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Locking and Unlocking the Molecular Spin Cross-Over Transition
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ABSTRACT. The Fe(II) spin crossover complex [Fe{H 2 B(pz) 2 } 2 (bipy)] (pz = pyrazol-1-yl, bipy = 2,2'bipyridine) can be locked in a largely low spin state configuration over a temperature range that includes temperatures well above the thermal spin crossover temperature of 160 K. This locking of the spin state is achieved for nanometer thin films of this complex in two distinct ways; through substrate interactions with dielectric substrates such as SiO 2 and Al 2 O 3 , or in powder samples by mixing with the strongly dipolar zwitterionic p-benzoquinonemonoimine

C 6 H 2 (•••NH 2 ) 2 (•••O) 2 .
Remarkably, we find in both cases that incident X-ray fluences then restore the [Fe{H 2 B(pz) 2 } 2 (bipy)] moiety to an electronic state characteristic of the high spin state at temperatures of 200 K to above room temperature, i.e. well above the spin crossover transition temperature for the pristine powder and well above the temperatures characteristic of light-or X-ray-induced excited spin-state trapping.

Heating slightly above room temperature allows the initial locked state to be restored. These findings, supported by theory, show how the spin crossover transition can be manipulated reversibly around room temperature by appropriate design of the electrostatic and chemical environment.

The spin crossover (SCO) phenomenon, in several classes of 3d transition metal compounds, relates to the temperature-induced transition between a low spin (LS) diamagnetic state of the metal ion to a high-spin (HS) paramagnetic state, usually stable at a higher temperature. [1,2] The SCO transition can also be triggered by light or pressure changes, making it an ideal system for multi-functional devices at the molecular level, in particular, if the transition is accompanied by a change of conductivity, [3][4][5][6][7][8][9][10][11][12][13][14][15][16] with the perspective of reaching low voltage GHz switching. [17] For molecular memory applications, where non-volatility is required, there is a strong need to identify and control mechanisms to lock, unlock and switch the molecular spin state at a given temperature, ideally around 300 K, if devices applications are envisioned. Unfortunately, most reported SCO molecules exhibit transition temperatures significantly below 300 K. [18] Creating bi-stability at a given temperature can be obtained by a light stimulus, making the HS state (high-temperature state) metastable at low temperatures where the LS state normally prevails. For a metastable high spin state with a very long lifetime retention, such lightinduced excited spin state trapping (LIESST) [4,9,[19][20][21][22][START_REF] Gütlich | Spin Crossover-An Overall Perspective[END_REF][START_REF] Lee | [END_REF][START_REF] Létard | Towards Spin Crossover Applications[END_REF][START_REF] Létard | [END_REF][27][START_REF] Létard | Optimizing the Stability of Trapped Metastable Spin States[END_REF][START_REF] Marchivie | [END_REF][30][31][32][33][34][35] and soft X-ray induced excited spin state trapping (SOXIESST) [35][36][37][38] are limited to temperatures significantly below the SCO transition, that is to say below 50-60 K. For bi-stability at higher temperatures exceeding the SCO transition, it is necessary to "lock" the low temperature LS state into a metastable state. Such a suppression of the spin state transition has been observed for [Fe(1,10phenanthroline) 2 (NCS) 2 ], [11] and [Fe{H 2 B(pz) 2 } 2 (bipy)] (pz = pyrazol-1-yl, bipy = 2,2"bipyridine), [13,35,[39][40][41] molecules or ultra-thin films interacting with a metallic substrate, with a resulting mixed spin state dominated by the LS state at high temperatures. [13,35,40] This basically implies a substrate-induced "locking" of the spin state.

The question arises whether the spin state of SCO complexes can be locked into a metastable state far away from the transition temperature, then unlocked and switched as needed, and possibly even reset to the metastable state. The possibility of manipulating the spin state of an ultrathin film is suggested by the fact that the signature of the spin crossover transition, in Xray absorption spectroscopy, [42] is not always in lock step with the magnetometry. Furthermore, unlocking and changing the spin state of an ultrathin spin crossover molecular film was achieved by STM tip manipulation over Au substrates [6] or by inserting a dielectric substrate like CuN, [11] although performed at temperatures below the SCO transition temperature.

