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Abstract
In this work, we present a computational study using density functional theory (DFT)
on how the single functionalization of the cyclopentadienyl ligand in
[(Cp'™).Mn] systems can be used to tune the spin-crossover properties in such sys-
tems. Using the OLYP functional, accurate values for the transition temperature (71)
can be obtained, and our DFT methodology can be used to explore the effect that dif-
ferent substituents have on tuning such quantity. In particular, we show that the elec-
tronic structure of the [(Cp'®).Mn] can be tuned via the R group, allowing for a fine-
tuning degree of the 7, that expands between 0 and 400 K. Our results allow for a ra-

tional design of new manganocene based systems with tailored SCO properties.
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tional theory, electronic structure
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1. Introduction

Spin-crossover (SCO) systems are molecules or materials that can switch between
two alternative spin-states, thus exhibiting switching behaviour." The transition from
the low- to the high-spin state can be triggered using an external stimulus, commonly
temperature, and with the spin-state change there are profound changes in the physical
properties of the system. This duality is very appealing from the technological point
of view, because one can envision harvesting such materials for molecular level de-
vices or spintronic applications.”® The SCO phenomenon, firstly reported nearly a
century ago,’ has grown at the interface between physics and chemistry, and the num-
ber of compounds exhibiting SCO behaviour has vastly increased over the last years.
Despite the large development of the field, the vast majority of systems exhibiting

19714 and there is an increasing interest

SCO behaviour contain an Fe" (d°) metal center,
on expanding the set of compounds with other metals and oxidation states exhibiting
this behaviour." Similarly, while coordination chemistry has proven to be key in the
design of ligands that generate the right splitting among the d-based molecular or-
bitals for the molecule to exhibit SCO, organometallic molecules usually have a larger
ligand-field splitting that leads to low-spin states, and very few examples have been
reported.'®'” Among the few organometallic SCO systems reported, the manganocene
family ([Mn(Cp®).]) has provided several examples of functionalized molecules ex-
hibiting such behaviour."”?* More relevant is the fact that the transition temperature
(T1,), defined as the temperature with equal populations of both spin-states and a key
physical property in SCO systems, can be modulated in such families via the R group.
The interplay between steric and electronic effects in tuning 77, for the alkyl substi-

tuted manganocenes of general formula [Mn(Cp"®),] (n = 1 to 5 and R = Me, ‘Pr or

‘Bu) has been analyzed by means of computational studies.?' That work showed that



the ligand field around the Mn" ion can be increased by adding more electron-donor
groups, such as methyl, but that bulky substituents, such as iso-propyl or fert-butyl,
can have the opposite effect due to the steric hindrance that they introduce in the mol-
ecule, which pushes the Cp rings away from the metal center. However, the effect of
the functionalization of the cyclopentadienyl ligand with other groups than methyl in
order to control the SCO properties of the [Mn(Cp'*),] family has not been explored.
In this work, we used electronic structure calculations at the density functional theory
(DFT) level to evaluate the effect that different R groups have over the transition tem-
perature (7). By changing the R group we will show that a fine degree of tuning
over T, can be achieved, allowing for the modulation of such value in a wide range
of temperatures. The presented results open the door to in silico design of new metal-
locenes with selected SCO properties, thus providing experimental chemists a power-
ful tool for the rational design of new molecules with specific transition temperatures.

Computational Details:

All density functional calculations (DFT) have been carried out with Gaussian 09 (re-
vision D)* except those with the SCAN functional, which have been performed using
the Q-Chem 5.0 electronic structure suite.” All calculations have been converged to
107® for the density matrix elements, and the corresponding vibrational analysis was
done to ensure that they were minima along the potential energy surface. The fully
optimized basis set from Ahlrichs and co-workers,?* including polarization functions,
was employed for all atoms. In particular, five different basis set schemes were tested
during the benchmarking process: TZV for all elements (BS1), TZVP for manganese
and TZV for the rest (BS2), TZVP for all elements (BS3), QZVP for manganese and
TZVP for the rest (BS4) and QZVP for all elements (BS5) (see results section and

Supporting Information). To compute the transition temperatures, several post pro-



cessing scripts were used (see Supporting Information). The n-electron valence per-
turbation theory (NEVPT2)® calculations were performed with the Orca 4.0 code.?® In
these calculations, we employed the def2TZVPP basis set, including the correspond-
ing auxiliary basis set for the correlation and Coulomb fitting. The active space con-
tains 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.”’

