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Abstract

Single-molecule magnets (SMMs) hold promise for unmatched information stor-
age density as well as applications in quantum computing and spintronics. To
date, the most successful SMMs are organometallic lanthanide complexes. How-
ever, their surface immobilization, one of the requirements for device fabrication
and commercial application, remains challenging due to sensitivity of magnetic
properties to small changes in the electronic structure of the parent SMM. Thus,
finding controlled approaches to SMM surface deposition is a timely challenge. In
this contribution we apply the concept of isolobality to identify siloxides present at
the surface of partially dehydroxylated silica as a suitable replacement for archety-
pal ligand architectures in organometallic SMMs. We demonstrate theoretically
and experimentally that isolated siloxide anchorages not only enable successful im-
mobilization, but also lead to two-orders-of-magnitude increase in magnetization

relaxation times and provide magnetic site dilution.



Introduction

The first disclosure[l] of a molecule exhibiting slow relaxation of magnetization in the
absence of an external magnetic field has revolutionized magnetochemistry and opened a
prolific field of research in molecular inorganic chemistry. Such single-molecule magnets
(SMMs) could enable dramatic increase of information storage density that is not feasi-
ble with current technologies and they are thus attractive for quantum computing and
spintronic applications.[2-7] State-of-the-art SMMs are assembled from lanthanide ions,
which are associated with high intrinsic magnetic moments.[8-10] This property alone is
not sufficient for slow relaxation of magnetization or the associated magnetic remanence.
It is the presence of magnetic anisotropy, a preferential orientation of the magnetic mo-
ment in the molecule, that differentiates a SMM from a classical paramagnetic complex.
This anisotropy is engendered by the crystal field induced by the ligands surrounding
the metal center, and thus precise control over the metal coordination environment is
of utmost importance in rational design of molecules exhibiting SMM behavior. For
example, in the case of oblate[11] ions such as Dy(III) a highly axial crystal field is de-
sired as exemplified by the remarkably high barrier for magnetic relaxation predicted for
the hypothetical linear [Dy—O]" fragment.[12] For experimentally realized systems, the
best-performing SMMs to date are bespoke organometallic complexes based on a single
Dy(III) center ligated with substituted cyclopentadienyl (Cp~) moieties.[13-16]
However, the industrial and commercial implementation of SMMs relies not only on
the improvement of their intrinsic magnetic properties, but also their incorporation into
solid-state devices.[17] Compared with the landmark developments in design, synthesis
and understanding of SMMs, their deposition on material surfaces has received much less
attention in the literature, likely because it still constitutes a significant challenge.[18] In-
deed, efficient surface immobilization of SMMs requires the preservation of the magnetic
performance of the parent precursor, while even minute alterations in the coordination
sphere, including surface interactions, can lead to change or even a loss of SMM proper-
ties.[19] Hence, it is not surprising that immobilization strategies of SMMs on surfaces
(Figure 1a, left) have mostly focused on minimizing changes in the first coordination
sphere of the magnetic center upon deposition. Even with compelling methodologies
such as formation of self-assembled monolayers, grafting on surfaces prefunctionalized
with moieties present in the parent magnetic molecules, and simple adsorption onto the
surface or within the pores of the solid matrix, the improvement or even preservation of
the parent SMM’s magnetic behavior is still rare, with some notable exceptions.[20-31]
In contrast to the 'minimal perturbation’ concept described above some groups explored
deposition of single lanthanide atoms on the surfaces,[32-35] where direct interaction of

the support with the metal center induces magnetic anisotropy (Figure la, right).[36]
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Figure 1: (a) Schematic representation of state-of-the-art approaches to surface immo-

bilization of SMMs along with the proposed methodology. (b) The analogy between the

frontier orbitals of Cp~ and siloxide moieties. (c) Same analogy shown for the SMM used

in the study and the surface of SiOs.



