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ABSTRACT: We report the synthesis of a series of pseudo-1D coordination polymer (CP) materials with the formula
FeyCo1.yBTT (BTT = 1,3,5-benzenetrithiolate). These materials were structurally characterized by PXRD Rietveld, EXAFS, and
PDF analyses, revealing that the CP superstructure enables a continuous and isomorphous alloy between the two homome-
tallic compounds. Lower Fe loadings exhibit emergent spin glass magnetic behavior, such as memory effects and composition-
dependent spin glass response time constants ranging from 6.9 x 10° s to 1.8 x 10-¢ s. These data are consistent with the
formation of spin clusters within the lattice. The magnetic behavior in these materials was modeled via replica exchange
Monte Carlo simulation which provides a good match for the experimentally measured spin glassing and magnetic phase
transitions. These findings underscore how the rigid superstructure of CP and MOF scaffolds can enable the systematic tuning

of physical properties such as the spin glass behavior described here.

Introduction

Magnetic spin glass (SG) materials exhibit unusual
ground states and represent ideal examples of glassy sys-
tems. This makes them an attractive model system for the
study of glassiness in fields including physics, economics,
biology, and climate sciences.!> In a magnetically glassy
system, networks of competing effects, such as simultane-
ous ferromagnetic and antiferromagnetic coupling modes
can lead to multiple “quenched” states which are stable but
not necessarily ground states.®” A hallmark of SGs is non-
ergodic behavior, where separate states are stable without
accessible interconversion, even if they are degenerate.
Such SG behavior is believed to be critical to many magne-
toresistive and exchange bias mechanisms that are desired
for a variety of applications including next generation mag-
netic data storage and quantum information sciences.8-1# In
these applications the ability to programmably switch be-
tween different spin states beyond simple ferromagnetic
memory is highly desirable. Canonical SGs include alloys of
diamagnetic and spin containing metals such as AuFe!5 and
CuMn.1617 These systems are structurally amorphous mag-
netic alloys with SG behavior arising from random magnetic
ion distribution in addition to a disordered structure. These
properties greatly complicate control over magnetic cou-
pling schema as many possible atomic bonds and orienta-
tions exist. Alternatively SG behavior may also arise from
geometrical frustration, where patterns such as triangular
coupling motifs within ordered materials break the sym-
metry of otherwise antiferromagnetic ground states.!8

Topological SGs containing spin centers without struc-
tural disorder are less well studied.!*-?! Alternatively to
creating “spin jammed” triangular topologies, randomly al-
loyed metal centers in an ordered lattice in principle would
also provide an avenue for tunable SG properties. We ra-
tionalized that the rigid periodic superstructure of a CP or
metal organic framework (MOF) scaffold might enable sys-
tematic spin-doping and control over SG behavior while
maintaining a specific topological structure. Furthermore,
this regular structure also provides the possibility of a spa-
tially organized and addressable material such as might be
required in multi-qubit systems.??-2# Here we report the
synthesis of thiolate-based FeyCo1.yBTT (BTT = 1,3,5-ben-
zenetrithiolate) which allows for alloying of Co and Fe cen-
ters. We have structurally characterized this set of materials
across a broad range of Co/Fe compositions demonstrating
that the parent lattice is maintained with alloying. Close ex-
amination of the magnetic behavior reveals cluster spin
glass (CSG) and memory behavior below a critical alloying
limit of approximately 26% Fe, a threshold supported by
percolation theory. This limit and the associated magnetic
transitions are accurately described and recreated with a
statistical mechanical model using differing Jfintra and Jinter
coupling strengths simulated via replica exchange Monte
Carlo. These findings illustrate how rigid CP superstruc-
tures can organize spin-spin interactions to support bulk
physical phenomena in a tunable manner and adds to a
growing body of literature where paramagnetic CP materi-
als serve as tunable scaffolds for these and related applica-
tions.
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Figure 1. A) Rietveld pattern plotted vs reciprocal vector Q,
and diagram of CoBTT, a = 7.693 A, ¢ = 5.904 A, Co-Co = 2.95
A, Co-S = 2.23 A. B) Rietveld pattern and diagram of FeBTT
showing distinct Fe-Fe distances. a = 7.749 A, c=5718 4,
Fe-Fe = 2.64 A, 3.08 A. C) The view along the c-axis of COBTT
displaying the packing of (CoS3)n chains linked by BTT ligands.