Here, we exploit our initial findings that interactions with an electrically-active ferroelectric substrate, specifically residual dipoles at their surface, can impact the state of SCO molecular films, [41] to achieve the desired room-temperature switchable spin state. We extend this concept here by studying the mixture of SCO with dipolar molecules, investigating how such electrostatically-active neighbors can influence the ligand field around the metal center, and therefore impact the stability of its magnetic state. A key advantage of dipoles is that they can possibly be oriented by an external electric field (with ferroelectrics as the asymptotic case of collective behavior), opening the possibility to control the SCO magnetic state with an electric field. Such giant magnetoelectric coupling at the molecular level is what is missing for inorganic materials applications in the field of multiferroics. In this paper, we show that the spin state transition of [Fe{H 2 B(pz) 2 } 2 (bipy)], where pz = tris(pyrazol-1-yl)-borohydride and bipy = 2,2'-bipyridine (hereafter 1, Figure 1) can be suppressed through interactions with dielectric substrates as well as with quinonoid zwitterion molecular additives (hereafter 2, Figure 1), so that they are locked in a predominantly LS state at room temperature, far beyond their SCO transition temperature of 160 K. We then show that unlocking and switching of the spin state is achieved by incident X-ray fluences (schematically summarized in Figure 2). Reversibility of this transition is obtained by a mild heating of the material (by typically 40 K), bringing back the system to a dominant locked LS state (Figure 2). We, therefore, take advantage of the expected sensitivity of the Fe ion to the local environment, [3,[6][7][9][10][11][12][13][14][15][16]41,43,44] and illustrate how the spin state of 1 can be manipulated at room temperature through engineered interactions with neighbor molecules or substrates.

The spin state of molecule 1, in powder form and as a 5 nm thin films on SiO 2 , may be extracted from the X-ray absorption spectra, such as those in Figure 3, as a function of temperature and as a function of time. In the LS state of molecule 1, the 3d electrons occupy the t 2g orbitals in pairs leaving the e g empty. [30,32,35,[40][41][42]45] This is observable in the shown 2p 3/2 (Fe L 3 ) X-ray absorption spectra as a major e g peak at about 708 eV (Figure 3). In the HS state, the e g orbitals are partly populated with the t 2g set subsequently partly depopulated, which corresponds in the XAS spectra at the Fe L 3 (2p 3/2 ) edge to a decrease of the peak intensity at 708 eV and an increase of the corresponding t 2g peak at about 706.5 eV.

The powder of molecule 1 shows the characteristic shift of the t 2g and e g peak intensities, in a narrow temperature range around 150 K, revealing the thermally-induced SCO. The 5 nm thin film of 1 on SiO 2 does not display such a thermally-induced transition and instead the initial Fe L 3 (2p 3/2 ) X-ray absorption spectra observed at low temperatures remain unchanged up to room temperature. This is seen from the blue curve in Figure 3(b), which was taken at room temperature. The initial spectra are similar to that of the powder of molecule 1 at low temperature in that the e g peak shows by far of the highest intensity so that it must be concluded that the film is mostly in an LS state at 290 K.

In a similar fashion, the initial spectra of 5 nm thin films of 1 on SiO 2 at 200 K, 300 K, 345 K and of 30 nm thin films on another dielectric substrate, Al 2 O 3 , show spectral characteristics very similar to the LS state (Figure 4). It is thus concluded that similarly to thin films of 1 on Au (111), [13,35,39,40] interactions with SiO 2 and Al 2 O 3 dielectric substrates also tend to pin the SCO molecular thin films of 1 into the LS state up to 345 K.

Interestingly, the time evolution of the spectra during exposure of the films to X-rays during the XAS measurements at a constant temperature around 290 K, detailed in Figures 4b and5, show a systematic behavior reminiscent of the SOXIESST "unlocking" of the LS state, allowing a transition to the HS state, although occurring well above the thermal transition temperature. When increasing scan speeds to a few seconds per spectrum (at the expense of resolution and signal to noise ratio), the evolution of the X-ray absorption spectra of 5 nm thin films of 1 on SiO 2 at 200 K can be monitored. It resembles the temperature evolution of the SCO transition, as seen in Figure 3, by exhibiting a decrease in the e g -like peak and an increase in the unoccupied t 2g -like peak. This indicates that the spin state of 1 has evolved towards an HS state as a function of exposure time to the soft X-rays, at a constant temperature. Similar results have been obtained at higher temperatures for 5 nm thick films of 1 on SiO 2 and 30 nm thick films on Al 2 O 3 .