The lanthanide sites isolated in such fashion are the exemplars of the SMM concept,
offering highest theoretical information density with single atom as a storage medium.
Although very promising, this approach suffers from the challenges associated with vac-
uum deposition techniques such as high cost and scale-up difficulties.[37] In addition, the
resulting coordination environment of the metal center is difficult to precisely control.
We decided to bridge the gap between the 'minimal perturbation’ approach and single
atom deposition on surfaces by SMM heterogenization using the surface organometal-
lic chemistry (SOMC) methodology (Figure la, center).[38, 39] At its core, the SOMC
approach involves controlled grafting of tailored metal fragments by protonolysis of a
reactive anionic ligand of a molecular precursor on spatially separated OH groups at the
surface of oxide supports. We reasoned that an isolated surface siloxy group, present at
the surface of partially dehydroxylated silica, would be an ideal platform for this study
as it readily offers the advantage of magnetic site dilution at the surface (minimizing
magnetic dipolar interactions between adjacent metal centers). Furthermore, from fron-
tier molecular orbital considerations, =SiO~ and Cp~ act both as 6 e donor ligands;[40]
they are formally isolobal and offer similar electronic properties (Figure 1b). Thus, in
the first approximation, one could expect a siloxide moiety to act as a mimic for a cy-
clopentadienide ring, a ligand successfully used in the field of molecular magnetism.[41]
Finally, the =SiO~ functionality can be viewed as an almost ideal negative point charge
and thus should be capable of engendering much stronger axial crystal fields than Cp,
where the displacement of the lone pairs located on carbon nuclei from the main axis
of the aromatic ring has to be considered.[42; 43] In turn, this should bolster the SMM
properties of oblate lanthanide ions such as Dy(III). Herein, we evaluate this hypothe-
sis first by theoretical calculations followed by grafting of an established organometallic
SMM, (COT)Dy(Cp*),[44] a neutral complex that contains one pentamethylcyclopenta-
dienide ((Cp*)”) moiety available for replacement with a surface siloxide group (Figure
1c). Owing to the charge and size of the cyclooctatetraenide (COT?") ligand one could
anticipate formation of surface-bound and almost linear =SiO-Dy—-CO'T species. In this
scenario, the SMM properties of Dy(III) ions should be enhanced by strong interactions
with the surface negative charges, while maintaining a similar coordination environment
to the parent SMM. In parallel, we explore the same approach with the yttrium(III)
derivative acting as a diamagnetic chemical surrogate[45] for the Dy(III) species adding
a powerful spectroscopic handle in the form of multinuclear nuclear magnetic resonance

(NMR) spectroscopy.
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Figure 2: Representative model of =Si0-M-COT (M1) and (=SiO);-M-Cp* (M4)
species used in prediction of magnetic properties (top) and their calculated total electro-
static potentials (expressed in e -bohr 1) at 2.5 A around the Dy(IIT) ion with g, direction
in blue (bottom). Additional models are depicted in the Supporting Information file.



