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ABSTRACT: Molecules exhibiting bistability have been proposed as elementary binary
units (bits) for information storage, potentially enabling fast and efficient computing. In
particular, transition metal complexes can display magnetic bistability via either spin-

its high-symmetry form, can combine both types of behavior. Light irradiation under an
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crossover or single-molecule magnet behavior. We now show that the octahedral @
i 1 in the molecular salt [Fe(1-propyltetrazole),](BF,),, when placed in P 0o
iron(II) complexes in propy 6 4)2 P IH, 505 nm ¢ M, S0 nm

applied magnetic field enables fully reversible switching between an S = 0 state and an S
= 2 state with either up (Mg = +2) or down (Mg = —2) polarities. The resulting
tristability suggests the possibility of using molecules for ternary information storage in
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direct analogy to current binary systems that employ magnetic switching and the

magneto-optical Kerr effect as write and read mechanisms.

B INTRODUCTION

Silicon-based electronics may ultimately be replaced by circuits
and devices composed of molecular-scale components capable
of switching between distinct states at high speeds with minimal
energy input."* As a result, researchers are actively seeking
molecules exhibiting bistable physical states that can be
interchanged via external stimuli, such as temperature, light,
electric or magnetic fields, or pressure. Here, molecules capable
of interconverting between two stable magnetic polarization
directions, known as single-molecule magnets, are of particular
interest, owing to the prominent use of magnetic field-based
switching in information storage over the past half-century. The
introduction of additional physical states that can be accessed in
such molecules via other stimuli stands as a challenge that could
enable access to increased information density and, for the
interesting case of light-based switching, potentially even result
in molecular manifestations of magneto-optical effects observed
in solids. Herein, we provide an initial demonstration of how
spin-crossover behavior in a transition metal complex can give
rise to a photoswitchable single-molecule magnet exhibiting
tristability.

Spin-crossover complexes of 3d* to 3d” metal ions have been
a focus of research for nearly 80 years,s_7 due in part to their
potential applications as molecular memory media, switches,
displays, and sensors.® Of these, by far the majority are pseudo-
octahedral 3d® iron(II) complexes possessing coordination
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geometries dominated by N-donor ligands that place the ligand
field splitting energy near the spin pairing energy.’ For
molecules of this type, the low-spin tzgéeg0 electron
configuration with S = 0 is the ground state at low temperature,
but at higher temperatures the high-spin t2g4eg2 electron
configuration with § = 2 becomes significantly thermally
populated, owing to differences in the entropy contributions to
the Gibbs free energy associated with the spin degrees of
freedom. Importantly, in some instances it is possible to switch
between the two states using light irradiation, a phenomenon
known as light-induced excited spin state trapping or the
LIESST effect.'*™'? Thus, certain spin-crossover complexes can
offer optically switchable bistability.

Another type of magnetic bistability is found in single-
molecule magnets, molecules for which the magnetic dipole
associated with a high spin ground state prefers to align along a
unique axis.">~'> Here, an axial magnetic anisotropy creates an
energy barrier for converting between up (Mg = +S) and down
(Mg = —S) orientations of the spin, as described by the zero-
field splitting Hamiltonian H = DS, + E(S,> — ) with usually
D large and negative, and E small. As a result, at low
temperatures, these molecules exhibit slow relaxation of their
magnetization and magnetic hysteresis associated with switch-
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ing between the two states via application of a magnetic field.
While most single-molecule magnets are polynuclear com-
plexes, it was recently discovered that high-spin iron(II)
complexes with an appropriate axial ligand field could also
behave in this fashion.'"*° These results motivated us to
search for photoactive spin-crossover complexes that might
additionally behave as single-molecule magnets when switched
into their high-spin configuration. Among the possibilities, the
compound [Fe(ptz)q](BF,), (ptz = l-propyltetrazole), repre-
senting the first system ever shown to exhibit the LIESST effect
in the solid state,'®*"21=%7 caught our attention, owing to its
remarkable photosensitivity and the axial symmetry of its
photoinduced high-spin state. Indeed, this molecular salt now
provides the first example of a light-actuated single-molecule
magnet based on a spin-crossover phenomenon.