Qualitatively, the soft X-ray induced spin crossover transition increases in rate with increasing temperature, achieving nearly complete HS state occupancy for 1 within roughly 13 minutes of exposure at 200 K (Figure 4a), 4-5 minutes at 300 K (Figure 4b) and 3 minutes at 345 K (Figure 4c). The "empty t 2g / empty e g " ratio is an empirical approximation indicator to extract the occupancy of the HS state, in good agreement with theoretical expectations, [42] and used in Figure 5 to establish the evolution of the soft X-ray-induced transition to the HS state with time, as a function of temperature. Even though the SOXIESST-like process, leading to occupancy of a metastable HS state, is gradual (Figure 4), the evolution of this process proceeds far more quickly than the traditional SOXIESST, as seen for the powdered molecule 1 below 50 K, and as plotted in Figure 6. This increasing rate of this SOXIESST process with increasing temperature, above the traditional thermal spin crossover transition temperature, suggests that this "unlocking" is a thermally-activated process. Applying an Arrhenius equation to the observed rates, and by assuming a constant pre-exponential factor, an activation energy of 60+7 meV/molecule can be estimated. This value (of approximately 60 meV) is close to enthalpy variation associated with the spin transition, which has been determined to be in the region of 80 meV. [30] The resulting excited HS state, or "unlocked" HS state, is stable for at least one hour at room temperature without X-ray irradiation. In comparison, changing the spin state of a SCO molecular complex, with LIESST and SOXIESST at temperatures below 50-60 K, for molecules like 1 or [Fe(bpz) 2 (phen)] (bpz = dihydrobis(pyrazolyl)borate, phen = 1,10phenanthroline) results in the complex remaining trapped in a metastable state with a lifetime up to days. [START_REF] Lee | [END_REF]31,32,35,[46][47][48] However, when the ultrafast photoexcitation spectroscopy is performed at room temperature, the photogenerated high spin state complex is a transient species with extremely short lifetimes of picoseconds to nanoseconds, [START_REF] Létard | [END_REF][49][50][51][52][53] although lifetimes up to 36 ms [54,55] have been observed. In other words, the transitions we report here result in an HS state that is at least five orders of magnitude more stable as a function of time.

It should be emphasized that this soft X-ray-induced transition is reversible, as illustrated in Several mechanisms for the unlocking of the substrate pinning of thin films of molecule 1 and subsequent transition to a majority HS state should be considered. The activation energy of 60+7 meV is too small (and too close to the energy associated with expected enthalpy change for the spin crossover transition) to be associated with the breaking of chemical bonds, so charge rearrangement and configuration changes remain likely mechanisms for the observed high temperature soft X-ray-induced transition to an HS state. Neither SiO 2 nor molecule 1 assemblies are expected to be good conductors. [42] Under soft X-ray fluences, photoemission will occur and charge can build up at the interface, resulting in local electric fields that could facilitate a transition of the spin states of the SCO molecule. [6,7,10,11,13] This tends to run contrary to the observations that the process is an activated process, as conductivity in SiO 2 increases with increasing temperature. Changes to the local charge population, distortions of the ligand or metal coordination sphere, as a result of local changes in charge, are also possible mechanisms for the induced spin state switching. [18] These mechanisms are difficult to model, presently, as the interaction of molecule 1 with SiO 2 or Al 2 O 3 is not known. Thus, to gain further insights into the possible cause of the environmental influence on the delicate energetics of the SCO transition, we investigated the phase stability of molecule 1 in the presence of other electrically and chemically mildly active neighbor molecules.

Here we use strongly dipolar molecules, mixed with molecules of 1, to manipulate the spin state transition. We used molecule 2 as an additive, as such zwitterions possess a dipole moment in the region of 10 Debyes. When combining the SCO complex 1 with 2, the SCO molecule HS state is significantly suppressed, see Figure 7. Specifically, less than 40% of the molecules are in the HS state at room temperature, as determined by X-ray absorption spectroscopy. This leads to a majority occupancy of the LS state from 79 K to 340 K, which corresponds to temperatures that are well above the thermal SCO transition temperature. This suppression of the HS state occupancy has been found empirically to be most pronounced for mixtures of 1 and 2 in a 1:2 molar ratio, and is in agreement with magnetometry measurements (SI, Fig. S1). We can infer, from the X-ray absorption spectra, that the HS state occupancy, before soft X-ray illumination, is significantly higher than for thin films of 1 on SiO 2 and Al 2 O 3 , as discussed above.

Similarly to the molecular thin films of 1, the irradiation of the powder mix, by soft X-rays, leads to an increase in the HS state occupancy, as inferred from the X-ray absorption spectra (Figure 7). Again, using the "empty t 2g / empty e g " ratio, observed in the thermal evolution of molecule 1, in the bulk state as discussed above and shown in Figure 3a, the evolution of the occupancy of the HS state under soft X-rays irradiation can be estimated, as summarized in Figure 7c. Although the initial occupancy in the HS state is higher at 300 K than at 79 K, as is evident from the X-ray absorption spectra (Figures 8a and8b, respectively), the growth rate of the HS state fraction is larger when the temperature is increased (Figure 8c).

