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ABSTRACT: Transition metal mechanophores exhibiting force-activated spin-crossover are
attractive design targets, yet large-scale discovery of them have not been pursued due in large part
to the time-consuming nature of trial-and-error experiments. Instead, we leverage density
functional theory (DFT) and external force explicitly included (EFEI) modeling to study a set of
394 feasible Fe?" and Co** mechanophore candidates with tridentate ligands that we curate from
the Cambridge Structural Database. Among nitrogen-coordinating low-spin complexes, we
observe the prevalence of moderate-force spin-crossover, and we identify 155 Fe?* and Co?* spin-
crossover mechanophores and derive their threshold force for low-spin to high-spin transition
(Fsco). The calculations reveal strong correlations of Fsco with spin-splitting energies and
coordination bond lengths, facilitating rapid prediction of Fsco using force-free DFT calculations.
Then, among all Fe?" and Co?" spin-crossover mechanophores, we further identity 11
mechanophores that combine labile spin-crossover and good mechanical robustness that are thus
predicted to be the most versatile for force-probing applications. We discover two classes of mer-
symmetric complexes comprising specific heteroaromatic rings within extended m-conjugation
that give rise to Fe?" mechanophores with these characteristics. We expect the set of spin-crossover
mechanophores, the design principles, and the computational approach to be useful in guiding the
high-throughput discovery of transition metal mechanophores with diverse functionalities and
broad applications, including mechanically activated catalysis.
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1. Introduction

Mechanophores are force-responsive molecular units that possess mechanically labile
bonds!* or otherwise change their properties (e.g., optical, magnetic) under force. Upon applied
force, bonds most commonly undergo controlled dissociation, rearrangement or elongation, and

mechanophores consequently exhibit a wide range of responses including color change, i.e.,

0 11-14 15,16

mechanochromism,>’ luminescence,®!? small-molecule release, and turn-on catalysis.

Consequently, mechanophores have been extensively studied in recent years as building blocks of

responsive materials with broad applications in fundamental reactivity studies,!”"!° force probing,>

20-23

19 polymer strengthening, drug and prodrug delivery,!"122425 and upcycling of waste

polymers.!31426-27 Although more than 100 mechanophores have been synthesized and studied, the

4,28

majority of them are organic molecules. Organic mechanophore force-probes rely on

mechanochromism or turn-on emission responses, thus they are incompatible with most
engineering polymers, which are translucent or opaque.?’* Additionally, few organic
mechanophores with NIR emission thus compatible with in vivo biomedical sensing have been

developed.’!-32

Transition metal mechanophores have received growing attention as their

33-36

mechanochemical activity can be readily altered by changing metal cations or modifying

33,35,37 33,37,38

ligand chemistry, and they have been used as mechanochromic force probes,

1516 metal-release agents,”® and to strengthen polymer

mechanically activated catalysts,
networks.>*340 On the other hand, their potential application as spin-switchable force probes has
remained less explored. Some low-spin (LS) Fe** complexes*!-** and Co*" complexes* have been

identified to switch to high-spin (HS) under applied force as their coordination bonds are elongated

and weakened. Most of the complexes are homoleptic, (bis)tridentate with terpyridine*'*> or
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terpyridine derivative*>* ligands. These complexes exhibit mechanically activated turn-on
magnetism, and they can thus be used as versatile force probes compatible with engineering

46,47

polymers or biomedical implants. The conductance changes accompanying LS-to-HS spin-

crossover also make these complexes promising building blocks for molecular electronic

41-45 48-50

devices.*** Although a few complexes*!** and polymer-metal complex composites**->? exhibiting
mechanically promoted spin-crossover have been reported, due to the complexity of experiments,
no comprehensive mechanistic studies or large-scale screens have been conducted. Given the time-
consuming nature of experimental trial-and-error discovery of mechanophores, a computational

approach is one alternative strategy for the larger-scale discovery of spin-crossover transition

metal mechanophores.

Computational screening with density functional theory (DFT) has been leveraged to

51-53

identify open-shell transition metal complexes exhibiting thermal spin-crossover '~ and catalytic

activity.>*+>7

To model the mechanical responses of bonds and molecules, such screening efforts
must incorporate the effect of force in the simulation. One of the most straightforward techniques,
the constrained geometries simulate external force (CoGEF) method, approximates a critical force
by a series of successive constrained geometry optimizations.’® Although it has been used for
investigating various mechanophores and for computational screening of transition metal
mechanophores,’?¢! the magnitude of external force is not explicitly defined, limiting its
applicability to estimating the effect of force on spin state energetics. Alternatively, models
defining force explicitly by incorporating an external potential term into DFT have been
developed.®? Among them, ab initio steered molecular dynamics (AISMD) methods®? are versatile

but require extensive statistics.!®!%%+-¢ When an approximate minimum energy pathway is known,

path-based search methods in the presence of applied force are a high-accuracy alternative. The
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force-modified transition state may be obtained with either the force-modified potential energy
surface (FMPES) approach of Martinez and coworkers® or, equivalently, the external force
explicitly included (EFEI) method of Marx and coworkers®’. Both model the influence of external
force on the potential energy surface, enabling the identification of force effects on spin state
energetics and other molecular properties.®®’! Nevertheless, a concern is the accuracy of the
underlying electronic structure model used in the force-applied simulations. Higher-cost methods
such as double-hybrid DFT,”? CASPT2,”*"* CASPT2/CC,”>7 and emerging multi-configurational
DFT methods’”"® are expected to be more predictive than lower rungs of "Jacob's ladder" in DFT.
Nevertheless, DFT functional calibration’-#? based on careful benchmarking,3-%% has shown that
the accuracy of DFT in predicting LS—HS energy and structural differences of transition metal
complexes can be improved by tuning global hybrid functionals.’®%” A low-cost method is
essential when paired with the numerous force-applied simulations required in a high-throughput

screening scenario.

