = OEt 6.94 5.59 24.67 226 (17011
R; = OnPr 9.42 8.00 23.15 346

R; = OnBu 7.12 5.75 24.39 236

Table 2: Computed AE, AH, AS and T, for the [Fe(Ri-Li-pH)(NCS)3] systems. Electronic
Energies and Enthalpies in kcal-mol™!. Entropies in cal-K!'mol! and all temperatures in K.
Experimental values in parenthesis. Experimental values (when available) in parenthesis. [a]

Average value of reported T1/2.

At this point, we did some control calculations to evaluate if the inclusion of the
counterions was required. From table S2 in the ESI, it is possible to find a family of systems
that have been characterized with three different counterions. The [Fe(Me-Li-pH)(NCS)3]
system has been studied using [NMes]", [NBus]" and [PPh4]" as counterions. The experimental
T for such systems (313, 330 and 290 K respectively) seems to indicate that the impact of the
counterion is minor, but we computed the corresponding [Fe(Me-Li-pH)(NCS)3][C] systems
(C =[NMes]*, [NBu4]* or [PPhs4]") to evaluate the impact of adding the counterion in the
calculations. Once the spin-state energy gap was corrected for the basis set superposition error,
the computed values are quite similar across the whole series, and slightly higher than the
computed value for the anionic species (see S7 in ESI), indicating that the effect of the

counterion is minimal. To further evaluate if the counterions were affecting the predicted



trends, we also computed the whole series for the [Fe(Me-Li-pH)(L2)3][NMes] (L = NCOr,
NCS-, NCSe™ and NCBHj3"), and compared the trend with the one computed for the anionic
families of [Fe(Me-Li-pH)(L2)3]" and [Fe(OEt-Li-pH)(L2)3]" systems (see S7 on the ESI).
These results show that the critical difference between both systems arises from replacing a Me
group by and OEt group in the R; position of the ligand, which has a much larger effect than
doing the calculations with counterions. In fact, the experimentally reported shift for the Ti
between [Fe(Me-Li-pH)(NCS)3][NMes] (T12 = 135 K) and [Fe(Me-L;-pH)(NCS)3][NMe4]
(T12=313K) is 178 K, a quite close value as the one computed for the [Fe(Me-Li-pH)(L2)3]
and [Fe(OEt-Li-pH)(L2)3]" anionic systems (163 K), thus reinforcing the idea that the
calculations grasp the nature of the changes in the ligand field strength around the Fe(II) metal

center. More importantly, in all cases the computed with or without cations is the same.

Finally, we studied the effect that the para-substitution of the pyridine groups has over
the SCO properties in the [Fe(OEt-Li-pR2)(L2)3] systems. Here, we have been able to play with
two chemical functionalizations at the same time. For each L, ligand, we studied several
p-groups (R2 =-NH>, -OH, -OMe, -Me, -F, -H, -Cl, -Br, -CF3 and -NO), covering from electron
withdrawing groups (EWG) to electron donating groups (EDG). Results are summarized in

Table 3, and the whole set of thermochemical data can be found in the ESI.



[Fe(OEt-Li-pR2)(NCX)s] NCS- NCSe NCBHj5
AE T AE T AE T

R, =NH; 2.26 21 5.02 180 9.95 343
R, =OH 5.19 143 6.72 211 10.37 367
R2 = OMe 5.30 167 6.85 221 10.67 381
R =Me 6.51 200 7.92 251 11.87 515
R,=F 5.37 157 6.79 213 10.97 378
R.=H 6.94 226 8.32 281 12.28 441
R, =Cl 6.41 197 7.76 247 11.96 405
R, =Br 6.51 201 7.86 250 12.09 411
Rz = CF; 7.61 251 8.89 294 13.26 458
R2 =NO> 6.37 229 8.50 309 14.53 504

Table 3: Computed AE and Ti.: for the [Fe(OEt-Li-pR2)(L2)3]" systems (L, = NCS-, NCSe,

and NCBH3", and R> = -NH», -OH, -OMeg, -Meg, -F, -H, -Cl, -Br, -CF3 and -NO- ). Electronic

Energies and Enthalpies in kcal-mol™. Entropy in cal-K-!-mol™!. All Temperatures in K.