The increased HS state occupancy at 300 K, due to soft X-rays fluences, can be returned back to a majority LS state after a mild temperature annealing up to 340 K, as seen in Figure 8.

The annealing leads to rapid relaxation of a significant fraction of 1 back to the original "locked" LS state.

The experiments consistently showed that dipolar surfaces as well as dipolar molecular additives to 1 lock molecules mostly in the LS state at room temperature, where they can be switched into the HS state with X-ray fluences. Since the investigated samples are in powder form, with at least micron sized grains, exceeding the X-rays attenuation length in the 100-200 nm range, substrate effects may be excluded. Trapped charges, at the substrate interface, can thus be safely ruled out, but electrostatic potentials have to be considered in computational models aiming at determining the underlying mechanism of the locking and unlocking of the molecular spin state.

We have carried out density functional theory calculations to elucidate the mechanism of locking and unlocking of the molecular spin state using this mechanism. Both 1 and 2 have non-homogeneous electrostatic potentials (ESP) and appreciable dipole moments, as shown in Figure 9. This suggests that there should be energetically preferred orientations when 2 interacts with 1. Subtle changes in the orientation of the H 2 B(pz) 2 ligands lead to two energetically competitive isomers of molecule 1 (see Figure 10a); the B-H group reaches toward the nearby bipyridine ligand in geometry 1-a, but it instead tilts toward the other H 2 B(pz) 2 ligand in geometry 1-b. The 1-a geometry is only slightly more stable, by 1 kcal/mol (43 meV) than the 1-b geometry in the gas-phase, and the low-spin electronic spin state is energetically favored in both geometries, with the PBE+D3 functional, at zero temperature (supplementary materials, Table S1). The more stable 1-a geometry corresponds with the isomer that has been reported in crystal structures of 1 below 300 K. [46][47] The computed Gibb"s free energies of the LS and HS configurations of 1-a and 1-b confirm that the HS electronic state becomes, relatively speaking, energetically more favored at higher temperature, by about 4-5 kcal/mol between 0 K and 298 K. This is qualitatively consistent with the observed preference for the HS state above 160 K in the pure SCO (Supplementary material, Table S1).

The most distinguishing difference between the 1-a and 1-b geometries is, arguably, their molecular dipole moments, as shown in Figure 10a, since the dipole moment of the 1-b geometry (8.7 Debye) is nearly double that of the 1-a geometry (4.7 Debye). We confirmed that an external electric dipole field that is aligned parallel to the molecular dipole moment can indeed shift the relative energies in favor of the 1-b geometry and increase the HOMO-LUMO gap. For example, a field strength of 2.57x10 9 V . m -1 increases the HOMO-LUMO gap of the LS state by 0.25 eV and favors the 1-b geometry by 4 kcal/mol, which represents a 5 kcal/mol shift in comparison to the gas-phase values. Conversely, electric dipole fields that align against the dipole moment of 1 can further favor geometry 1-a. This suggests that such fields could affect the relative populations of the two geometries at room temperature or, less drastically, influence the molecular geometries and curvature of the potential energy surface around the 1-a and 1-b geometries, thereby affecting the structure"s dynamics. For example, the N1•••N2 distances is 0.03 Å shorter in the 1-b geometry than in the 1-a geometry, so an increased preference for the former geometry in the presence of favorable dipole-dipole interactions, as is hinted at from the simulations, would result in an overall shorter N1•••N2 distance.