In this work, we carry out a large-scale screen of synthetically accessible Fe?* and Co?*
complexes from the Cambridge Structural Database (CSD)®® and curate a set of 394 complexes
that are suitable for polymer network incorporation. With DFT and EFEI calculations, we
demonstrate that force-activated spin-crossover is prevalent in LS Fe?* and Co** complexes, and
we identify 155 complexes as candidates for magnetic force probes and evaluate their spin-
crossover critical force (Fsco). To further accelerate computational screening, we develop methods
to predict Fsco of LS Fe?" and Co?* complexes that only rely on DFT, circumventing costly EFEI
calculations. Among all force-probe candidates, we find eleven Fe?* and Co*" complexes with
facile, reversible, and robust mechanochemical responses. We also discover two classes of

complexes with unique mechanical responses and broad potential applications: one with facile spin

4
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crossover and high force for dissociation, and another with rapid dissociation of two coordination

bonds to form square planar and potentially catalytically active complexes.

2. Methods

2a. Dataset curation

We began by examining mononuclear, homoleptic, tridentate complexes in the Cambridge
Structural Database (CSD)®¥, version 5.41 (November 2019) combined with the March and May
2020 updates, to find transition metal complexes (TMCs) that are synthetically accessible and
would be compatible with polymer network incorporation. We consider only homoleptic
complexes as mechanophore candidates because it would be challenging to consistently assemble
non-homoleptic transition metal complex crosslinkers in polymers. We focused on (bis)tridentate
complexes rather than (tris)bidentate complexes due to the greater simplicity of the dissociation
events for tridentate complexes. From this set, we curated an initial set of 2,769 mononuclear,
homoleptic, tridentate complexes comprising Mn, Fe, Co, Ni, Cu, Zn, and small numbers of other
metals (Figure 1 and Supporting Information Figure S1). To ensure that the corresponding
monomer would be relatively straightforward to synthesize and compatible with common
polymerization reactions, we excluded complexes with ligands that had non-zero charge, as
indicated by differences in the CSD-specified molecular charge and user-assigned metal oxidation
state. We further eliminated complexes with greater than 125 atoms to avoid the high
computational cost associated with modeling those complexes, yielding a set of 893 complexes of
moderate size with neutral ligands (Figure 1). From these, we selected only Fe?* and Co**
complexes, which are the most common metals in spin-crossover systems®-%2, This leads to a final

dataset of 328 complexes. In terms of metal composition, the dataset comprises of 222 Fe** and
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106 Co*" complexes. The candidates are predominantly mer-symmetric, with 259 mer-symmetric

and 69 fac-symmetric complexes.

H,
2769 CSD Homoleptic (Bis)Tridentate |
Complexes
+ &
— N\Fe___—-N
893 Complexes with Uncharged
Ligands and = 125 Atoms y
328 Fe** and Co?** Comp@ -

395 Fe** and Co ** Complexes
with Unique Functionalization

H,: Identical with H,

A H
2 H,: Feasible functionalization point
7 \ H,: Not aligned with C,,,, axis
S

Figure 1. (left) Workflow to repurpose CSD complexes as spin-crossover mechanophore
candidates. (right) Example of attachment point identification and functionalization of a mer-
symmetric complex. Colors for atoms are as follows: cyan for cobalt, gray for carbon, white for
hydrogen, and blue for nitrogen. The carbon and hydrogen in functionalized ethyl groups used to
mimic extended polymer strands are colored in light green and light gray for clarity.

As shown in previous studies, higher force loading is required to activate mechanically
labile bonds in a mechanophore if the force is propagated symmetrically along a mechanophore
structure.”>*° Therefore, to discourage ligand dissociation, we identified polymer attachment
points (i.e., for ethyl attachment to mimic polymer strands for applying force, see next) as
hydrogen atoms that are most distant from the metal center, as measured by the shortest path length
on a molecular graph. For mer-symmetric complexes, we further took inspiration from previous
experimental studies and selected hydrogen atoms that are in proximity to the Cay axis, as defined
by the central coordination atom of each ligand.*3*°¢ Consequently, we required that the shortest
path on molecular graph (or one of multiple shortest paths) connecting the attachment point and

the metal center must pass through the middle coordination atom (Figure 1).
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We successfully identified and functionalized with an ethyl group a single attachment point
on each ligand for 137 Fe?* and 67 Co*" complexes. For the remaining complexes, we found
multiple potential hydrogen atoms equidistant from the metal center on each ligand. To analyze
these potential attachment points systematically, we characterized the chemical environment of
each hydrogen atom by replacing it with a chlorine atom and calculated the graph determinant of
the resulting modified ligand. We consider two hydrogens on a ligand to be chemically equivalent
if substituting either hydrogen results in modified ligands that have the same graph determinant.
For 59 Fe?" and 29 Co** complexes, this analysis revealed that multiple structures were chemically
equivalent, and one structure was randomly selected from the duplicates (Figure 1). For 26 Fe?*
and 10 Co** complexes, multiple possible attachment points that are chemically non-equivalent
were identified on each ligand (Supporting Information Figure S2). For these complexes, we
matched hydrogen atoms with identical chemical environments on both ligands, modified them
into ethyl groups, and treated each resulting structure as a separate candidate for simulation. This
process yielded a set of 395 candidates, comprising 263 complexes Fe?* and 132 Co** complexes.