2. Results

Previous work on the computational modeling of Ty, in [Mn(Cp®).] (R = Me, ‘Pr or
‘Bu) showed that DFT methods (OPBE in particular) were able to correctly model the
SCO behaviour in such systems.?' However, we decide to pursue a systematic bench-
mark of different DFT methods aiming to be as quantitative as possible towards the
calculation of the transition temperature. With that goal, we choose as a benchmark
model the [Mn(Cp'™¢),] system for its simplicity, which allows the testing of multiple
functionals and basis set schemes, and also because there is structural information in
gas phase (d(Mn-C) = 2.433 A and 2.144 A for high- and low-spin respectively),? as
well as a proper characterization of its 71, (303 K),"” data that will allow us to prop-
erly calibrate the computational method of choice.

Several DFT methods were tested for the [Mn(Cp'™°),] system, including TPSSh,**°
OPBE,*** OLYP,*** M06L,* B3LYP,*> B3LYP**® and SCAN.?” A full optimization
in both high- and low-spin state using BS3 was done, followed by the corresponding
vibrational analysis to ensure its minimum nature. The corresponding spin-state en-
ergy differences as well as relevant geometric parameters and the calculated 7,

(where meaningful) are given in table 1.
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Table 1: Spin-state energy gap for the [Mn(Cp ™°),] system using different DFT
methods, as well as the average Mn-C bond length. All distances are in A, energies in

kcal/mol and temperatures in K.

Method d(Mn-C) (5=5/2)  d(Mn-C) (S=112)  AEwsis) Tin
TPSSh 2.392 2.125 1121 527
OPBE 2.381 2.089 9.25 423
OLYP 2.417 2.127 468 193
B3LYP 2.421 2.163 497 -
B3LYP* 2.448 2.135 942 -
MO6L 2.373 2.097 -1.67 -
SCAN 2.383 2.117 5.05 755

As can be seen from table 1, TPSSh, OBPE, OLYP and SCAN all correctly predict
the low-spin state as the ground state. Particularly, OLYP provides with accurate
Mn-C bond lengths compared with the experimental values as well as an appropriate
energy gap for SCO to occur. Among the most promising methods, a systematic ex-
ploration of the basis set effect was carried out. A total of five different basis set
schemes were tested (BS1 to BSS5, see computational details). The results are summa-
rized in Table 2.

As can be seen from table 2, several combinations achieve a remarkable precision
when computing the experimental transition temperature (77, = 303 K), as has been
previously reported.”'”* An optimal balance between computational cost and accuracy
can be achieved using OLYP/BS4. The same is observed by analyzing the metal-lig-
and bond lengths (see Supporting Information), as Mn-C bond lengths are in excellent

agreement with the experimental data (d(Mn-C) = 2.409 and 2.121 A for high and



low-spin, respectively). Slightly better results are obtained with OLYP/BSS5, but the
computational cost increases by a factor of 10. Thus, for the rest of this work we will

use OLYP/BS4 as a method.

Table 2: Computed spin-state energy differences (AE) and transition temperatures
(T1) for the [Mn(Cp'™°),] system using different DFT methods. All energies are in

kcal/mol and all temperatures in K.