Considering now a mix of 1 with zwitterion 2, we illustrate in Figure 10(b-d) how the electronic density around 1 is perturbed by 2 when the latter is adsorbed at different orientations. As a rule of thumb, the electron density around 1 is increased near the positively charged -NH 2 groups of 2, while the electron density is reduced near the carbonyl groups of 2 (see Figure 10d); this is suggestive of dipole-dipole interactions. The most stable orientation of 2 binding to 1, via non-covalent interactions (shown in Figure 10b for the 1-b geometry), is when 2 is placed in the pocket between the bipyridine and H 2 B(pz) 2 ligands, which does indeed match up a relatively electron-poor of each fragment"s ESP profile with an electronrich region of the other fragment"s ESP profile. The binding energy of 2 to 1 at this binding site was computed to be -16 kcal/mol (Supplementary material, Table S1). When molecule 2 was rotated by 180 degrees, so that the direction of its dipole moment is reversed, the binding energy dropped to less than -8 kcal/mol. This supports that, as expected, 1 interacts to some extent with the dipole moment of the zwitterionic molecule 2. Furthermore, we noticed that when the position of 2 is moved along the H 2 B(pz) 2 ligand to introduce an N-H•••H-B contact between 2 and the 1-b geometry, the N1•••N2 distance on that H 2 B(pz) 2 ligand decreases by 0.04 Å. This illustrates that weak bonding interactions between 1 and 2, such as through the N-H•••H-B interactions, can also subtly influence the coordination spheres around the Fe center. A similar effect was reported for [Fe(pic) 3 ] 2+ .S, where pic=2-picolylamine and S a solvent molecule, where changing the hydrogen-bonded solvent altered dramatically the occurrence of spin crossover. [56] The interactions between 2 and 1, that have been described so far, correspond to interactions that leave the intramolecular bonding of each fragment intact as sketched for model 3 in Figure 11 and do not consider covalent bonding between 1 and 2. We note, however, that the most stable configuration of 2 binding to molecule 1 in our density functional theory simulations is when 2 substitutes a hydrogen atom at each -BH 2 -site on 1, through a hydroboration-like reaction, to form covalent B-O bonds like those shown in model 4 (see Figure 11). Such a transformation does require a substantial displacement of the substituted H atom and it is not obvious how the packing/interactions within a crystal structure might affect it, but the computed binding energy of 2 to 1 to form 4 is roughly -37 kcal/mol at T = 0 K, which amounts to a two-fold to three-fold stabilization over configuration 3. The LS configuration of 4 is favored over the HS configuration more than it is in 1 alone, by 3-4 kcal/mol at 298 K. The formation of 4 also affects the coordination spheres around the Fe center, shortening, for example, the N1•••N2 distance by 0.03 Å in the HS state. The increased preference for the LS state and shorter N1•••N2 distances in 4 are both also consistent with the electronic and physical changes that we suggest above to accompany the overall preference for the LS state that is experimentally observed. Thus, the possibility of such a hydroboration-like reaction could also, alongside the dipole-dipole interactions, explain the observed preference for the LS state. We leave the aromaticity of the zwitterion moiety of 4 as undetermined, as indicated by the absence of any double bond in Figure 11, as there is presently no experimental confirmation as to whether the nonaromatic character of 2 is retained or the chemical modifications on 2 may restore aromaticity of the carbon ring, as has been proposed elsewhere. [61] The model of It is well-known that the spin state of complexes like 1 is highly susceptible to even minor perturbations of the ligand chemistry, [43,44] and this is consistent with earlier reports of permanent substrate-induced spin state locking as discussed. The significance of this study is thus in the identification of a strategy to lock, unlock and switch the spin state of a spincrossover complex around room temperature. Specifically, the Fe(II) spin crossover molecule 1, which is usually in the HS state at temperatures above 160 K was stabilized in a metastable LS state through interactions either with a supporting dielectric substrate or with strongly dipolar additives to 1. This metastable LS state was in both cases unlocked through soft X-ray absorption, triggering a transition to the HS state at room temperature. This process was fully reversible. From this, together with first principles calculations and the fact that there is no report of a similar effect on non-polar surfaces, we infer that dipolar effects are at least to some extend key to the reversible manipulation of the molecular spin state.

What is remarkable is that until now low temperatures were mandatory for efficient photoswitching with the LIESST effect, and, as such, were incompatible with room temperature applications, though room temperature photoconductance changes in a spin crossover system have been observed. [58] This work on the molecular spin state manipulation shows that nonvolatile pinning of the spin state is possible at temperatures significantly exceeding the spin transition, proposing an alternative to synthetic design for achieving room temperature applications of SCO materials. Physical mechanisms for changing the spin state at room temperature exist. The soft X-ray fluence that leads to an electronic structure characteristic of the high spin state may explain why soft X-ray and other light fluences may result in a spin crossover transition temperature that differs from that measured by magnetometry, as reported elsewhere. [31,42,59] The potential barrier of the X-ray stimulated spin state change process is seen to be more readily accessible at higher temperatures but at the expense of phase stability. The extent of this interplay needs further investigation. This work also revealed the need for further chemical engineering of the energetic of interactions of SCO molecules with their neighbors. The binding(s) of zwitterions with an SCO complex greatly affects the percentage of spin crossover molecules locked in the LS state, without affecting how much can be excited with soft-X-rays to the HS state. Theory suggests that chemically different interactions can be the cause of this. The control of one particular spin state occupancy, i.e. the engineering of the fraction of one spin or another, through chemistry, and the subsequent manipulation of that spin state means that a range of nonvolatile molecular memory devices could be anticipated corresponding to the molecular equivalent of a "level shifter" semiconductor device. Of key importance is to note that the spin cross-over transition temperature of an isolated spin cross-over complex might be well below room temperature, but if the spin state can be "locked", the complex could be effective as a molecular magneto-electric. This locking of the spin state can be enabled by substrate interactions as well as chemical interactions with a dipolar molecule, like the zwitterion discussed above. Indeed a thermal spin crossover critical temperature, well below ambient, is preferred as long as the spin state can still be altered by extrinsic stimulus at room temperature. Key to the applicability of molecular magneto-electric is realization of the lifetime that can be maintained in each spin state at room temperature. We believe that this study establishes promising strategies to manipulate the spin state transition in SCO molecules and will help to design room temperature switchable organic magnets.