Results and discussion

We hypothesized that substitution of (Cp*)~ ligand for a surface siloxide will beneficially
influence the magnetic performance compared to the parent magnetic precursor. This
hypothesis was assessed computationally using theoretical models of the relevant species.
Using the reported[46] periodic model of amorphous silica surface containing 1.1 OH
groups per nm? as a starting point, several =SiO-M-COT structures were optimized
varying the geometry around the metal center and proximity of the ring to the surface
itself (Figure S1, M1-M3). In addition to the =SiO-M-COT species, we also envisioned
the possibility of the formation of (=Si0),~M-Cp* moieties via protonation of the for-
mally di-anionic COT?" ligand during grafting on silanols (Figure S1, M4). Cluster
models were extracted from these periodic structures (M1-M4, Figures 2 and S2) and
used as an input for CASSCF/SI-SO calculations (details in the Supporting Informa-
tion file) along with the published crystal structure of (COT)Dy(Cp*) for benchmarking.
Comparison of the computed ordering for the Kramers doublets for all of the hypotheti-
cal =SiO-Dy-COT structures shows expected variability in energy levels associated with
slight changes in the geometry around metal center (Table S1). The variation of the en-
ergy levels notwithstanding, the striking feature of all calculated models is much larger
energy differences between the ground and excited states when compared to the parent
molecular SMM, (COT)Dy(Cp*) (Table S1). Additionally, in hypothetical M2 and M3
structures the ground state Kramers doublet is almost pure M; = +15/2. Similar anal-
ysis of the (=Si0),-M-Cp* model (M4) also reveals a ground state - excited state gap
larger than for the molecular precursor (Table S1). In this case the orientation of the
primary component of the g-tensor (Figure S3) is much different than in models M1-
M3, yet still the ground state wavefunction has primarily My = £15/2 contributions. In
M1-M3, the main component of g-tensor is almost parallel to Dy—-O bond and thus its
orientation is mainly driven by negative electrostatic potential associated with the surface
siloxide oxygen atom (Figures 2 and S4).[47, 48] In M4, the presence of two bound oxy-
gen atoms induces an orientation of the magnetic axis parallel to the surface. Moreover,
transition magnetic moment probabilities for M[1-M4 reveal that the relaxation process
involves excited states (thermally activated mechanism) without quantum tunnelling of
magnetization (QTM) between the ground state Kramers doublets (Figure S5). Calcula-
tions performed for M[1-M3 validate the hypothesis that a =SiO™ moiety, while formally
isolobal to (Cp*)", creates a stronger crystal field leading to potentially better SMM.
This is further supported by computational results on M4, where two =SiO~ moieties
rather than (Cp*)~ drive the magnetic properties. With those theoretical predictions in
hand, we explored surface chemistry and magnetism of the (COT)M(Cp*) system.
Treatment of partially dehydroxylated silica (SiOg with 0.37 mmol of accessible silanols



per gram) with toluene solutions of either (COT)Y(Cp*) (1) or (COT)Dy(Cp*) (2, 1
equiv. with respect to silanol groups) at -20 °C leads to an instantaneous change of
the silica’s color from white to dark red. After three-hour periods, during which the
mixtures were allowed to reach room temperature, the supernatant was removed and the
material was washed with fresh toluene. The isolated materials were dried for 12 hours
under high-vacuum (10~® mbar) to yield free-flowing magenta powders denoted 1/SiO,
and 2/Si0O,. Transmission FTIR spectra (Figure 3a) of silica before and after grafting
indicate almost complete consumption of the isolated silanol groups (3747 cm ') and
emergence of C-H stretching modes (3100-2800 cm ') as well as the feature characteristic
for COT?* (712 cm '), which can also be observed in the FTIR spectra of both precur-
sors (Figure S7). A solution 'H NMR spectrum obtained from an analogous grafting
experiment performed in benzene-d6 revealed pentamethylcyclopentadiene (Cp*H) and
a mixture of trienes (cycloocta-1,3,5-triene and cycloocta-1,3,6-triene) as sole organic
products in the reaction supernatant, identified based on comparison with protonation
studies performed on 1 (Figure S17 and further discussion in the Supporting Information
file). Additionally, the solution 'H NMR spectra acquired during formation of 1/SiO,
and 2/Si0, are nearly identical, indicating that the process occurs in a qualitatively
similar manner for both molecular precursors (Figure S18).

Formation of Cp*H and trienes during grafting suggests that both ligands present
in the molecular precursors can undergo protonation by surface silanol moieties, which
implies the presence of multiple types of metal-containing surface species. To directly de-
termine the types of surface metal environments resulting from grafting of (COT)M(Cp*)
species on silica, we analyzed the 1D and 2D 'H and '3C solid-state magic angle spinning
(MAS) NMR spectra of 1/SiOz. The solid-state 'H MAS echo spectrum of 1/SiO»
(Figure 3b, top), shows 'H signals at 6.3 and 5.7 ppm from 'H species on COT?" bound
to Y or adsorbed trienes and an inhomogeneously broadened feature at 1.7 ppm that
could arise from (Cp*)” bound to Y or adsorbed Cp*H. Though the 1D 'H MAS NMR
spectrum is relatively poorly resolved, the 2D 'H{!3C} dipolar-mediated heteronuclear
multiquantum coherence (D-HMQC) spectrum of 1/SiO5 in Figure 3b reveals narrow
and well-resolved correlated *C-'H signals arising from surface-bound =SiO-M-COT
and (=Si0),~Y-Cp* species. Specifically, the 'H signals at 6.3 and 5.7 ppm are both
correlated to a '3C signal at 94 ppm, which is assigned to surface COT? bound to Y
on the basis of 13C NMR analyses of the molecular precursor before and after solution
protonation experiments (further details in Supporting Information). No '3C signals as-
sociated with adsorbed trienes (expected in the 140-125 ppm range and at ~ 28 ppm)
are detected, indicating that such species are not present within the detection limits of