Results and Discussion
Structure and Electronic Properties of COBTT and FeBTT

The homometallic materials FeBTT and CoBTT were
synthesized using air and water free methods by heating the
respective dichloride salts with 1,3,5-benzenetrithiol at
120 °Cin DMF overnight. The resulting black powders were
purified and found to be nearly isomorphous to the previ-
ously reported material CrBTT. The powder X-ray diffrac-
tion (PXRD) data for CoBTT were indexed with a P63/m
unit cell with dimensions a = 7.693 A and ¢ = 5.904 A. The
PXRD data for FeBTT were indexed with a P-6 cell of dimen-
sionsa=7.749 Aand ¢ = 5.718 A (Figure 1). Structural mod-
els refined against the data using the Rietveld method, in
conjunction with the extended X-ray absorption fine struc-
ture (EXAFS) and pair distribution function (PDF) analyses
to provide experimental M-S and M-M distances and local
structure (Figures S1-7). Both materials form as pseudo-
one-dimensional infinite chains of face-sharing MSe octahe-
dra, that are linked in the perpendicular plane by BTT

ligands. As revealed by the local structure probes EXAFS
and PDF, FeBTT has lower symmetry from the average
structure probed by PXRD. Specifically there are two dis-
tinct Fe-Fe distances of 2.64 A and 3.08 A which alternate
along the c-axis in a long-short pattern. The absence of
supercell reflections suggests that the ordering of long-
short Fe-Fe distances are not correlated between different
chains. Geometry relaxation using DFT also supports this
reduced symmetry structure for FeBTT, and notably not for
CoBTT (Figures S8-10). Similar M-S distances of 2.23 A and
2.29 A were determined by EXAFS for Co and Fe structures
respectively. No difference in the Fe-S length was resolva-
ble for the different long-short pairings which suggests that
these are associated with angular deviations from the ideal
octahedral geometry.

The empirical formulas of both materials suggest a M3+
oxidation state with a d° electron configuration for Co and a
ds electron configuration for Fe. While M?* salts were used
in all syntheses, the 3+ oxidation state in the resulting ma-
terials suggests an in-situ oxidation. Co3* should populate a
low spin state with a covalent radius of 1.26 A25 and thus the
observed Co-Co distance of 2.95 A in CoBTT implies no
metal-metal bond. In contrast, the shorter Fe-Fe distance of
2.64 A in FeBTT is within the sum of the covalent radii for
either high or low spin Fe (3.04 A and 2.64 A respectively?9),
suggesting some degree of Fe-Fe interaction. As mentioned
above, calculated molecular orbitals by DFT support an al-
ternating bonding and nonbonding motif between the short
and long Fe pairs with the shorter pair featuring an Fe-Fe o
bond of d.2 character and a node between the longer pair
(Figure S10). The driving force for this distortion can be
thought of as a disproportionation to satisfy an effective 18
e rule as the Fe atoms without this ¢ interaction would
have 17 e-, and thus form a spin-Peierls distortion.26:27
Some degree of M-M bonding in FeBTT is supported by ob-
servations of a significantly lower bandgap and improved
bulk conductivity (Figure S11). DFT suggests both materials
are semiconducting, and optical bandgap measurements
show bandgaps of 1.2 and 0.6 eV for CoBTT and FeBTT re-
spectively (Figures S12-14). Small semiconducting band
gaps have also been found in the BaFeX family of chalcogen-
ides, which adopt a similar quasi-one dimensional MSs co-
ordination environment to that observed in CoBTT and
FeBTT.28-30