Experimental Section

Experimental:

Molecule 1 was synthesized according to the literature. [32] This electrically neutral molecule was thermally evaporated on various dielectric substrates, and we typically fabricated 5 nm thick molecular films on SiO 2 and 30 nm thick molecular thin films on Al 2 O 3 . The SCO transition temperature measured by magnetometry was found, with bulk material, to be about 160 K, in agreement with the literature. [30,32,35,[40][41][42]45] Molecule 2 was synthesized as described, [60][61][62][63] and combined with 1: samples were prepared by weighing powders of 1 and 2 in the desired molar ratio and mixing them together while dry. The resulting mixture of 1 and 2 was then immersed in isopropyl alcohol and placed in an ultrasonic bath for 20 min. and then the solvent was evaporated. This procedure resulted in a mixture of 1 and 2 with the majority of SCO molecules locked in the low spin state (as is evident in magnetometry and as discussed below). The resulting material also exhibits a spin crossover transition, leading to an increase in the HS state population by 5 to 10%, but remaining far from the nearly 100% occupancy in the HS state, as is observed in 1 alone. The molar ratio 1/2 of 1:2 was chosen for the studies here because, over many combinations, it resulted in the largest fraction of molecules in the LS state, ca. 60% from X-ray absorption measurements, at temperatures above 160 K.

The X-ray absorption spectroscopy (XAS) measurements were performed at the bending magnet beamline 6.3.1, at the Advanced Light Source at Lawrence Berkeley National Laboratory. The photon flux is on the order of 10 11 photons/sec/0.1%BW. [64] The temperature was stabilized within ±1 degree Kelvin. Positive circular polarized X-ray was used. Total electron yield (TEY) mode was used to measure the absorption of the Fe L 3 and L 2 edges. The X-ray beam was blanked or moved to a fresh sample spot when necessary to avoid artifacts through uncontrolled exposure. 
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Locking of the spin state of a molecular spin crossover system has been achieved, and room temperature optical isothermal switching from a low spin to high spin state demonstrated. Key ingredients, necessary for molecular magneto-electric, are realized and a room temperature molecular magneto-electric may now be realizable. the meta-GGA TPSS functional [19] to ensure quantitative agreement, and the results from all three functionals (PBE+D3, B3LYP+D3, and TPSS+D3) are shown in the SI. We note that, as expected, the relative energies of the low-spin S = 0 (LS) and high-spin S = 2 (HS) states are quite sensitive to the methodology that was used (PBE+D3 and TPSS+D3 heavily favor the LS state and B3LYP+D3 favors the HS state at T= 0 K).

Keyword

The Gaussian09 calculations were run with the all-electron TZVP basis set. The binding energies, G bind , of 2 to 1, are computed as n* G bind (1 and 2

) =G 1and 2 -(G 1 + n*G 2 )
, where G X is the computed Gibb"s free energy of compound X at a given temperature. In the discussion below, the molecule 1 model is an isolated spin crossover complex, and the 3 and 4 models (defined in the discussion below) are combinations of 1 with two molecules of 2.

The basis set superposition errors (BSSE), to correct the binding energies, were computed using the Counterpoise method [20] for the 3 model and found to be 1.5 kcal/mol for the two spin states. The binding energies that we discuss in the main text do not include this BSSE correction.