the measurement. Thus, the 'H signals at 6.3 and 5.7 ppm arise from different types of



—— 2/si0, _
— 1/SiO,
e= 1 %
B 3
Y ! g v
6 e @119
T ' " _Sig :
! Cod
-—_— T ‘ ‘
4000 3500 3000 2500 2000 1500 1000 500 8 16 4 2 ppm
. 'H chemical shift
Wavenumber (cm™) - ‘
6.3, 57 1.7 .
d) c) N |
~100 Hz, b |
DQ: 3.4 ppm 0.15 ppm T x1 ‘ P
7.8 ppm o fPQsdem / ,,,,,,,,,,,,
78 .
11.4 ppm x0T R A e
- X8 b
ma LS
26 L
12.6 ppm X5 -7
8 6 4 2 0 ppm
H SQ
8 6 4 2 0 ppm
'H SQ

'H projection

20
40
60
80
[ 100

- 1200

13C
projection

F10

F15

H
DQ
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surface =Si0-Y-COT species, likely having different local environments. A solid-state
®Y{'H} NMR spectrum of 1/SiO; also indicates the presence of such species (Figure
S21, details in the Supporting Information file). The 'H signal at 1.7 ppm (Figure 3b)
is correlated to '3C signals at 8 and 119 ppm, which are assigned respectively to the
methyl and ring carbons of (=Si0),—Y-Cp* species. Analysis of the weight percentages
of C and H indicate the possible presence of additional organics such as adsorbed Cp*H.
However, 'H signals from surface-bound Cp*H and (=SiO),—Y-Cp* likely overlap in the
solid-state NMR spectra and the *C signals from dilute surface Cp*H may be too weak
to detect. Overall, the 2D 'H{¥*C} HMQC spectrum directly establishes the mutual
coexistence of distinct surface =SiO-Y-COT and (=Si0),-Y-Cp* species in 1/SiOs.
Analyses of 'H T, relaxation times (details in the Supporting Information) indicate that
the organic moieties bound to Y centers maintain a high degree of molecular mobility as
expected from their "free-standing" character and that the surface-bound COT and Cp*
species are present in an approximate 1:1 ratio.

The surface organometallic species in 1/SiO5 exhibit extremely well-defined local en-
vironments and are predominantly well-dispersed and non-interacting. This is established
by analysis of the 2D 'H{'H} single-quantum double-quantum (SQ-DQ) NMR correla-
tion spectrum in Figure 3c. The 2D SQ-DQ correlation spectrum yields remarkably
narrow (= 0.15 ppm full-width-half-maximum, FWHM) linewidths for the on-diagonal
signals at SQ: 1.7, 5.7, and 6.3 ppm, as shown in the horizontal slices extracted from
the 2D spectrum at different DQ shift positions in Figure 3d. The relatively broad 'H
signals (0.5 to 1.0 ppm FWHM) at these positions in the 1D 'H MAS NMR spectra
thus manifest the superposition of very narrow overlapping signals arising from distribu-
tions of locally ordered surface COT?" and (Cp*)” moieties. Only a small subset of the
COT? and (Cp*)™ species are close enough to interact, as manifested by the correlated
off-diagonal signals at SQ: 1.7 and 6.3 ppm (green shaded region in Figure 3c). This
signal intensity pair arises from COT?™ and (Cp*)~ species that are dipole-dipole coupled
over nanoscale distances (< 0.5 nm). This can be due to =SiO-Y-COT interacting with
nearby (=Si0)y—Y—-Cp* or =SiO-Y-COT interacting with adsorbed Cp*H. The latter
case seems most plausible as the protonolysis of 1 at a single =SiOH site releases Cp*H,
which could adsorb at a nearby silanol and interact with the surface =SiO-Y-COT. To
assess the interaction of Cp*H on the surface of silica, we contacted SiO, with a solution
of Cp*H in toluene followed by washing with solvent and drying under high vacuum.
Subsequent 'H MAS NMR measurements revealed 'H signal at 1.7 ppm from adsorbed
Cp*H (Figure S24) proving the interaction of this olefin with surface is strong enough
to withstand post-reaction treatment. To sum up, the 2D "H{'H} correlation spectrum
reveals that the surface =Si0-Y-COT and (=SiO),—Y—Cp™ moieties exhibit a surprising
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Figure 4: Frequency dependence of both in-phase (top) and out-of-phase (down) compo-
nents of the AC susceptibility measured in zero external DC field between 2 and 20 K.