Alloying of FeyCo1yBTT

Given the very similar structures of COBTT and FeBTT
with less than 3% change in the average lattice parameters
and M-S bond lengths, we were interested in examining
heterometallic materials with mixtures of Fe and Co. In-
deed, employing identical synthetic conditions for
CoBTT/FeBTT with varying ratios of Fe and Co provides al-
loyed heterometallic materials where the Fe:Co ratio can be
controllably tuned by the ratio of starting metal salts. While
we previously synthesized CrBTT which is also isostruc-
tural with FeBTT and CoBTT,3! FeCr alloys were not isola-
ble in practical yields and mixtures of Co and Cr precursors
were found to precipitate Co nanoparticles. The composi-
tion of FeyCo1.yBTT can be tuned across a broad range from
1 to 56% Fe content, but higher amounts of Fe are not prac-
tically accessible due to a consistent decrease in yield with
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higher Fe content. This difficulty is plausibly a consequence
of the observed Fe—Fe bonding, as the substitution of Co for
Fe in the high Fe limit requires breaking Fe-Fe bonds and is
thermodynamically disfavored. The alloying concentration
can be reliably controlled via the ratio of CoClz and FeClz
used in syntheses using an empirical calibration curve re-
quiring excess FeCl (Figure S15). The incorporated ratio of
Fe:Co was measured by inductively coupled plasma mass
spectrometry (ICP-MS) as well as X-Ray fluorescence (XRF)
with both methods agreeing to within 1-2% (Figure S16).
No obvious exotic electronic effects from doping were ob-
served in FeyCo1yBTT, the conductivity and optical
bandgaps of alloys varied linearly, consistent with Vegard’s
law.32

We also investigated the structure of FeyCo1.yBTT alloys
expecting similar linear behavior. PXRD shows that the
phase is maintained in the mixed system with linear shifts
in the lattice constants as predicted by Vegard’s law.32 How-
ever the average structure probed using diffraction cannot
reveal the local order of Fe and Co and is insensitive to local
changes in symmetry such as the dimerization observed in
FeBTT or any preferred ordering of metal centers. Under-
standing of the relative distribution of Fe and Co within the
lattice at an atomic level would be highly useful to inform
electronic and magnetic observations. We therefore col-
lected PDF from a series of alloy compositions to better un-
derstand the metal distribution and atomic level distortions
in FeyCo1yBTT (Figure 2). The PDF analysis reveals that in-
creasing Fe in the lattice induces significant changes in the
local order of FeyCo1.yBTT, most clearly observed between
2.0 to 3.6 A in G(r) plotted as the difference from pure
CoBTT (Figure 2B). A loss of intensity is seen at 2.9 A which
corresponds to a decrease in the mean M—M distance. There
is a concomitant increase in two new M-M distances which
match well with those in FeBTT, ca. 2.7 and 3.1 A. Similarly,
a decrease in the Co-S distance of 2.23 A is concomitant
with an increase of the Fe-S distance of 2.29 A. Thus, the
lower symmetry FeBTT model structure proposed from
EXAFS and Rietveld data fits the observed changes in the
PDF data very well (Figures S1-7). The concerted shift with
composition that is observed for the mixed-metal samples
by both PDF and PXRD is qualitatively most consistent with
formation of a uniform alloy, as mixtures of the parent ma-
terials or block copolymers would appear as a superposi-
tion rather than a gradual transition.

We then employed non-negative matrix factorization
(NMF)33 as a data extraction technique on the series of PDF
measurements with the hope of gaining more insight on the
Fe distribution in FeyCo1.yBTT. NMF is a method of princi-
pal component analysis which can decompose convoluted
patterns such as those observed for in situ phase transitions
and component mixtures.3435 Given that this method is a
purely mathematical modeling procedure it may be per-
formed a priori without imposed chemical or structural
model information for unknown components or intermedi-
ates. We applied NMF to the experimental PDF data and de-
termined contributions from three principal components:
the two known Fe-Fe and Co-Co parent structures, while
the third corresponds to unique Fe-Co contributions and
related distortions (Figure S17-19). All components have
consistent local and long-range order. These results reveal

CoBTT
18% Fe
34% Fe
44% Fe
FeBTT
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Figure 2. A) Pair Distribution Function (PDF) data for a series
of FeyCo1-yBTT samples collected via synchrotron. B) The dif-
ference of observed PDF subtracted with CoBTT. Note the
large positive residuals ca. 2.7 A and 3.1 A which correlate well
with the new Fe-Fe distances observed in FeBTT.

increasing amounts of both Fe-Fe distances as well as
Fe-Co distances in the PDF of the alloys as the composition
of Fe is increased, as expected. Once factored, the observed
ratio of these extracted principal components can be com-
pared to the statistically expected values for a purely ran-
dom alloy at a given concentration. This analysis does not
provide information on the exact distribution of atoms, but
the ratio of components does offer insight on whether Fe
centers are more likely to group or cluster as they substitute
into the lattice. Comparison of the statistically predicted
number of nearest neighbor interactions to the normalized
NMF principal components shows fewer Fe-Co interactions
than would be expected in a random alloy. We conclude that
Fe atoms appear approximately twice as likely to neighbor
another Fe atom along the chain than would be expected for
a purely random distribution of atoms. Considering that the
structure of FeBTT suggests that Fe-Fe bonds are formed,
some grouping of Fe centers in FeyCo1.yBTT makes intuitive
sense. Nevertheless, only a slight preference for Fe grouping
over random chance is still consistent with good mixing on
the nanometer scale, and thus the observed smooth transi-
tions which follow Vegard'’s law.