4. Discussion

As can be seen from above, significant changes in the SCO properties can be observed

upon the chemical modifications applied to the [Fe(Ri-Li-pR2)(L2)3] system. In the following

section, we will discuss the origin of such changes and its trends, and the effect that such

changes have over the ligand field splitting of the metal center.

To begin with, the length of the R; (R1 = O-R or CH»>-R, R = -H, -Me, -Et, -nPr and -

nBu) [Fe(Ri-Li-pH)(NCS)3] system could be envisioned as a potential first place for tuning of

the SCO properties in such molecules. However, asides from the fact that O-donor and C-donor




substituents have a different effect on the Ti, being the C-donor the ones that lead to higher
T1.2, the value of the transition temperature seems to be, at least from the electronic point of
view, mostly independent of the length of the R chain. This can be observed in Figure 2, in
which can be seen that the dependence of Ti, with the number of C atoms in the side chain
becomes independent from each other. The O-donor groups tend to a stable value of 235 K,
while the C-donor groups lead to a larger Tin value of 356 K. So, even though different
behaviors are observed between C-donor and O-donor, no dependence with the length of the -
R group for the R; substituent can be outlined. These results are consistent with experimental
studies on how the side chain in alkane/alkanoic side chains affect T1.”8 We must stress at this
point that although no significant electronic effects are observed, the length of this side chain
(particularly for long chains) can play an important role in the crystal packing, thus modulating
the overall shape of the spin-transition, but from the electronic point of view, the length of the

side chain seems to have a minimal impact on the SCO properties of the [Fe(Ri-Li-pR2)(L2)3]

systems.
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Figure 2: Computed T/, for the [Fe(Ri-Li-pH)(NCS)3] systems against the number of carbon
atoms in the side chain of the Ry group. Black, R; = O-R, and blue, R; = CH>-R, while R = -H,

-Me, -Et, -nPr and -nBu).
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On the other hand, it is clear that changing L, in the [Fe(OEt-L;-pH)(L2)3] systems will
have a major impact in the ligand field splitting of the Fe!! metal center. The increasing ligand
strength, NCO" < NCS- < NCSe" < NCBHj3", appears clearly reflected in the progressive shift
in the computed T2, as has been observed experimentally for some of these systems.> A nice
correlation between the ligand f factor,”” which measures the ligand strength, and the computed
T12 can be outlined, as seen in Figure 3. The magnitude of the d-MOs splitting can be properly
quantified by using the Ab Initio Ligand Field Theory (AILFT) method to analyze the output
from NEVPT?2 calculations on the optimized geometries for all [Fe(OEt-Li-pH)(L2)3] low-spin
systems. The computed A against the ligand f factor also reflects the increasing gap among the
d-based MOs (see ESI), from 17200 to 18200 cm™! between the weakest (NCO") and the
strongest (NCBH3") ligand. As it has been reported for similar systems, the increasing gap is
due to the loss of partial antibonding character among the tz, orbitals. These set of orbitals,
which is non-bonding for the perfect octahedron with six o-donor ligands, gains antibonding
character due to the presence of n-type orbitals from the NCX" ligands that can interact in m-
antibonding fashion with the dxz, dy- and dxy orbitals. However, as the L, ligand becomes
stronger, these m-type orbitals move down in energy, thus effectively decreasing the interaction
the d-MOs, that regain non-bonding character, and thus lead to larger A values. In Figure 4, we
plotted the HOMO for the [Fe(OEt-Li-pH)(L2)3]" systems (L. = NCO-, NCS-, NCSe™ and

NCBH3) to illustrate such effect.