Circles represent experimental data points; the lines do not have any physical meaning.

degree of local order despite the complexity of the surface and the grafting mixture.
AC magnetic measurements on 2/SiO» show slow relaxation of the magnetization in
the absence of the external DC field (Figure 4, see Supporting Information for experi-
mental details). It is worth pointing out that the parent 2 only exhibits slow relaxation
of magnetization when diluted in diamagnetic matrix of 1.[44] The behavior of 2/SiO5
suggests that the isolated silanols both immobilize the parent SMM and simultaneously
provide magnetic dilution of metal centers. Most notably, the zero-field relaxation time of
2/Si03 at 2 K is approximately two orders of magnitude slower than that of the magneti-
cally diluted molecular precursor (COT)Dy(Cp*), confirming our theoretical predictions
regarding the beneficial influence of the siloxide group on magnetic properties of the
oblate Dy(III) center. To the best of our knowledge this represents the largest increase

in remanence time upon surface immobilization compared to diluted parent SMM re-

10



ported so far. The out-of-phase component of the magnetic susceptibility, x,,, passes
through a maximum at oscillation frequencies of the AC driving field that vary with
temperature and can be fitted with extended Debye model between 2 and 17 K (Table
S5). The thermal variation of the relaxation time (Figure S27) of the magnetic moment
reveals that the Raman relaxation process (771 = C'T") is predominant while QTM and
Orbach (over the barrier) processes are drastically slower. Quantitatively, a very good
agreement is obtained with C = 1.847 s *. K™ and n = 2.246. While such relaxation
characteristics preclude extraction of the effective barrier to magnetization reversal, and
thus direct correlation of the experimental data with our models, the observed behavior
aligns well with the conclusions of our theoretical predictions, where negligible QTM is
expected from the =SiO-M-COT models (M1-M3). Despite the high «a value (>0.5)
that represents a large distribution of relaxation times there is no evidence of additional
relaxation processes. The hysteresis loop at 2 K and 16 Oe-s ! (Figure S28) is open in
field with butterfly shape and persistent coercitivity in zero field (He = 200 Oe). The
calculated magnetization curves at 2 K (Figure S28) reproduce saturation magnetization

(=4 Nf) for all models and fall within the experimental hysteresis loop.

Conclusion

In this contribution we expanded the suite of SMM surface immobilization techniques.
Using a theory-driven approach we surmised that siloxide moieties present on the surface
of partially dehydrated silica are not only a suitable replacement for ligands supporting
known organolanthanide SMMs from the electronic point of view, but can also lead
to an improvement of magnetic properties. Using (COT)Dy(Cp*) as a test system we
demonstrated a possibility of magnetization relaxation time extension by two orders
of magnitude on surface deposition compared to the parent SMM cocrystallized in a
diamagnetic matrix. Furthermore, we showed that the isolated nature of surface siloxides
readily provides magnetic site dilution. The methodology presented herein holds promise
for broader applicability in the field of molecular magnetism, in particular for preeminent

oblate ion-based organolanthanide systems.
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