Magnetic Properties

In order to explore the magnetism of FeyCo1.yBTT alloys
we first examined the susceptibility as yT of the homome-
tallic COBTT and FeBTT materials via SQUID magnetome-
try (Figure 3). Previous magnetic measurements on the
analogous CrBTT material were found to be predominantly
antiferromagnetic.3! We predicted CoBTT to be diamagnetic
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Figure 3. Variable temperature magnetic susceptibility y mul-
tiplied by temperature T data for FeBTT (orange), CoBTT
(Blue), and Feo.12C00.8sBTT (Black) as a representative alloy.
Values given per mol combined metal (Co + Fe) for this sample.

as it contains d® Co3* in a trigonal antiprismatic 2-1-2 split
ligand field that should enforce an S = 0 ground state as dis-
cussed above. DFT calculations also predict a diamagnetic
ground state (Figure S9). Variable temperature magnetic
susceptibility measurements also report a near zero mo-
ment. We posit that any non-zero susceptibility arises from
either temperature independent paramagnetism or trace
Co?* impurities.36

In contrast, the d° Fe3* in FeBTT has a slightly distorted
and low symmetry ligand field as measured by XAS and PDF
discussed above. This suggests that many spin states might
be possible, S=1/2,3/2, or 5/2. The measured susceptibil-
ity of FeBTT shows dominant antiferromagnetic character
with Curie-Weiss constants of € = 1.82 and fcw = -615K,
corresponding to a perr = 3.83 us. This most closely supports
an intermediate spin value of S = 3/2 (uso3/2 = 3.87 us). The
intermediate spin value also fits reasonably into the Fisher
model37 of 1D magnetism yielding a fit with g = 1.94 and an
antiferromagnetic coupling constant of J = -32 cm™?, alt-
hough we note that neither model explicitly captures the al-
ternating of the two Fe-Fe distances (Figures S20-21). Mod-
els considering the dimeric nature require a more complex
treatment but lead to improved fitting of the magnetic data.
Using a Van Vleck Hamiltonian to model the dimeric cou-
pling and treating interdimer coupling as a mean field effect
elucidates two AFM coupling values (—14 and —45 cm™1, Fig-
ure $22).38-40 Regardless of the fit used, FeBTT appears to
be an § = 3/2 antiferromagnetic spin chain with slightly nu-
anced behavior as a result of the alternating dimers, but
with no observable ferromagnetism or frustration.

While FeBTT displays antiferromagnetic behavior, re-
markably different behavior is observed in the susceptibil-
ity of mixed FeyCo1.yBTT alloys with below 30% Fe. In this
range we observe a sharp peak in yT below 5 K which de-
pends on composition. The maximum response was ob-
served for y = 0.07 with a peak at 3 K. The moment of this
material does not saturate up to 60,000 Oe, displaying a soft
ferromagnetic magnetization with relatively low perma-
nence and coercivity of only 200 Oe at 2 K (Figure S24). Un-
der this high field the observed saturation moment is ap-
proximately 2.4 us/ Fe. This is lower than expected for an §
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Figure 4. The AC Magnetic susceptibility response of

Fe0.07C00.93BTT measured from 10 K to 1.8 K at intervals of 0.1

K and at frequencies of 1, 4, 20, 89, 400, and 999 Hz. Top: ¥’ in-

phase component, bottom: y” out-of-phase component. AC data

for all alloy amounts provided in the SI.