Among them, 295 complexes exhibited mer symmetry and 100 exhibited fac symmetry.

2b. Computational details

All electronic structure calculations were all performed using hybrid DFT in the gas phase
using Orca v 5.0.1.°7%% These calculations included gas-phase geometry optimizations and EFEI
simulations as well as DFT functional benchmarking. Throughout all calculations, the def2-TZVP
basis set was employed for transition metals and the def2-SVP basis set was used for all other
atoms.”® All calculations were carried out in the unrestricted formalism. The modified B3LYP
functional!?%-192 with the empirical D3 dispersion correction!® using Becke—Johnson damping!®*

was employed. The modified functionals were defined as the following:
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EB3LYP(mod) — o pHF 4 (1 — @)ELSPA +0.9 X (1 — a)AES®® +0.19 x EZSPA + 0.81 x ELYP

We benchmarked modB3LYP with a = 0.1, 0.15, and 0.2, ultimately selecting 0.15 for our
calculations (Supporting Information Figure S3). Geometry optimizations were carried out using
the BFGS!% algorithm in redundant internal coordinates implemented to the default tolerances of
3 x 10* hartree/bohr for the maximum gradient and 5 x 10 hartree for the change in energy

between steps.

Force-free geometry optimizations were first carried out for Fe** complexes in singlet,
triplet, and quintet states, and Co*" complexes were studied in doublet and quartet states. We
eliminated calculations in which the self-consistent field (SCF) failed to converge, and we also
considered calculations as having spin-deviation error if the calculated Mulliken spin on the metal
deviated from the expected metal spin by more than 1 a.u. Consequently, we discarded complexes
for which geometry optimizations at one or more spin states failed, and we identified the ground
spin state of the rest of the complexes (Supporting Information Table S1). For all Fe** complexes
with a low-spin singlet ground state, we found that the high-spin quintet state was lower in energy
than the intermediate-spin triplet state. As a result, we calculated the force-free spin-splitting
energy as the energy difference between the high-spin and low-spin state for all Fe?* and Co**

complexes with low-spin ground states.

The EFEI method was then used to determine the force-modified ground spin states for
low-spin Fe?" and Co** complexes. We developed a computational workflow that enabled us to
quantitatively estimate the critical force for spin-crossover (Fsco), i.e., the threshold force for low-
to-high spin transition of the complexes to within a 0.5 nN range (Supporting Information Figure

S4). Furthermore, we evaluated the critical force for bond dissociation (Fpe), i.e., the threshold
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force under which coordination bonds began to dissociate, for Fe** and Co** complexes whose
Fsco values were successfully determined. We considered a bond dissociated if the distance
between the metal and the coordinating atom exceeded 1.37 times the sum of their covalent radii,

and we used the molSimplify!%

package for analysis. We evaluated Fpe to within a 0.5 nN range
with EFEI calculations (Supporting Information Figure S5). During the Fsco evaluation workflow,
we found eight complexes remained LS under X nN, yet in their force-modified ground state under
X + 0.5 nN applied force one of more coordination bond has dissociated. We concluded that bond

dissociation is likely to occur before LS-to-HS transition among these complexes and consider

them unable to undergo force-activated spin-crossover.

3. Results and discussion

3a. Selecting low-spin Fe?* and Co?* complexes for EFEI modeling

We first identified the ground state of the TMCs curated from the CSD to identify structures
amenable to force-induced spin crossover (see Sec. 2). From the initial set of 395 TMCs, 201 Fe?*
and 100 Co*" complexes with attachment points were successfully optimized in all spin states,
allowing for the assignment of their ground states. Although it is possible to envision multiple
changes in spin state in response to force, we focused on the most likely spin transitions expected
to occur under mechanical force. In previous studies, force has been predominantly leveraged to

345107 and so we discarded complexes that have

switch low-spin complexes to high-spin,
intermediate-spin or high-spin ground states as indicated by DFT. This led to a final set of 139
Fe?* and 60 Co?" optimized, LS TMCs (Supporting Information Figure S6). In 136 out of 139 Fe?*

and 50 out of 60 Co?" TMCs that fit these criteria, all metal-coordinating atoms were nitrogen. As

all previously studied (bis)tridentate Fe?* and Co*" complexes exhibiting force-activated spin-
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crossover have nitrogen as the metal-coordinating atoms,*#°

we removed the 13 non-nitrogen-
coordinated complexes from our set. Nevertheless, these complexes can act as good starting points
for expanding the design space of spin-crossover mechanophores in future studies. The remaining
186 complexes were further analyzed by first-principles mechanochemistry calculations. Several
Mn?* complexes have also been reported as spin-crossover systems'%®. Utilizing the above
workflow, we further examined 31 Mn?" complexes in the collection of 893 complexes with
uncharged ligands and less than 125 atoms and generated a set of 37 uniquely functionalized
mechanophore candidates. Of this set of TMCs, most were successfully calculated in all possible
spin states (i.e., 24 of 37), but all of these exhibit an intermediate- or high-spin ground state

(Supporting Information Table S1). As a result, Mn?* complexes were not further analyzed in this

study.