TPSSh OPBE OLYP SCAN B3LYP*

AE T» AE T AE T AE T» AE T»
BS1 7.83 269 166 215 6.00 21 2.08 157 —12.89 -
BS2 831 380 153 255 5.65 41 1.60 144 —-12.81 -
BS3 11.21 527 4.68 423 9.25 193 5.05 451 942 -
BS4 13.06 601 6.05 482 11.18 274 724 623 539 219

BS5 14.10 634 729 537 12.64 320 838 755 6.14 385

Previously, we showed that in the [Mn(Cp™™¢),] family (n = 0 to 5), it is possible to
tune the ligand field via ring functionalization.” Adding more methyl groups to the
cyclopentadienyl ring increases the gap between the non-bonding and antibonding or-
bitals, switching from spin-crossover systems, such as [Mn(Cp),] or [Mn(Cp'™¢),], to
low-spin systems, like [Mn(Cp*).], as experimentally observed. This effect in the
spin-state energy gap is purely electronic, because the geometrical data of the
[Mn(Cp™™°),] systems barely changes from the naked cyclopentadienyl to the pen-
tamethylcyclopentadienyl. Motivated by such results, we decided to explore the elec-
tronic effect of different substituents in the Cp ring on the spin-crossover behaviour in

[Mn(Cp'™),] systems. To explore such behaviour, we conducted a search in the Cam-



bridge Structural Database (CSD v5.41)* for monosubstituted [M(Cp'*),] systems
(M=Cr, Mn, Fe, Co or Ni), in order to check for different functionalizations in the Cp
ring experimentally reported (see ESI). For each one of this functionalized Cp rings,

we built the corresponding [Mn(Cp'*),] molecule, and computed the corresponding

AE and T. The results are summarized in Table 3.

Table 3: Computed AE and T, for [Mn(Cp'™),] systems studied in this work. For each
R group, we included the corresponding set of Hammett parameters. d corresponds to
the average Mn-cyclopentadiene ring centroid-distance in both spin states. All ener-

gies are in kcal/mol, distances in A and temperatures in K.

Substituent (R) Cineta Opara AE T dis dus

NH» —0.16  —0.66 9.91 452 1.740 2.103
Me -0.07  —0.17 6.05 274 1.739 2.102
(NH)(CO)OMe -0.02  —0.17 6.30 292 1.733 2.108
SiMe; -0.04  —0.07 3.10 143 1.730 2.083
B(OH), —0.01 0.12 3.08 133 1.724 2.078
C(H)(Me)(OH) 0.08 —0.07 4.90 274 1.739 2.086
CCPh 0.14 0.16 1.11 38 1.738 2.086
I 0.18 0.18 6.10 281 1.728 2.094
(CH)NOH 0.22 0.10 0.90 26 1.733 2.086
SPh 0.23 0.07 4.77 195 1.733 2.089
NCO 0.27 0.19 4.13 200 1.734 2.103
F 0.34 0.06 6.71 336 1.729 2.094
N; 0.37 0.08 4.38 194 1.734 2.102
Cl 0.37 0.23 4.55 226 1.731 2.100




Substituent (R) Onmeta Opara AE T 1/2 dLs st

(CO)Me 0.38 0.50 1.60 62 1.724 2.081
Br 0.39 0.23 4.81 202 1.733 2.099
PCL, 0.54 0.61 4.57 182 1.736 2.091
CN 0.56 0.66 0.98 33 1.739 2.092
NO; 0.71 0.78 1.22 31 1.739 2.089
SOCl, 1.20 1.11 4.16 194 1.736 2.090

As can be seen from Table 3, in the low-spin state, the average value for d(Mn-Cp) re-
mains almost unaltered, with an average value of (1.740 + 0.002) A (95% confi-

dence). The same trend is observed for the high-spin state as well ((2.090 + 0.004) A,
95% confidence). However, although the geometry remains almost identical, large
changes in the spin-state energy gap as well as the 7}, are observed. These changes
can therefore only be attributed to the changes in the electronic structure of the
[Mn(Cp'™),] system introduced by the R group.