=3/2 center but s very close to the pure Fe material (Figure
S25). We propose that this suppression arises from compet-
ing antiferromagnetic interactions such as interchain ef-
fects. We note that competition between multiple interac-
tions, difficulty to saturate, and a large ratio of Ocw/Tr (see
below) are all observed characteristics of SG magnetism.41:42

We used AC magnetic susceptibility measurements from
1 to 999 Hz to better understand any SG behavior in
FeyCo1-yBTT (Figure 4). The low temperature peak exhibits
both temperature and frequency dependance which is con-
sistent with SG behavior. SG systems are often initially char-
acterized by the Mydosh parameter which quantifies the ob-
served temperature shift per decade frequency. Values be-
low 0.01 are typical for canonical SGs, values from 0.1-0.3
are typical for superparamagnetism, and intermediate val-
ues are usually observed for non-canonical, topological, and
CSGs.54344 Alloys of FeyCo1yBTT have Mydosh parameters
ranging from 0.04-0.09 (Figure S26). These intermediate
values are consistent with literature CSGs and trend to-
wards the canonical/dilute SG range with decreasing Fe
content.*> CSGs have been posited in many systems and ex-
amined directly via neutron diffraction experiments.*446 A
CSG model may plausibly arise here from the local AFM
Fe-Fe interactions forming randomly distributed Fe clus-
ters, which themselves have secondary or hierarchical cou-
pling modes. Scanning Electron Microscopy (SEM) also re-
veals that the particle sizes are several microns which is
much larger than typically seen for superparamagnets. (Fig-
ures S43-46)
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Figure 5. A) Vogel-Fulcher analysis for multiple alloy concen-
trations. The critical temperatures are plotted for each obser-
vation time of the AC susceptibility measurements, T = 1/(27f).
B) Time constants for each alloy determined from fitting to eq.
2. C) Energy barrier Ea for each alloy determined from fitting.

Measurements of zero-field-cooled (ZFC) splitting at mul-
tiple field strengths were fit to the Almeida-Thouless (AT)
equation (eq. 1) which semi-empirically describes the SG
phase boundary (Figures S27-29 and Table S4). This equa-
tion has been derived to associate the field-temperature de-
pendencies of SG freezing temperature Tt as a function of
field H, the zero-field freezing temperature To, and A which
relates to the coupling value J. 47 The exponential term @ is
derived as a constant @ = 3, but is frequently observed to
vary in real systems and has been closely examined as a
metric for system anisotropy.4° Fitting the experimental
data to eq. 1 yields an exponential term of @ = 5.5 at high
and low Fe concentrations which is in the high anisotropy
regime, and much greater than the theoretical value of 3 for
a mean field system.59 Both the hexagonal lattice as well as
the random cluster distribution likely contribute to en-
hanced anisotropy in this system.

Te = To(1 — AHY®) 1)

The explanation for spin glassiness in anisotropic sys-
tems has been examined from multiple theoretical perspec-
tives.#35152 [n an ordered lattice glassiness typically arises
from geometric frustration, either from a combination of lo-
cal distortions and/or triangular coupling schemes with un-
stable or degenerate ground states such is in the Kagome
lattice.53 In contrast, glassiness in canonical dilute or amor-
phous SGs can be theoretically described by competition be-
tween FM and AFM couplings which do not necessarily re-
quire periodic order. This is rigorously formulated as oscil-
lations in the Ruderman-Kittel-Kasuya-Yosida (RKKY)

interaction.* While geometric distortion and frustration
may arise from lattice strain or the hexagonal structure in
FeyCo1yBTT, no evidence for magnetic frustration is ob-
served in monometallic FeBTT or CrBTT. Because these
materials have the same triangular motif, this argues
against any structurally imposed SG behavior. This leads us
to propose that in-plane magnetic coupling is weak in BTT
CP systems, or at least too weak to observe frustration aris-
ing from the degenerate triangular coupling motif as is seen
in some SG systems. Further, the experimental ratio of Ea/To
found is approximately 0.1 (see below), which is weaker
than typically seen in other geometrically frustrated
cases.5%56

We measured the AC susceptibility over a range of
FeyCo1-yBTT alloys to further examine cluster domain ef-
fects and compositional dependence (Figure 5). The data
were fit to the Vogel-Fulcher model (eq. 2) which is a semi-
empirical model widely used for SGs to extract a relaxation
time constant Ty, critical temperature To, and energy barrier
per spin Ea from the frequency dependent glassing temper-
ature T¢for an AC measurement period t. The data were also
fit to the power law as an alternative dynamic scaling rela-
tionship (Figure S30 and Table S5). While both relation-
ships are commonly reported together it has been sug-
gested that VF may be superior for larger dynamic ranges
such as we observe in to here.5” Notably the time constants
at high Fe concentrations are slow for canonical SGs, up to
To = 1.9 x 10¢ s for y = 25%. However, this value is con-
sistent with the literature range of CSGs.#44658 The observed
time constants decrease nearly three orders of magnitude
with decreasing Fe content, towards 1o = 6.9 x 109 s fory =
0.9 %. This trend is consistent with a transition from a CSG
to a dilute SG with decreasing Fe concentration and likely
arises from a change in the correlation distance.>® An in-
crease in Ea over this same range is also consistent with lit-
erature differences between CSGs and dilute SGs (Table