11



500 19000

NCBH,
400 | 18500 -
500 18000
4 1 N \n
< NC%SG 5 17500 -
= 200 - 3
17000 -
100 | 16500
0 NCO ‘ 16000
080 100 120 1.0 080 100 120  1.40
FINCX) FINCX)

Figure 3: Correlation between the ligand f factor and the computed T2 (left), and the

computed A (right).

NCO™ NCS” NCSe” NCBH;"

Figure 4: Isosurfaces for the HOMO d-based MOs on the [Fe(OEt-Li-pH)(L2)s3] systems (L»

=NCO", NCS-, NCSe and NCBH3") (0.03 au 3 isovalue contour).

Another way of tuning the T1., in a more subtle way, is by using electron donor (EDG)
or electron withdrawing (EWG) groups as substituents in the para position of the pyridine ring.
This effect has been already reported in other SCO systems, and shows T, shifts towards
higher values as the EDG character of the para-substituent increases. We decided to study
how such substitutions impacts the SCO properties, and functionalized the pyridine group of
the OEt-Li-pR> ligand (R2 = -NH>, -OH, -OMe, -Me, -F, -H, -Cl, -Br, -CF3 and -NO3) in the
[Fe(OEt-Li-pR2)(NCS)3] system. As expected, EWG lead to smaller values of the Tis, and

this parameter can be tuned up by replacing the R> group with a more EDG substituent. In fact,
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a correlation with the Hammett o+ parameter®® (or the o, constant, see ESI) can be outlined
(Figure 5), in agreement with this behavior, as has been previously observed for other SCO
systems.®!87 This trend thus allows for a fine tuning degree of the Ty, for the [Fe(OEt-L;-
PR2)(NCS)3] system, and we decided to explore if a similar behavior would occur for the other
[Fe(OEt-Li-pRo)(L2)s3] systems. Our results show that, actually, a very similar degree of fine
tuning is observed regardless the L ligand (L. = NCS-, NCSe", and NCBH3"), meaning that one
can select a specific range of temperatures by using L2, and later on select a much finer degree
of tuning of T1,2 via the Rz substituent of the pyridine ligands. A similar trend is also observed
for the NCOr, but the weaker nature of this ligand makes that in the majority of cases, the
system becomes a high-spin system, and only the most EDG have an impact in increasing T2

(see ESI).
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Figure 5: Computed Ti» vs. the o,+ Hammett parameter for the [Fe(OEt-Li-pR2)(L2)s3]

systems. L, are in black (NCS), blue (NCSe) and red (NCBHsz’), and

R> =-NHa, -OH, -OMeg, -Mg, -F, -H, -Cl, -Br, -CF3 and -NOx.
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5. Conclusions

In this work, the TPSSh functional has been used to analyze the SCO properties of the
[Fe(OEt-Li-pH)(NCS)3] system, one of the few anionic SCO molecules reported in the
literature. In order to expand this family of compounds and design systems with specific
physical properties, we used our computational methodology to study the effect that different
functionalizations will have over the spin-state energy gap for different members of the [Fe(R1-
Li-pR2)(L2)3] family, in which several chemical modifications over the basic molecular
structure have been studied. Functionalization of the R; does lead to some differences, but the
length of the aliphatic chain seems to play a minor role on the modulation of the Ti. In any
case, the role of this side chain cannot be overlooked in terms of modifying the SCO properties
through crystal packing effects. On the other hand, by changing the L. ligands one can access
a broad range of transition temperatures, that can later be fine-tuned using the R, groups of the
pyridine ligand. Our results show that a two-knob model can be outlined, in which one can
select a higher or lower T12 value by using different L, ligands, and achieve a much precise
value on such quantity through the pyridine functionalization in the para position. All trends
can be understood in terms of the electronic structure of the studied systems, and several
correlations have been outlined that predict the changes that T1, will experience upon ligand
modification. We believe that our results will be of great help in the future design of new

anionic SCO systems that will operate at specific transition temperatures.
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