Over the course of the past 20 years, a series of
crystallographic studies were carried out on [Fe(ptz)s](BE,),,
revealing the details of the structures of the octahedral comglex
[Fe(ptz)s]*" in its various physical states (Figure 1).>*>
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Figure 1. Interconversions between five different states of the
octahedral iron(II) complexes in [Fe(ptz)s](BF,),. Orange, gray,
and blue spheres represent Fe, C, and N atoms, respectively; H atoms
are omitted for clarity. The conversions between the various high-spin
(HS) and low-spin (LS) forms of the complex can be affected through
application of heat (A) or in some cases by irradiation with light of
505- or 850-nm wavelength. With the exception of HS,*, all of the
structures have been well-characterized crystallographically.''~'***7%7
In these crystal structures, the Fe—N distances are 1.97(1), 2.01(1),
and 2.03(1) A for LS,; 1.99(2) A for LSy; 2.20(2) A for HS,; and
2.18(2) A at 10 K for HS*, reflecting the differences in spin
configuration and local symmetry at the iron(II) center.

Above its spin-transition temperature of ~130 K, this
compound crystallizes in a high symmetry R3 structure (here
denoted HS,), wherein the high-spin iron(II) centers
experience a D, local symmetry.”> Upon cooling gradually to
below 130 K, the symmetry of the structure (designated LS,) is
reduced to P1 as a result of the ligands relaxing about the
iron(II) centers to give C; local symmetry upon conversion to a
low spin configuration.” Intriguingly, however, it was found
that by rapidly cooling below the spin-transition temperature, a
form of the compound (designated LS4) could be obtained in
which the R3 symmetry of the parent structure is preserved,
resulting in Iow-szpin iron(II) centers that maintain an axial Ds,
local symmetry.”">*** By photoexciting the LS, and LS,
phases, the compound is selectively converted into long-lived
metastable high-spin phases (designated HS,* and HSg*,
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respectively). Further structural studies performed under
irradiation indicate HSg* to retain R3 symmetry”**>*’" and
suggest that HS,* has a similar low symmetry structure as
LS,.” In particular, the clear axial symmetry of HSz* provides
the tantalizing prospect of enabling the large magnetic

anisotropy required for a single-molecule magnet to develop.

B RESULTS AND DISCUSSION

The synthesis and characterization of [Fe(ptz)s](BF,),
proceeded as expected (details are provided in the Supporting
Information), and its magnetic properties were investigated,
with particular attention to the low temperature magnetization
dynamics for the photoinduced HS,* and HS4z* phases. Static
magnetic susceptibility data collected for a powder sample of
the compound yielded yyT = 3.9 cm®K/mol at 300 K
(Supplementary Figure S1), corresponding to an S = 2 spin
state with a g factor of 2.3. Upon lowering the temperature at a
rate of 0.4 K/min, an abrupt decrease in yyT product is
observed between 140 and 110 K, indicative of a magnetic and
structural phase transition between the HS, (S = 2) and LS,, (S
= 0) phases. These data are in good agreement with previously
reported results.'*® The sample was then cooled to 10 K and
irradiated with 505-nm LED light (P = 10 mW/cm?) for 9 h,
whereupon the y,T value increased abruptly before reaching a
plateau at ~3.6 cm®K/mol (Supplementary Figure S2). Under
such treatment, [Fe(ptz),](BF,), is fully converted from LS, to
the HS,* phase.' " After irradiation, ac magnetic susceptibility
data as a function of frequency were measured in the dark at 1.9
K to check for slow magnetization dynamics, including in the
presence of dc fields of up to 3000 Oe. The results showed no
significant out-of phase signal, consistent with an absence of
single-molecule magnet behavior for the low-symmetry form of
the high-spin iron(II) complex (Supplementary Figure S3).

To investigate the magnetic properties of HSz*, a sample of
[Fe(ptz)¢](BF,), was cooled rapidly at ~100 K/min from 300
to 10 K and irradiated with S05-nm LED light (P = 10 mW/
cm?) to initiate photoconversion. After 7 h, the y\T value
reached a plateau at 4.4 cm®K/mol (Supplementary Figures S4
and SS). Maintaining a temperature of 10 K, the metastable
HS;* phase obtained in this way showed no significant decay
over time after switching off the light. To check for possible
slow dynamics, ac magnetic susceptibility measurements were
carried out from 10 K down to 1.8 K. Under zero applied dc
field, no significant out-of-phase susceptibility signal was
observed (Supplementary Figure S6); however, upon applica-
tion of a small dc field, a frequency-dependent signal indicative
of a slowly relaxing single-molecule magnet became apparent.
This behavior is typical for mononuclear iron(II) single-
molecule magnets, in which fast ground state quantum
tunneling of the magnetization short-cuts the thermal relaxation
barrier under zero magnetic field but is minimized upon
application of a dc field to break the energy degeneracy of the
+M; states.'672°