$6).60
ey @)

T=ToeXp (kB(Tf—To)

One possible compelling application of SGs are as mag-
netic memory materials. Some glassy systems can be well
described by a hierarchical model of their free energy land-
scape.t162 In this description local, metastable states below
the critical glassing temperature Tg become increasingly de-
generate as the sample is cooled further. Because an energy
barrier exists between sub-hierarchies of these states, how-
ever, the system is not free to explore all of the phase space
i.e. it is non-ergodic. This behavior can manifest as a
memory event; a distinctive signature is observed as the
system is warmed and the frozen sub-states collapse back
into the broader free energy landscape. We evaluated this
memory effect experimentally by a modification of the ZFC-
FC procedure. The system is cooled under an applied field
of 10,000 Oe at a rate of 0.2 K/min. At 2.5 K the field is re-
moved and the system is held for 1 h, after which the field is
turned back on and cooling is resumed. Upon warming a dis-
continuity should manifest at the temperature where the
field was previously turned off and the system was allowed
to relax.
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We performed this scan with Feo.07C00.93BTT and the
magnetic data are shown in Figure 6. Cooling is shown as
black circles, with the magnetic field turned off at 2.5 K for
one hour before being turned back on (with a partially re-
laxed X) and cooled further. Upon warming (red circles), a
notable discontinuity is centered at precisely 2.5 K where
the field was removed and the system equilibrated into a lo-
calized state. It has also been suggested that this phenom-
ena suggests a CSG as long range cluster to cluster interac-
tions may be required to provide an appropriate hierar-
chical free energy landscape.>® Regardless, this magnetic
memory effect is direct evidence of glassiness and non-er-
godicity in FeyCo1yBTT.

Spin-Glass Simulations

The unusual SG behavior in FeyCo1yBTT and the tunable
nature of this SG system motivated us to develop a theoret-
ical model to explain the SG phase behavior of this system.
Generally, modeling such systems in a mean-field frame-
work requires parameterization of the effects of doping and
geometry as a distribution of coupling strengths between
different spin centers in the system.®3-66 While this can lead
to a good phenomenological understanding of the SG behav-
ior of a system at low temperature, coarse graining results
in the loss of many essential features such as the ability to
resolve correlations which may become important close to
phase boundaries. Furthermore, given the heterogenous
nature our system, we preferred to study its phase behavior
using an explicit lattice-based model.

Our lattice model of this system uses the stacked triangu-
lar lattice shown in Figure 1. We assume the coupling
strength is relatively high along the z-axis as the atoms are
coupled through S-mediated super exchange and direct
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Figure 6. A) Magnetic memory displayed by Fe0.07C00.93BTT
under an applied field of 10,000 Oe and a cooling rate of 0.2
K/min. The field was removed for 1 h at 2.5 K during cooling.
Open black circles represent the susceptibility while cooling
from 8 K, closed red circles are the susceptibility while warm-
ing. B) The derivative with respect to temperature of the mag-
netization while warming displaying a feature at exactly 2.5 K.

Fe-Fe bonds. Along the z-axis we allow for both antiferro-
magnetic nearest-neighbor and ferromagnetic next-near-
est-neighbor interactions. In contrast, we assume weakly
ferromagnetic coupling in the xy plane where the spin cen-
ters are spaced out by the organic linkers. This assumption
is because coupling through the greater distance and
through multiple aromatic bonds must be comparatively
weaker than exchange along the columns. Coupling to any
Co atom is assumed to be zero. From geometrical argu-
ments, for a hexagonal lattice, the site-percolation threshold
of Fe concentration is statistically predicted to be around
0.26.57.68 [n effect this is the upper limit before discrete clus-
ters of Fe begin to fuse into extended networks. We ran Rep-
lica Exchange Monte Carlo simulations on this model sys-
tem®® and obtain a phase diagram that is shown in Figure 7.
The two order parameters that we consider are the spin-
glass order parameter (q) and the staggered magnetization
(Figures S47-48).7°