3b. Modeling Force-Activated Spin-Crossover in Fe?" and Co** Mechanophores with First-

Principles Calculations

To identify Fe?* and Co** spin-crossover (SCO) mechanophores that can be activated with
a moderate (i.e., < 3.0 nN) force, we developed a computational workflow based on EFEI®’
simulations (Supporting Information Figure S4). Specifically, we computed the force-modified
spin-splitting energy of a complex by performing geometry optimizations with EFEI and
calculating the adiabatic spin-splitting energy under incrementally increasing values of applied
force. We increased the magnitude of applied force to 3 nN if the complex remained low-spin at
lower forces in increments of 0.5 nN, and we discarded the complexes in which coordination bond
dissociation occurred prior to LS-to-HS transition (see Computational Details). For all complexes

in which low-to-high spin transition was promoted by < 3 nN force, we also determined the critical

force for spin-crossover (Fsco), i.e., the threshold force for spin transition of the complexes to
10
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within a 0.5 nN range (Figure 2). We successfully computed both properties for 155 out of the 186
Fe?* and Co?" candidates, yielding a set of 120 Fe?" and 35 Co?" mechanophores. On the other
hand, we found eight complexes unable to undergo LS-to-HS transition without breaking one or
more coordination bonds. The complexes are all fac-symmetric, and six exhibit asymmetric-
shearing force response which we will further introduce in Sec. 3b (Supporting Information
Figures S7 and S8). EFEI simulations for the remaining complexes encountered SCF convergence
issues (Supporting Information Figure S9). Consistent with the properties of the 199 initial LS

complexes that were mostly mer-symmetric Fe?*, 141 of the 155 EFEI-characterized complexes

are mer-symmetric.

GOLVEK 1nN (HS) 0.5nN < F,,<1nN ——gren
50 =
I Co*
5k
40
]
= 12} -
3 2.5 E 30
53 o
o 3]
g’ 20}
0
\ 10
25k
] ] ] o
0 0.5 1 0-0.5 0.5-1 1-1.5 1.5-2 2-25 25-3
EFEI Force (nN) FSCO Range (nN)

Figure 2. (left) Ground state (HS) structure of an example CSD complex GOLVEK under 1 nN
force. (middle) AEu.L of GOLVEK under different EFEI forces. (right) Distribution of spin-
crossover critical force (Fsco) of Fe** (blue) and Co?" (red) mechanophores as determined by
EFEI Colors for atoms are as follows: cyan for cobalt, gray for carbon, white for hydrogen, and
blue for nitrogen. The carbon and hydrogen atoms in functionalized ethyl groups are colored in
light green and light gray for visualization, and the direction of the applied force for each ethyl
group is indicated by a black arrow.

The EFEI simulation results revealed that force-activated spin-crossover to high-spin is

prevalent (155/163) in low-spin Fe?* and Co?" complexes, and all the 155 complexes can act as

11
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SCO mechanophores with Fsco < 3 nN. While most prior complexes exhibiting force-activated
spin-crossover have terpyridine ligands, we found that our 155 Fe?* and Co** mechanophores have
significantly increased diversity in ligand chemistry. Many of the mechanophores have the metal
center coordinated to other heteroaromatic moieties or even non-heteroaromatic nitrogen
(Supporting Information Text S1 and Figures S10-S14). Moreover, fourteen of our
mechanophores have fac-symmetry, a feature not found among known examples (Supporting
Information Figures S15 and S16). All Co*" complexes and the majority of Fe** complexes
undergo spin crossover at 1.5 nN or less of applied mechanical force, and all remaining Fe?*
complexes have an Fsco< 3 nN (Figure 2). Among the Fe** complexes, 33 require very low force
(Fsco < 0.5 nN) for spin crossover and another 73 require only modest forces (47 0.5 nN < Fsco<
1 nN and 26 1 nN< Fsco < 1.5 nN). The Fsco distribution of Co?* complexes is similar to that of
Fe?*, with 13 complexes having Fsco < 0.5 nN, 10 complexes having 0.5 nN < Fsco< 1 nN, and

12 complexes having 1 nN< Fsco< 1.5 nN.

The prevalence of spin-crossover induced by low or modest forces among Fe?* and Co**
complexes incentivized us to further elucidate the chemical factors distinguishing those that
change spin state at very low forces from those that change spin state at higher forces. To begin
our analysis on factors influencing force-activated spin-crossover, we first examined the larger
mer-symmetric grouping, which accounts for more than 90% of the total mechanophores, as
response mechanisms can be expected to differ between mer-symmetric and fac-symmetric
mechanophores. We hypothesized that mer-symmetric mechanophores with lower spin-splitting
energy (AEn.L) would require less force to undergo spin-crossover. If Fsco could be predicted with
AEn.L alone, this would accelerate mechanophore discovery, as the need for extensive EFEI

simulations would be eliminated. Our results support this hypothesis for both mer-symmetric Fe?*

12
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and Co?" mechanophores, as comparison of spin-splitting energies and spin-crossover forces

indicates grouping of Fsco for both Fe?* and Co?" complexes according to AEw.. (Figure 3).

20 20
Fe? I 0-0.5nN Co?* I 0-0.5nN
B 0.5-1 nN I 0.5-1 nN
15 j=— 3 1-15nN 15 p= =1 1-1.5nN
B 1.52nN
2
S10 |—
[]
o
5 =
| 0 | | |
0 5 10 15 20 0 5 10 15 20
AE,, (kcal/mol) AE, (kcal/mol)

Figure 3. Stacked histograms of spin-splitting energy (AEw.L) of mer-symmetric (left) Fe** and
(right) Co** (right) mechanophores, as colored by Fsco (blue for Fsco< 0.5 nN, green for 0.5 nN
< Fsco< I nN, yellow for 1 nN < Fsco < 1.5 nN, and red for 1.5 nN < Fsco <2 nN).