The geometric differences between the LS and HS states are consistent: the Fe-N distances are longer in the HS state, illustrating the spin crossover transition is accompanied by a structural change. [3,21,22] For example, calculations find that the distance between the coordinating N atoms in the H 2 B(pz

) 2 pyrazol-1-yl ligand of molecule 1 (labeled N1•••N2, in
Figure 3) is roughly 0.2 Å longer in the HS state to be compared to the 0.15 Å change found in crystal structures. [22] We have found that changes, either shortenings or lengthenings, in the Table S1: Relative computed Gibb's free energies, G, between the 1-a and 1-b geometries in their lowest-energy low-spin (LS) and high-spin (HS) electronic configurations at T = 0 K (top) and T = 298 K (bottom), expressed in kcal/mol. The scale of G is set to reference the LS electronic configuration of the 1-a geometry at each temperature. The two trends we wish to stress are: 1) the 1-b geometry is generally 1-3 kcal/mol less stable than the 1-a geometry, and 2) the difference in energy between the LS and HS electronic states is consistently decreased, in favor of the HS state, at T = 298 K vs. the computed difference at T = 0 K. Table S2: The binding energies, G bind , of 2 to 1 to form the 3 and 4 geometries at T=0K or T=298K when 1 is in its low-spin state in the 1-b geometry, expressed in kcal/mol. G bind is computed as and 2. Note that G(4) is consistently much lower than G(3). Also note that the HS electronic state is computed to have lower (ie. more stable and more negative) binding energies in both models 3 and 4 with the B3LYP+D3 functional, but they are not shown in the above table.

G bind (X) = 0.5* [G X -(G 1 + 2*G 2 )],
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Figure 6 .

 6 Figure 6. With a mild annealing, only slightly exceeding room temperature, molecule 1

  4 has C-C bond lengths of 1.4 Ångstroms throughout the ring, which is close to the value in benzene. As shown in the SI, the presence of a B-O bond in model 4 gives rise to a low-intensity B-O stretching mode in the simulated Raman spectrum at 957 cm -1 , which is in close proximity to a new peak at 954 cm -1 observed in the experimental Raman spectra of the 1:2 molar ratio samples. The general agreement of both the simulated model 4 and model 3 spectra with the experimental spectrum is limited, in part because the computational models do not consider crystal packing nor solid state effects. Nonetheless, the computed frequency of the B-O stretching mode complements the computed thermodynamic preference for the formation of B-O bonds, and suggests that model 4 may be a representative for the species formed in experiment. However, calculation of activation barriers for the formation of 4 and X-ray diffraction data that can be compared with those obtained experimentally but future work is required to confirm the viability of model 4. Calculations on molecular models of 2 interacting with 1, therefore, suggest several mechanisms through which 2 may be helping to lock molecule 1 in an LS electronic state near room temperature. A dipole electric field can alter the potential energy surface of molecule 1, for example by altering the relative stabilities of the 1-a and 1-b geometries, and local dipole-dipole interactions between 2 and 1, like intermolecular N-H•••H-B interactions, can promote shorter N1•••N2 distances in molecule 1. The changes in charge displacement areintimately connected to chemical interactions between 2 and 1, which can also affect the geometric and electronic properties of 1. However, the versatile ways in which zwitterion 2 can bind to 1 help explain why experimental procedures, e.g. the solvent choice, have such a profound effect on the fraction of 1 locked in the LS state. However, the discussion of such effects is beyond the scope of this paper.
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 1 Figure 1. (a) The chemical structures of the spin crossover complex [Fe{H 2 B(pz) 2 } 2 (bipy)] (pz =

Figure 2 .

 2 Figure 2. Schematics of the principle of reversible control of the spin state of molecule 1, pinned in

Figure 3 .

 3 Figure 3. (a) Temperature dependent X-ray absorption spectra of molecule 1 powder; (b) Time

Figure 4 .

 4 Figure 4. X-ray absorption spectra of thin films of molecule 1 on SiO 2 (a-c) and on Al 2 O 3 (d), indicating

Figure 5 .

 5 Figure 5. The evolution of the HS state fraction for 5 nm thin films of 1 on SiO 2 at 290 K (blue), and

Figure 6 .

 6 Figure 6. X-ray absorption spectra showing the 'unlocking' of 5 nm thin films of molecule 1 on SiO 2 ,

Figure 7 . 1 : 2 .

 712 Figure 7. The evolution of high spin state occupancy for mixtures of molecules 1 and 2 in the ratio of

Figure 8 .

 8 Figure 8. The locking and unlocking of the HS state occupancy for a mixture of 1 with 2 in the molar

Figure 9 .

 9 Figure 9. (a) and (b) show the ball-and-stick representations of 1 and 2 (left) alongside the computed

Figure 10 .

 10 Figure 10. (a) A sketch of two energetically competitive isomers of molecule 1; the BH 2 group is

Figure 11 .