Our model predicts a SG region below the critical thresh-
old of 26% Fe at sufficiently cold temperatures. As the
amount of Fe increases beyond this point antiferromagnetic
behavior dominates, consistent with experimental results.
At low Fe loadings, but higher temperatures, a paramag-
netic region is predicted. Importantly, our model supports
the presence of a SG phase for this topology and the cou-
pling modes described. We have plotted the experimental
glass freezing temperature as black points in Figure 7. We
see that the experimental results map onto the theoretically
predicted phase behavior of FeyCo1yBTT.
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Conclusion

We have synthesized the novel thiolate-based CPs CoOBTT
and FeBTT which were found to have diamagnetic and an-
tiferromagnetic behavior respectively. Co and Fe can alloy
effectively in these materials, allowing for the formation of
the mixed-metal materials FeyCo1yBTT across a wide range
of compositions up to at least 60% Fe. Structural examina-
tion of the binary alloy CPs reveals unit cell shifts consistent
with Vegard’s law. Close examination using beamline PDF
techniques reveals preferential Fe dimerization in the mon-
ometallic compound and some preference for Fe clustering
in the alloyed materials, most likely driven by the formation
of formal Fe-Fe bonds. By alloying diamagnetic and para-
magnetic spin centers in the regular periodic CP framework
SG behavior emerges that is unique from either parent com-
pound. We characterized this behavior using SQUID magne-
tometry and found it to be consistent with the formation of
Fe spin clusters within the diamagnetic lattice. A variety of
magnetic observations including the VF, AT, and Mydosh
parameters all support the assignment of cluster SG mag-
netism specifically.

SG materials, particularly molecule-based SG materials as
would be found in a CP, are uncommon. This is especially
true for thiolate based and/or non-Kagome structures. Our
results demonstrate how SG behavior can arise in a topolog-
ical yet non-geometrically-frustrated lattice by controlled
alloying between two different metal centers. Furthermore,
we show that the glassing behavior, including memory ef-
fects, of this type of CP can be tuned directly through the de-
gree of alloying. Magnetic SG time constants were controlla-
ble over nearly three orders of magnitude by varying the al-
loy composition and by extension Fe cluster morphology. In
order to explain both the glassing behavior as well as its
compositional dependance we employed statistical me-
chanical modeling based on replica theory which supports
a glassing region at sufficiently low Fe content and temper-
ature. These results show how the regular and rigid frame-
works of CPs provide an ideal platform to systematically in-
vestigate SG and related physical behavior.

Experimental
Synthesis of 1,3,5-tris(t-butylthio)benzene

The synthesis of BTT was performed using adapted liter-
ature methods for thioether formation”! and deprotection,”?
and is effective towards the bulk synthesis of a variety of
aryl thiols. Initially, we generated 1,3,5-tris(t-bu-
tylthio)benzene, which has been previously reported via a
different synthetic route.”> A 500 mL round bottomed flask
under N2 atmosphere is charged with 7.2 g (180 mmol, 6 eq)
NaH (60%) which is washed and decanted twice with 50 mL
of petroleum ether. The flask is charged with 100 mL of
dried and degassed DMF. The flask is placed in an ice bath
and equipped with dropping funnel. The dropping funnel is
charged with 20.2 mL (16.2g, 180 mmol, 6 eq) of t-butyl
thiol which is added over the course of 30 m. Some bubbling
is seen and a faint yellow color develops. Under counterflow
of N2 9.5 g (30 mmol, 1 eq) of 1,3,5-tribromobenzene is
added and the flask is placed in a 110 °C oil bath for 15 h
under N: developing a large amount of white precipitate.
Once cooled 100 mL water is added to the flask dissolving

most of the precipitate and the mixture is transferred to a
separation funnel. Three extractions are performed with 75
mL diethyl ether. The organic extract is then washed 4 times
with 50 mL water. The organic extract is concentrated in
vacuo and then filtered through a 3 cm silica plug using a
1:1 benzene:hexanes eluent. After drying NMR-pure 1,3,5-
tris(t-butylthio)benzene is obtained as an off-white pow-
der, 8.2 g, 87%. This isolated powder was characterized by
1H NMR which matched previous literature reports. 'H
NMR (400 MHz, CsDe) 6 8.05 (s, 3H), 1.18 (s, 27H).