Having identified a clear relationship between Fsco and AEw.t. for mer-symmetric Fe** and
Co?" mechanophores, we next aimed to predict the Fsco of these mechanophores based on the
force-free AEn.L.. We developed decision tree classifiers to quantify such trends using scikit-
learn.!%” The two classifiers employ AEn.1 values to estimate the Fsco of mer-symmetric Fe** or
Co?" mechanophores, respectively, to the nearest calculated 0.5 nN range (Figures 4 and 5). To
avoid overfitting, we rounded the decision boundaries derived by the training algorithm to the
nearest 0.5 kcal/mol of AEn.1 and used these rounded values to calculate the prediction accuracies.
The classifier for mer-symmetric Fe** mechanophores correctly categorizes Fsco for the majority
of complexes with an accuracy of 73% (Figure 4). Furthermore, given our goal of identifying
mechanophores with highly labile spin-crossover behavior, we are particularly interested in

finding mechanophores with Fsco < 0.5 nN. We can identify these complexes robustly by
13
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identifying mer-symmetric Fe?* mechanophores with AEn.. <2 kcal/mol, as more than 95% of the
complexes with these small AEw.1 values also have Fsco values < 0.5 nN (Figure 4). The classifier
for mer-symmetric Co?*" mechanophores also correctly categorizes Fsco of them with 73%
accuracy (Figure 5 and Supporting Information Figure S17). As with Fe?* complexes, all mer-
symmetric Co?" mechanophores with AEn.1. < 2 kcal/mol have Fsco values < 0.5 nN, facilitating
the discovery of highly labile SCO mechanophores. Meanwhile, as mer-symmetric Co**
mechanophores have lower AEn.r than Fe?* ones, we found that the decision boundaries of Co**
decision tree for less labile mechanophores is lower than those for the Fe?* classifier (Figures 4
and 5). Overall, our analysis reveals an intuitive relationship between critical force for spin-
crossover and spin-splitting energy for mer-symmetric Fe*" and Co?" complexes, enabling the
quantitative predictions of force-activated spin-crossover based on simple force-free DFT

calculations alone.

mer-symmetric Fe?* 50—
Fy.,<0.5nN HE 0-0.5
True (20/25, 80%) Il 0.5-1
_ 40 |— 1-1.5
g Il 1.5-2
05nN<F__=1nN
True (40/55, 73%) a3
AE,. 5
= 8 kcal/mol o 20 |—
False True
AE,, 10—
=< 12 kcal/mol .
0 |
False 17 539 0-2 0-3.5 358 812 12-16

AE,, (kcal/mol)

Figure 4. (left) Decision tree classifier diagram of Fsco prediction based on AEn.L for mer-
symmetric Fe*" mechanophores. Prediction boundaries are specified, and prediction accuracies are
shown. (right) Fsco statistics of mer-symmetric Fe>* mechanophores having different AEn.1 values
as classified by the decision tree. Statistics of mechanophores with AEu.L < 2 kcal/mol that are
promising candidates for labile spin-crossover mechanophore are also visualized. The decision
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tree diagram and the stacked bar plots are colored by Fsco (blue for Fsco< 0.5 nN, green for 0.5
nN < Fsco< 1 nN, orange for 1 nN < Fsco < 1.5 nN, and red for 1.5 nN < Fsco <2 nN).

mer-symmetric Co** QARHUM 0nN (LS)
=0.5nN; AE_, = 2.0 kcal/mol

F

0 sco
00%

True
AE, U 0
= 2 kcal/mol 5 7
False True
AE,
< 4.5 kcal/mol
False

Figure 5. (left) Decision tree classifier diagram of Fsco prediction based on AEn.L for mer-
symmetric Co** mechanophores. Prediction boundaries are specified, and prediction accuracies
are shown. The decision tree diagram is colored by Fsco (blue for Fsco< 0.5 nN, green for 0.5
nN < Fsco < 1 nN, and orange for 1 nN < Fsco < 1.5 nN). (right) Force-free ground state (LS)
structure of CSD complex QARHUM as an example of a mer-symmetric Co*" complex with low
AFEwn.1 thus low Fsco. Colors for atoms are as follows: cyan for cobalt, gray for carbon, white for
hydrogen, and blue for nitrogen. The carbon and hydrogen in functionalized ethyl group are
colored in light green and light gray for visualization.

To obtain deeper insights into the behaviors of Fe?" and Co*" mechanophores, we also
explored whether the coordination bond lengths in both LS and HS are predictive of Fsco.
Predicting spin-crossover behavior with bond length values is desirable, as bond lengths are less
sensitive to functional choices compared to AEw.L.!'%!!! Analysis of crystal structures in multiple
spin states indicates that the LS-to-HS transition typically leads to a bond length increase of 0.2 A
for Fe?" complexes and 0.1 A for Co?" complexes.’>°' One might expect that lower than average
distortion between the two states, characterized by longer bonds in LS or shorter bonds in HS,

could lead to more facile force-induced spin crossover. As elongation of distal and compression
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of central coordination bonds are generally observed in Fe?** and Co*" complexes due to steric

5291 we also calculated the averages of two central and four distal

strain and Jahn—Teller distortion,
bonds in the LS and HS state for each complex. We identified a number of mer-symmetric Fe?*
mechanophores with LS bond lengths elongated due to steric strain that also exhibit a relatively
low Fsco (Supporting Information Figures S18 and S19). Beyond this subset of complexes, it is
challenging to distinguish Fsco values of most mer-symmetric Fe** and Co?** complexes using a
single bond length factor (Supporting Information Figures S20—S24). Decision tree classifiers built
with multiple bond length features are also less predictive than AEy.L-based classifiers (Supporting
Information Figures S25 and S26). On the other hand, we find that these decision trees are
relatively accurate at categorizing mer-symmetric Fe?" and Co** mechanophores that are the most

force responsive (i.e., Fsco< 0.5 nN). This finding prompted our further analysis on what bond

length features are indicative of the most labile SCO mechanophores.