In Figure 1, we plotted the computed T, against the o, Hammett parameter® for all
the [Mn(Cp'™),] systems in Table 3. As can be seen in the figure, a trend with the
electron donating (or electron withdrawing) character of the R group can be observed.
In general, a decrease in the 7', is observed with increasingly withdrawing character
of the R group. Although this trend in the computed 7', spans on a 500 K range, the
geometries of the computed systems remains almost identical, as can be observed us-
ing the average Mn-Cp centroid-distance. For all systems in Table 3, this parameter
has average values of 1.734 A and 2.092 A for the low- and high-spin states, respec-

tively (standard deviations of 0.0047 and 0.0082, see Supporting Information). This



clearly shows the electronic nature of the tuning effect that the R group has on the

SCO properties of the [Mn(Cp*),] family.
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Figure 1: Computed AE and Ty, for the studied [Mn(Cp'™),] systems against the o,
Hammett parameter (R* = 0.35 and 0.38). All energies are in kcal/mol and tempera-

tures in K.

This data shows that there is a way to tune the spin-state gap in [Mn(Cp~®),] systems
via ligand functionalization, and that it is possible to adjust such gap to tune the 7',
up or down. Motivated by such results, we decide to explore the possibility of design-
ing new SCO systems among the other metallocenes which can, in principle, exhibit
such behaviour. First, we computed the spin-state energy gap for the [M(Cp'™),]
family (M = Cr", Mn", Fe" and Co"). The computed energy gaps are in all cases larger
than for the [Mn(Cp'™),] case (see Supporting Information), but the [Cr(Cp'™),] is
close enough so one can envision a tuning of the ligand field to achieve SCO. There-
fore, we replaced the methyl group by electron withdrawing groups (R=NO, and CN)
to see if we can tune down the spin-state energy gap to a range where SCO can occur.

Results for such calculations are summarized in Table 4.



Table 4: Computed energy spin-state differences for [Cr(Cp'™),] (R=Me, NO, and

CN), together with the corresponding AH, AS and calculated 7' ,.

Substituent (R)  AE/kcal mol'  AH/kcal mol”!  AS/cal K''mol™ T»/K

R=Me 9.85 9.50 11.61 818
R =NO; 6.49 6.21 7.02 885
R=CN 7.72 7.46 7.50 994

Although these substituents have a similar effect on the [Cr(Cp'™®),] as the one ob-
served in [Mn(Cp'™®),], i. e. they reduce the spin-state energy gap, the corresponding
T,» does not experience a significant decrease. To understand that behaviour, we must
analyze the corresponding entropy change in both families. While for the
[Mn(Cp'™),] AS = 19.87 cal K'mol™, for the chromium analog [Cr(Cp'™*),] this
value is only AS = 11.61 cal K'mol™". This reduction of the entropy change is largely

due to the electronic contribution to the entropy change, AS.i.c, that can be calculated

2-Systl
as AS . =R ————
e 2:55+1

. For Mn'", there is a large change in the total spin between
high-spin and low-spin states (Sus = 5/2, Sis = 1/2), but for Cr", the situation is much
softer. Actually, the computed ASq.. for Mn" and Cr" are, respectively, 5.96 and

3.31 cal K''mol ™. Because T, = AH/AS, for the chromium systems, the reduction of
the spin-state energy gap is largely compensated by the decrease in the entropy
change due to the Cr" electron configuration. Nevertheless, if we can reduce the AH
even more for a [Cr(Cp'™),] system, it should, potentially, exhibit SCO behaviour.
Following this idea, we introduced a second NO; substituent, and computed the spin-

state  energy gap for the [Cr(Cp'*™%),] molecule. For that molecule,

10



AH=3.62 kcal mol™ and AS = 10.0 cal K'mol™, thus making its 71, = 362 K, a value

that makes it a potential candidate for exhibiting SCO behaviour.