Synthesis of 1,3,5-tris(acetylsulfanyl)benzene

The intermediate 1,3,5-tris-acetylsulfanyl-benzene has
also been previously synthesized by a different route.”# Un-
der Nz a 500 mL round bottom flask is charged with 8.2 g of
1,3,5-tris-t-butylthiobenzene (24 mmol, 1 eq) and 150 mL
dry DCM. The flask is cooled in an ice bath and 5.6 mL of
acetyl chloride (79 mmol, 3.3 eq) is added. Slowly, 48 mL of
0.1 M TiCls in DCM (48 mmol, 2.0 eq) is added developing a
deep orange color. The flask is removed from the bath to
warm to room temperature and allowed to stir for 2 h. Man-
ual shaking is used to break up precipitate. After stirring
150 mL water is added slowly dissipating most precipitate.
The contents are transferred to a separation funnel and the
organic layer is extracted followed by two additional extrac-
tions with 50 mL DCM. The organic extract is washed with
3 portions of 50 mL water. The organic extract was finally
dried with MgSO0yg, filtered, and dried under vacuum yielding
an orange oil of 1,3,5-tris(acetylsulfanyl)benzene, 6.8 g,
95%. This isolated oil was characterized by 'H NMR and
used without further purification. 'H NMR (400 MHz, CsDs)
8 7.58 (s, 3H), 1.75 (s, 9H).

Synthesis of 1,3,5-benzenetrithiol

1,3,5-benzenetrithiol has also been previously reported
via a different route.” In a 250 mL round bottom flask un-
der N2 6.8 g (22 mmol, 1 eq) of 1,3,5-tris(thioacetate)ben-
zene is loaded and dissolved in 100 mL of a 60:40 mixture
of DCM and MeOH. To the solution 0.4 mL of concentrated
15 M H2S04 (66 mmol, 3 eq) was slowly added in a dropwise
manner. The solution was gently warmed to 35 °C and left
to stir for 15 h yielding a cloudy white solution. The flask
was dried under vacuum yielding yellow powder which was
transferred into the glovebox. The powder can be recrystal-
lized from 1:1 layered hexanes over saturated DCM solution
yielding white needles of 1,3,5-benzenetrithiol, 2.4 g, 60%.
These isolated needles were characterized by 'H NMR
which matched previous literature reports. tH NMR (400
MHz, CeDs): 6 6.45 (s, 3H), 2.80 (s, 3H).

Syntheses of CoBTT and FeBTT

The syntheses of both CoBTT and FeBTT are nearly iden-
tical employing different anhydrous metal salt precursors.
In a nitrogen glovebox a thick walled 24 mL glass vial in a
glovebox is loaded with 19 mg (0.15 mmol, 1 eq) of CoClz
(or FeClz) and 32 mg of BTT (0.19 mmol, 1.25 eq). These are
dissolved in 3 mL of DMF and the vial is sealed and placed
into a 120 °C aluminum block for 16 h. Slightly improved
yields were observed by adding 5 eq of EtsN to FeBTT syn-
theses prior to heating. After cooling, black precipitate is
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isolated via repeated centrifugation and washing three
times with 1.5 mL portions of DMF, followed by 2 portions
of 1.5 mL MeCN, and 2 portions of 1.5 mL THF. The final
powders are dried under vacuum and stored under inert at-
mosphere. Although stored and handled under inert atmos-
phere these products were not observed to be air sensitive.
CoBTT 18 mg, 82%. FeBTT 8 mg, 37%.

Synthesis of CoyFe1-yBTT

Alloys of Co and Fe were made in an identical way using
stock solutions in DMF of FeCl; and CoClz measured via mi-
cropipette rather than dry measurements. The total molar
amount of metal was held constant at 0.15 mmol while ad-
justing the ratio of Co:Fe and the solution volume was held
constant at 3 mL DMF as well. The ratios of metals used in
synthesis require an excess of Fe over the observed ratio
(see Figure S18). 7-20 mg, 32-85%, decreasing yield with
increasing Fe.

ASSOCIATED CONTENT

Additional methods and data including computational details,
XAS data, crystallographic, and spectroscopic data are available
in the supplementary information.
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