We identified two geometric factors that are predictive of mer-symmetric Fe?* and Co**
complexes exhibiting most reactive mechanochemical responses: the average distal Fe—N
coordination bond length in the force-free LS state and the difference in average central Co—N
coordination bond length between force-free HS and LS states. Here, central refers to the bond
formed between the metal and the middle coordinating atom of the three coordinating atoms on
the tridentate ligand, whereas distal can refer to either of the other two coordinating atoms in the
tridentate ligand. These two bond length features (i.e., the distal bond in Fe?" and the central one
in Co**) can be used to accurately categorize Fe*" and Co?" mechanophores with Fsco < 0.5 nN
(Figure 6 and Supporting Information Figures S27 and S28). In fact, all nine mer-symmetric Co**
mechanophores with a greater than 0.15 A difference in central bond length between HS and LS

have Fsco < 0.5 nN, while a large majority (i.e., 77% or 17 out of 22) of mer-symmetric Fe**
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complexes with larger than 2.02 A average distal Fe-N bond length in the LS state exhibit Fsco <
0.5 nN. Additionally, all but three mer-symmetric Fe*" complexes have an > 0.14 A HS-LS central
bond length difference (Figure 6). The three outliers are all derived from CSD complex QERDIB,
and discarding them leads to 89% prediction accuracy (17 out of 19) of the most labile mer-
symmetric Fe?* mechanophores using average LS distal Fe-N bond length alone (Supporting
Information Figure S29). The chemical factors leading to central bond compression and distal bond
elongation differ between Fe** and Co*" complexes, and this variation results in differences in
geometric factors that are predictive of the most labile Fe?" and Co*" complexes. Because the
elongation of distal bonds in Fe** complexes in the force-free state can be attributed to sterics,
longer distal bonds indicate that complexes are likely to favor HS states under force. On the other
hand, the d’ Co*" complexes undergo Jahn-Teller compression, leading to shorter central bonds in
LS states.”! A large difference in HS and LS central bond lengths of a complex thus indicates that
its LS state is stabilized by a stronger Jahn—Teller effect. If the complex is extended by external
force and the Jahn—Teller effect quickly diminishes, then the LS state will become less favorable
and LS-to-HS transition will occur. We conclude that, for mer-symmetric Fe** and Co?*
mechanophores, force-activated spin-crossover can be quantitatively predicted by spin-splitting
energetics, and that complexes with most labile spin-crossover can be identified by examining

distinct bond length factors for Fe** and Co?" complexes.
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Figure 6. Average distal bond lengths in the force-free LS state (LS d(Fe—N)-distal and LS d(Co—
N)-distal) vs differences between average central HS and LS bond lengths (HS-LS Ad(Fe—N)-
central and HS-LS Ad(Co-N)-central) for mer-symmetric (left) Fe>" mechanophores and (right)
Co?" mechanophores that have Fsco < 0.5 nN or Fsco > 0.5 nN. Note that as bond length values
are rounded to closest 0.01 A in decision-tree prediction to maximize generalizability, the
categorization visualized here may have subtle differences compared to actual prediction outcomes.

While in mer-symmetric mechanophores external forces are symmetrically propagated
along the entire molecule, force propagation can be expected to be distinct for fac-symmetric
mechanophores. Here, we observe two different modes through which applied force is propagated
based on the position of polymer attachment point: i) symmetric pulling and ii) asymmetric
shearing (Supporting Information Figures S30 and S31). This distinction arises because, unlike
tridentate ligands in mer-symmetric mechanophores, tridentate ligands in fac-symmetric
mechanophores have each coordinating atom located on branches that are bonded to a central atom
or group. If the attachment points of a fac-symmetric mechanophore are bonded to the central
atom or group, then under applied force the mechanophore would be pulled symmetrically. On the
other hand, if the attachment points are on the branches, then the mechanophore would undergo

asymmetric shearing. Among 12 fac-symmetric Fe** mechanophores, eight are of pulling-type and
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the remaining four are of shearing-type. For the two fac-symmetric Co?* mechanophores, one is

of the pulling-type and one is shearing-type.

As symmetric propagation of force along the entire mechanophore leads to less reactive
mechanochemical responses, we anticipate that shearing-type fac-symmetric mechanophores
should exhibit more significant distortion under same magnitude of force. As a result, shearing-
type complexes may have lower Fsco than pulling-type ones. By comparing between two fac-
symmetric Fe?" complexes with similar ligands differing by only one methyl group, we validated
that asymmetric shearing leads to more significant elongation of coordination bonds (Supporting
Information Figures S30 and S31). We find that all mechanophores in our set that exhibit Fsco >
2 nN are fac-symmetric Fe* mechanophores that exhibit pulling-type force responses, and all
shearing-type Fe*'mechanophores exhibit Fsco < 1.5 nN (Supporting Information Figure S32).
Due to the limited number of complexes, it would be challenging to derive more general
conclusions. On the other hand, as we have seen among the fac-symmetric complexes that undergo
bond dissociation before spin transition, we anticipate that if higher magnitude forces are applied,
the two bonds that are most significantly elongated in shearing-type complexes would readily
dissociate (Supporting Information Figure S7). Nevertheless, this mechanochemical response can
become productive instead of destructive as force can be used to stabilize square-planar

coordination, as we will consider further in Sec. 3c.