3. Discussion

Our working hypothesis is that, in principle, one can tune the ligand field around the
metal center by making the ring more negatively charged, as is experimentally ob-
served when moving from [Mn(Cp'™),], an SCO molecule, to the fully methylated
system [Mn(Cp*),], a low-spin system.?! Following this idea, different substituents
with more or less electron withdrawing effects have been tested in the [Mn(Cp'™),]

system. Although a trend is observed, the results are far from showing a clear correla-

tion between the computed 77, and the Hammett parameter o,. However, a look at
figure 1 allows us to identify several outliers that greatly deviate from the trend.
These are R=SO,Cl, CCPh, SiMe;, (CH)NOH, B(OH), and PCl,. Without such points,
the correlation becomes much more clear, as can be seen in Figure 2.

We can thus see that the use of the Hammett parameters to describe the electron-do-
nating character of the substituents and its effect on tuning 7, holds to a great extent,
but some points are clearly out of the trend. To understand the origin of such devia-
tions, we collected more data on the low-spin state systems. In particular, NEVPT2
calculations analyzed using the ab initio ligand field theory (AILFT) framework were
used to get the energies of the five d-based molecular orbitals, and a Hirshfeld charge
analysis was done to calculate the total charge of the Cp'™® rings for each R. Numeri-

cal data can be found in the SI.
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Figure 2: Computed 7', for the [Mn(Cp'™),] studied systems against the o, Hammett
parameter (R* = 0.86). Marked in red are the outliers from the trend. All temperatures

are in K.

Let’s first analyze the Cp'® ring charge. A correlation can be found between the o,
Hammett parameter and the total charge of the ring (R* = 0.74, see SI). However, a
close inspection of the numerical data shows that SiMes; produces an unusually posi-
tive charge on the ligand, falling off the expected trend. In fact, removing that point
greatly increases the correlation between charge and o, (R* = 0.85). This result shows
that the Hammett parameter is mostly reflecting the total charge of the ring and its ef-
fect on the splitting of the d-based molecular orbitals, but may be missing other or-
bital effects that can be at play. In fact, the numerical data for the outliers shows that
they tend to have smaller ligand-field splitting energy gaps than expected. To further
analyze the orbital effect, we compared the frontier molecular orbitals of a pure o-

donor ligand (R=CHj3) with the ones from R = SO,Cl, CCPh, (CH)NOH, B(OH), and

PCL. The possibility of extending the n-system of the ligand over the R group reduces

12



the antibonding character of the d,, (or d,.) orbitals, thus lowering its energy and pro-

ducing HOMO-LUMO gaps smaller than expected.

4. Conclusions

In this work, we presented a robust computational methodology to study the spin-
crossover behaviour of manganocenes of general formula [Mn(Cp'*¥),]. The combina-
tion of the OLYP exchange correlation functional with a triple-£ basis set with polar-
ization functions on all atoms provides a computed 77, in excellent agreement with
the available experimental data for the [Mn(Cp'™*),] system. Also, geometrical pa-
rameters are properly reproduced. Single functionalization of the cyclopentadienyl
ring allows for a fine-tuning of the SCO properties in this family. A general trend is
observed with the electron-donating character of the R group. In general, the more
electron-donating the R group is, the higher the T',. The electronic modulating effect
of the R group is validated by the almost non-existing changes in the geometries of
the studied systems, all of them having a very similar Mn-Cp distance in both spin-
states. The use of R groups to increase or decrease the transition temperature opens
the door for the use of other metals aside from manganese, which so far is the only
one able to exhibit SCO in metallocenes. In particular, we showed that chromocene
has a spin-state energy gap that can, in principle, be tuned using electron-withdrawing
R groups such as CN or NO,. Although single functionalization of the Cp ring with
such substituents does indeed reduce the spin-state energy gap, it is not enough to
achieve a reasonable 7', due to the much lower electronic entropic contribution from
Cr" compared to the one provided by Mn". However, this can be bypassed by intro-
ducing a second NO, group to the ring. Thus, our calculations not only allow for a ra-

tional understanding on how to tune the SCO properties of the [Mn(Cp'™®),] family,

13



but also open the door for the computational design of new metallocenes with tailored

spin-crossover properties that expand the current library of such compounds.
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