Ac magnetic susceptibility data collected at applied fields as
high as 7000 Oe enabled quantification of the effective spin
reversal barrier associated with the single-molecule magnet
behavior of HSz* (Supplementary Figure S7). Figure 2 shows
the frequency and temperature dependence of the data
obtained under an optimum dc field of 2000 Oe (ie., that
minimizes the quantum relaxation pathway of relaxation;
Supplementary Figure S8). On the basis of the frequency
dependence of these data, the temperature dependence of the
relaxation time 7 was determined experimentally. This was
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Figure 2. Temperature (left) and frequency (right) dependence of the
in-phase (y/, top) and out-of-phase (y”, bottom) components of the ac
magnetic susceptibility data for HSz* at oscillating frequencies
between 1 and 1500 Hz and temperatures between 1.9 and 5 K.
Measurements were performed with a 5-Oe ac field and a 2000-Oe dc
field. The solid lines are guides for the eye. Inset: Arrhenius plot
showing the dependence of the magnetization relaxation time 7 upon
inverse temperature, as obtained from the y” versus v data. The solid
red line corresponds to a linear fit to the data above 3 K, where
relaxation can occur via a thermally activated process. At lower
temperatures, relaxation becomes dominated by quantum tunneling of
the magnetization (QTM).

accomplished by utilizing the maxima of the y”(v) curves at a
given temperature, for which 7 = (271,,,,) "', and for portions of
the data where a maximum could not be observed, by applying
a classical scaling method®® (Supplementary Figure S9). For a
single-molecule magnet, 7 follows a thermally activated
relaxation process, resulting in an exponential increase with
decreasing temperature. Accordingly, the corresponding plot of
In(z) versus 1/T should feature a linear region with the slope
giving the relaxation energy barrier. Indeed, the Arrhenius plot
shown in Figure 2 features a linear region above 3 K, indicative
of a thermally activated relaxation time, and a fit to the data
affords a relaxation barrier of U,z = 15 cm™ (22 K) and 7, = 4.2
X 107% 5. The value of 7, provides a quantitative measure of the
attempt time of relaxation, and the value obtained here is
comparable to those found for other single-molecule
magnets.B*20 Below 3 K, the relaxation time becomes
progressively less temperature-dependent, as expected in the
vicinity of a quantum relaxation regime, with a relaxation time
of 2.4 X 10™*s. Consistent with the measured relaxation times,
no magnetic hysteresis was observed at temperatures down to
1.9 K employing the field sweep rates of 100—300 Oe/min
attainable with a conventional SQUID magnetometer.

An important characteristic of the HSg* phase is the
presence of D;; symmetry at the iron(Il) sites,***>*” which
provides a substantial axial magnetic anisotropy D and limits
the development of transverse anisotropy E. As a result, the rate
of quantum tunneling is reduced significantly. Nevertheless, as
shown in Figure 2, the system maintains some probability of
quantum tunneling below 3 K, suggesting the possibility of an
undetected local structural distortion to lower the symmetry at
the iron(II) centers at low temperatures. Indeed, the much

lower symmetry likely present in HS,* appears to suppress the
single-molecule magnet behavior entirely.

As a direct probe of the magnetic anisotropy, high-field high-
frequency EPR spectra were collected at 10 K for the
photoinduced HS,* and HSz* forms of [Fe(ptz)s](BE,),.
The spectra for the latter, higher-symmetry phase display the
forbidden AM; = 4 transition expected for a high-spin iron(II)
metal center (Supplementary Figure S10), but well-resolved
peaks corresponding to allowed transitions were not observed
even at magnetic fields of up to 14 T and frequencies of up to
600 GHz. The absence of observable allowed transitions in the
spectra is indicative of a remarkably large axial zero-field
splitting parameter, while the presence of the AM; = 4
transition at very low temperatures indicates that the sign of D
is negative. The only visible transition, from Mg = —2 to Mg =
+2, can be simulated with many pairs of D and E parameters
over a wide energy range, but the magnitude of IDI is
constrained to be less than ~15 cm™. Close to this limiting
value, the set of parameters D = —14.8 cm™ (=213 K), E =
—0.95 cm™ (=14 K), and g, = 2.3 is found to be consistent
with both the frequency dependencies (Supplementary Figure
S11) and the X-band EPR spectrum (Supplementary Figure
S12). These anisotropy parameters are in agreement with the
observation of single-molecule magnet behavior for HSg* and
indicate a total spin reversal barrier of U = $’IDI = 50 cm™ (72
K). The observation of a somewhat reduced effective relaxation
barrier of 15 c¢cm™' through ac magnetic susceptibility
experiments is typical for mononuclear single-molecule
magnets and can §enerally be attributed to the presence of
vibronic coupling.”” EPR spectra obtained for HS,* show the
forbidden AM; = 4 resonance moving to lower field, suggesting
a reduction in symmetry at the iron(II) centers and a significant
transverse anisotropy (Supplementary Figure S12). These
observations are consistent with the absence of single-molecule
magnet behavior for the phase. It should be noted that this
work represents the first high-field EPR study performed on a
photoinduced phase of a spin-crossover system.