3c¢. Probing mechanical stability of Fe?* and Co** spin-crossover mechanophores

Dissociation of the ligands in a SCO mechanophore would be problematic for sensing
applications because it would not be reversible, so we thus aimed to identify Fe?" and Co**

complexes with labile spin-crossover that also had good mechanical robustness for reversible
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coordination bond extension without subsequent dissociation. Consequently, we evaluated the
critical force for bond dissociation (Fpe), i.e., the threshold force under which coordination bonds
began to dissociate (see Computational Details), for all 120 Fe*" and 35 Co?" mechanophores. We
evaluated this force to within an 0.5 nN interval successfully for 125 of 155 complexes, while
EFEI simulation for the remaining complexes encountered SCF convergence issues (Supporting
Information Figures S5 and S33). For this set, we found that 27 complexes remain structurally
intact without bond dissociation under applied force of 4 nN or higher, and the remaining > 70%
of mechanophores have Fpe <4 nN (Figure 7). Moreover, all four complexes that exhibit Fp. > 5
nN are all pulling-type, fac-symmetric Fe** species (Figure 7 and Supporting Information Figure
S34). Although symmetric force propagation along the entire complex causes pulling-type, fac-
symmetric complexes to be less force-responsive in their spin-crossover behavior, it also makes
these complexes particularly robust under mechanical loading. We expect these pulling-type
complexes to be building blocks of polymer networks with high tearing and outstanding

mechanical strength.!!?

ok Fe?* Pulling: BANSEQ 5nN (HS)
I Fe*
I Co*
30~
2
c
§20 =
10

<3 335 354 445 455 >5
F,. (nN)

Figure 7. (left) Distribution of bond dissociation critical force (Fpe) of Fe?* (blue) and Co** (red)
mechanophores as determined by EFEIL. (right) Ground state (HS) structure of CSD complex
BANSEQ under 5 nN applied force as an example of a pulling-type, fac-symmetric Fe** complex
that remained structurally intact under elevated force. Colors for atoms are as follows: orange for
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iron, gray for carbon, white for hydrogen, blue for nitrogen. The carbon and hydrogen in
functionalized ethyl groups are colored in light green and light gray for better visualization.

While terpyridine ligands are commonly found in prior complexes exhibiting force-

activated spin-crossover,*!-434°

replacing the central or both distal pyridine groups result in ligands
and mechanophores simultaneously exhibiting labile spin-crossover and good mechanical
robustness. Among all mechanically robust mechanophores with Fp. > 4 nN, we identified nine
mer-symmetric Fe?" and two mer-symmetric Co?" mechanophores that exhibit Fsco < InN. Based
on ligand structures, the Fe** mechanophores can predominantly be categorized into two types. In
the four Type I complexes, the ligands are derivatives of 2,6-bis(pyridine)-1-phenyltriazine
(Figure 8 and Supporting Information Figures S35 and S36). The Type I CSD complex with
refcode BUKDOB has the lowest Fsco (Fsco < 0.5 nN) and highest Fpe (4.5 nN < Fpe < 5 nN)
(Figure 8). One Co?" mechanophore, CSD complex TABDOP, also has a ligand with the
bis(pyridine)-triazine motif (Supporting Information Figure S37). In the four 7ype 2 complexes,
the central and distal Fe—N bonds are formed with nitrogen in conjugated pyridine and five-
membered rings with two heteroatoms (Figure 8 and Supporting Information Figure S38).
Additionally, in the last Fe*" mechanophore, the central and one distal Fe-N bonds are formed
with pyridine rings fused in a phenanthroline group, and the other distal Fe—N bond is formed with
a tetrazole bonded to the phenanthroline (Supporting Information Figure S39). Finally, in the other
Co?" mechanophore, all Co-N coordination bonds are formed with pyridine groups, yet the
pyridine rings are bonded not by C-C single bonds but through NH bridges (Supporting
Information Figure S40). These ligands can act as starting points for further systematic discovery

of spin-crossover Fe** mechanophores and especially Co** mechanophores.
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Figure 8. (left, top) Chemical diagram of ligands in Type I Fe** complexes that contain conjugated
triazine, pyridine, and benzene rings. (right, top) Ground state (LS), force-free structure of one
complex (CSD refcode: BUKDUH) as an example of a 7Type I complex. (left, bottom) Chemical
diagram of ligands in Type 2 Fe*' complexes that contain one pyridine conjugated to
heteroaromatic rings. (right, bottom) Ground state (LS) structure of one complex (CSD refcode:
CAZJET) as an example of a Type 2 Fe*" complex that exhibits low Fsco and high Fpe. Colors for
atoms are as follows: orange for iron, gray for carbon, white for hydrogen, and blue for nitrogen.
The carbon and hydrogen in functionalized ethyl groups are colored in light green and light gray
for better visualization.