 11 Figure 11. The chemical structures of the two structural models we considered for two molecules of

  N1•••N2 distances correlate with changes in the Fe•••N distances whenever they are mentioned in the discussion below. With regards to the interactions of molecule 1 with dipole electric fields as discussed below, it is also worth noting the differences between the electron density distributions of the LS and HS states; as an example, the differences in the partial atomic charges of Fe in a number of different models are shown in the SI.

Figure S1 .

 S1 Figure S1. The suppression of the magnetic moment/Fe for the [Fe(H 2 B(pz) 2 ) 2 (bipy)], i.e. molecule 1 (blue, with no additive), when the zwitterionic p-benzoquinonemonoimine C 6 H 2 (•••NH 2 ) 2 (•••O) 2 , i.e. molecule 2 is added (green). Suppression of the high spin state and the spin crossover transition is evident.

Figure S2 .

 S2 Figure S2. The experimental Raman spectra of the spin-crossover molecule [Fe(H 2 B(pz) 2 ) 2 (bipy)], i.e. molecule 1 (labelled SCO in the plot above), with the zwitterionic p-benzoquinonemonoimine C 6 H 2 (•••NH 2 ) 2 (•••O) 2 , i.e. molecule 2 (labelled PZI in the plot above), fabricated using isopropyl alcohol with different ratios of 1 (SCO) versus 2 (PZI) (color), and without the zwitterionic pbenzoquinonemonoimine molecule (black). Of particular note is the appearance of a new peak in the 1:2 SCO:PZI spectrum at 954 cm -1 .

Figure S3 . 1 and 2

 S312 Figure S3. (a) A comparison of the experimentally measured Raman spectra of 1 (red) vs. a 1:2 mixture of molecule 1 and molecule 2 (blue) between 870 cm -1 and 1035 cm -1 . Comparison of the DFT computed Raman spectra are shown of (b) the gas-phase Model 3 complex (blue) versus the 1 and 2 molecules (red, the spectrum of each molecule is plotted separately), (c) the gas-phase Model 4 complex (blue) versus the gas-phase Model 3 complex (green), and (d) the gas-phase Model 4 complex (blue) versus the 1 and 2 molecules (red, the spectrum of each molecule is plotted separately). Model 4 possesses intermolecular B-O bonds, which are stretched by the mode that appears in the computed spectrum of 4 at 957 cm -1 . In all subfigures the black vertical lines are a guide to the eye that help highlight the mode at 957 cm -1 .

Figure S4

 S4 Figure S4 The experimental infra-red spectra of the spin-crossover molecule [Fe(H 2 B(pz) 2 ) 2 (bipy)], i.e. molecule 1 (labelled SCO in the plot above), with the zwitterionic p-benzoquinonemonoimine C 6 H 2 (•••NH 2 ) 2 (•••O) 2 , i.e. molecule 2 (labelled PZI in the plot above), fabricated using isopropyl alcohol with different ratios of SCO vs. PZI (color), and without the zwitterionic p-benzoquinonemonoimine molecule (black). The IR spectra of the mixed SCO:PZI systems agree well with superimposed plots of the pure SCO and PZI spectra.

Figure S5 .

 S5 Figure S5. The measured infra-red spectra of [Fe(H 2 B(pz) 2 ) 2 (bipy)], i.e. molecule 1 (the SCO -spin crossover molecule), with the zwitterionic p-benzoquinonemonoimine C 6 H 2 (•••NH 2 ) 2 (•••O) 2 , i.e. molecule 2.

Figure S6 .

 S6 Figure S6. Computed electronic properties of the 1 (1-b geometry), 2, 3, and 4 models, including both the low-spin and high-spin states where appropriate. Shown are: 1) the computed dipole moment of each molecule, in units of Debye, 2) the computed Hirshfeld atomic charges on the Fe atom, shown as Q Hirshfeld (Fe) in units of e, and 3) the difference in energy between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), shown as HOMO-LUMO in units of eV. All of these values were computed with the PBE+D3 functional.

  Figure 10 of the main text) is a model of what could result from a hydroboration reaction between 1
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Supporting Information

Computational Details

All of the reported theory efforts on models of gas-phase 1-and/or 2 based complexes use first-principles Density Functional Theory (DFT), [1] consistent with prior efforts on 1 [2,3,4] and 2. [5][6][7][8][9][10][11][12][13][14][15] In this work, we use DFT as it is implemented in the Gaussian09 computational package. [16] We used the generalized gradient approximation (GGA) functional of Perdew, Burke, Ernzerhof (PBE) [16,17] in tandem with the 3 rd -generation Grimme set of empirical dispersion corrections [18] (PBE+D3). All of the energetic and electronic trends that we discuss in the main text were checked with the hybrid B3LYP functional [Stephens 94] and