The ability to utilize light in reversibly switching “on” and
“off” the single-molecule magnet properties of [Fe(ptz)](BF,),
was also investigated. Since the compound is known to show a
reverse LIESST effect (i.e,, a conversion back to the low-spin
ground state) when the high-spin photoexcited state is
irradiated with the longer wavelength light,'* these experiments
involved excitation to form HSg* and deexcitation back to LSy
via irradiation using LED light with wavelengths of 505 and 850
nm, respectively. Figure 3 plots y,T as a function of time,
demonstrating reversible excitation—deexcitation cycles during
successive irradiations at 10 K. After a first complete conversion
of LSy to HSz* using S05-nm light, yT decreases under
irradiation with 850-nm light, reaching a value of 0.8 cm>K/
mol after 8 h. This value indicates a nearly complete
deexcitation, with only 17% of the iron(II) centers remaining
in the high-spin configuration. To verify the reproducibility of
the switching properties, 10 excitation—deexcitation cycles were
performed, yielding a sequence of essentially identical yyT
versus time traces. Ac magnetic susceptibility data were
collected before the cycling, after the first excitation at 505
nm, after the first deexcitation at 850 nm, and after the last
excitation at 505 nm. Remarkably, these data confirm the ability
of the system to recover precisely the single-molecule magnet
behavior of HS4* (Figure 2) upon reexcitation and to negate
that behavior upon subsequent deexcitation (Supplementary
Figure S13). Thus, the octahedral iron(II) complexes in
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Figure 3. Excitation—deexcitation cycling between the LS; and HSy*
forms of [Fe(ptz)s](BF,), at 10 K, as probed by dc magnetic
susceptibility measurements performed under a 5000-Oe field.
Irradiation with a 505-nm LED light source operating at 25 mW/
cm® converts LS, to HSy* over the course of 3 h, thereby switching on
single-molecule magnet (SMM) behavior (as confirmed by ac
magnetic susceptibility measurements). Subsequent irradiation with
850-nm LED light source operating at 40 mW/ cm? converts HSﬁ”<
back to LS; over the course of 8 h, thereby switching off single-
molecule magnet behavior. The gray lines are guides to the eye that

help show the reproducibility of the cycling.

[Fe(ptz)s](BF,), are seen to exhibit tristability, with the
application of light and a magnetic field at low temperature
enabling switching between three long-lived states: | 0 >, | +2 >,
and | =2 >.

Bl CONCLUSIONS AND OUTLOOK

The foregoing results represent the first example of a light-
actuated single-molecule magnet based upon a spin-crossover
phenomenon. The tristability offered by this system intimates
the possibility of one day using molecules for ternary
information storage.® Indeed, the manipulation of the
information states for the molecules could potentially be
carried out in direct analogy to current binary storage systems
that employ magnetic switching and the magneto-optical Kerr
effect (MOKE) as write and read mechanisms (see
Supplementary Figure S14). Here, starting with the molecules
in the “0” low-spin state, one could write a “1” or a “2” by
application of short-wavelength light in combination with a
magnetic field to convert it to a high-spin state with the
moment polarized either up or down along the easy axis.
Information could then be read through application of the
magneto-optical Kerr effect, wherein the moment of the
molecule shifts the phase of polarized light either not at all for a
“0” or in a positive or negative sense for a “1” or a “2”.
Information could be erased by irradiation with long-wave-
length light to return the molecules to their low-spin form.
Among other challenges, implementation of such a computing
scheme would require significant further developments in the
confinement of light at a molecular level®' and the synthesis of
new molecules of the type established here with larger
relaxation barriers and longer polarization lifetimes.
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