Due to asymmetric propagation of applied force on two coordination bonds, shearing-type
fac-symmetric mechanophores are less mechanically robust compared to pulling-type complexes,

leading to bond breaking in three Fe** and four Co?" complexes at moderate forces. Nevertheless,
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this bond rupture could lead to the design of functional materials, as mechanical loading would
promote octahedral-to-square-planar conformation switching in shearing-type mechanophores to
stabilize the resulting square planar complex. We found that with 3 nN applied force, all three Fe**
and three out of four Co?* shearing-type complexes evolve into a distorted square-planar geometry
(Figure 9 and Supporting Information Text S2). For one complex, an applied force of 5 nN is
needed to promote such structural evolution (Supporting Information Figure S41). In all seven
complexes, this transition is characterized by a coplanar arrangement of the metal atom and the
four remaining coordinating nitrogen atoms. Although the average angle between two adjacent
coordination bonds is 90°, the angles between two adjacent bonds in the same ligand are
compressed. This means that angles between the adjacent bonds in different ligands are then

increased in a compensatory fashion (Figure 9).

Fe?* Shearing: QAXQAJ 3nN (HS)

Co?* Shearing: HUYKOC 3nN (HS)

) ) 2.17A

¢ 102° e
Figure 9. Ground state (HS, square planar) structure of one Fe** complex (CSD refcode:
QAXQALJ) (top) and a Co** complex (CSD refcode: HUYKOC) (bottom) under 3 nN applied force
as examples of shearing-type, fac-symmetric Fe** and Co?* complexes. Relevant bond lengths and
bond angles in each complex are labeled. Nitrogen atoms forming coordination bonds in force-
free structures that are dissociated upon applied force are highlighted. Colors for atoms are as
follows: orange for iron, cyan for cobalt, gray for carbon, white for hydrogen, and blue for
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nitrogen. The carbon and hydrogen in functionalized ethyl groups are colored in light green and
light gray for better visualization.

We observe that all seven conformation-switching complexes have similar ligands. The
ligands are all comprised of three pyrazole, imidazole, or pyridine rings bonded to a linking atom,
and coordination bonds are formed between the metal center and a nitrogen in each of the three
heteroaromatic rings. In all but one complex, four pyrazole or four imidazole rings remain
coordinated to the Fe?" or Co** center in the distorted square-planar complexes, and the four
coordination bonds in each complex have similar lengths (Figure 9 and Supporting Information
Figures S42—-S45). In one complex (CSD refcode: DIFBAX), two pyrazole and two pyridine rings
remained coordinated to the metal center, and the bonds formed with nitrogen in pyridine are 0.12
A longer than bonds formed with nitrogen in pyrazole (Supporting Information Figure S42).
Moreover, in six out of the seven complexes, the pulling points are attached to pyrazole or
imidazole rings coordinated to the metal center in the force-free structures. In one complex (CSD
refcode: QIZJIU) mentioned earlier for its high 5 nN force required for structural evolution, this
can be attributed to the fact that the pulling points are attached to pyridine rings instead. Here, the
need to displace a six-membered ring from the metal center during which higher steric hindrance
is experienced during molecular rotation could explain the higher force (Supporting Information
Figures S41). In their force-free HS states, the seven complexes have average bond lengths
between 2.13 and 2.20 A, which are similar to their bond lengths in the distorted square planar
geometry (2.10 to 2.26 A). In fact, in five out of seven complexes, the force-free and force-
modified bonds differ by less than 0.03 A (Supporting Information Table S2). In two complexes,
the square-planar structure has even shorter bond lengths, suggesting favorability of forming the

square-planar conformation. Based on our findings, we envision a broad design space of shearing-
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type ligands for conformation switching complexes, and we consider these complexes as
promising candidates for mechanically activated catalysts that have broad applications in polymer

science.!>16:113

4. Conclusions

We developed a strategy for computational discovery of synthetically accessible transition
metal complexes with the potential to change spin in response to mechanical force. From a set of
complexes mined from the CSD, we identified 199 synthetically accessible LS Fe?" and Co?*
complexes that are feasible candidates for spin-crossover mechanophores. By simulating the
application of mechanical force with EFEI, we found that force-activated spin-crossover from LS
to HS is prevalent. We revealed that among the majority of mer-symmetric complexes, labile force-
activated spin-crossover is associated with low values of force-free spin-splitting energy. From
this insight, we trained decision tree classifiers that enable quantitative prediction of critical force
for spin-crossover based on spin-splitting energy and, thus, simple force-free DFT. Furthermore,
we found that the most reactive mer-symmetric Fe*" and Co?* spin-crossover mechanophores can
be predicted using bond lengths of distal bonds in the LS and central bond in the HS state, which

are easy to compute and less sensitive to DFT functional choice than the spin-splitting energy.

To understand what the factors leading to facile spin crossover but high mechanical
stability, we focused on the 11 Fe?" and Co?" complexes that can be activated for spin-crossover
at 0.5 nN force while remaining structurally intact under higher mechanical forces. We found that
ligands in these complexes are made by substituting the central or both distal groups in the
previously studied terpyridine ligands or by inserting NH bridges between the pyridines. This class

of spin-crossover transition metal mechanophores broadens the range of mechanical responses
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beyond what is possible with current organic mechanophores, and the abovementioned 11
complexes are promising candidates for follow-up synthesis and characterization. In addition, we
discovered a second class of promising complexes comprising certain fac-symmetric ligands,
wherein applied force led to not only spin-crossover but also a transition to square-planar
geometries upon rupture of two coordination bonds. This makes these latter complexes promising
candidates for future study to identify complexes with catalytic centers that can be mechanically

activated.

Future work is envisioned that expands upon the present study by enlarging the chemical
space surveyed. In exploring an even greater number of compounds, we anticipate further
refinement of design principles for transition metal mechanophores exhibiting labile spin-
crossover or identifying reactions that can benefit from complexes that are "unmasked" by
mechanical force, paving the way for their development as versatile building blocks for smart

polymer materials and molecular devices.
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