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INTRODUCTION

Developing bistable systems responding to external stimuli such as heat, magnetic fields or light is of high scientific interest and important for technological purposes. Such systems are relevant for novel applications in switches, sensors, signal processing and information storage.1-8 Potential candidates are valence tautomeric (VT) complexes, consisting of a redox-active metal center coordinated to non-innocent ligands.9-11 VT transitions have their origin in the capacity of switching the metal-to-ligand electronic charge distribution reversibly between two redox isomers. The first example was reported by Pierpont et al. in 1980, in a cobalt(III) complex bearing a catecholate (CAT) ligand. 12 In this redox process, the Co(III) ion is reduced to Co(II) and the CAT ligand is oxidized to its semiquinonato (SQ) form. VT transitions involving SQ-CAT ligand are by far the most reported in the literature, mainly in Co,12-27 and Mn isolated complexes,28-33 but also in various d block elements such as Fe, Ni, Rh, and V.34-39 VT transitions were also observed in four unidimensional (1D) and one Co-based bidimensional (2D) coordination polymers. 32,[40][41][42][43] Other ligands than SQ-CAT are less common in VT systems, with a dozen examples reported so far, involving porphyrin derivatives, cyclopentadienyl, or bis(diisopropyl-phenylimino)acenaphthene.44-55In the latter case VT was reported for Yb. 55 Nitroxide radicals are potentially redox-active and may be reversibly oxidized to an oxoammonium cation, or reduced to an aminoxyl anion (Scheme 1).56 However, they have generally been considered to be stable, even when coordinated to metal ions. This is especially true for the nitronyl-nitroxide (NIT) radicals where the radical is delocalized across both NO groups.57 Scheme 1. Redox isomers of the nitroxide radical.

The stability of NIT radicals, combined with their bridging ability, has greatly contributed to their extensive use as spin carriers for the efficient building of molecule based magnets, based on the so-called metal radical approach.58 Exploiting this approach, we have developed chelating NITs especially with imidazole (NITImH) and benzimidazole (NITBzImH) substituents,59 for the synthesis of discrete complexes with d60 and f61-65metal ions as well as 1D66 and 2D coordi-nation67,68 polymers. The 2D polymer {[Mn2(NITBzIm)3]ClO4}n, obtained with NITBzImH and manganese(II) perchlorate can be described as a layered compound and behaves as a ferrimagnet with a Curie temperature Tc = 55 K, the highest reported so far for NIT-based compounds. With the aim of fully understanding the origin of such a dramatic change in magnetism, we report here an in-depth investigation of {[Mn2(NITIm)3]ClO4}n (1), combining a barrage of complementary techniques based on solid state temperature-dependent studies including crystal structure determination, magnetic susceptibility measurements, differential scanning calorimetry (DSC), electron paramagnetic resonance (EPR), UV-Vis spectroscopy, X-ray absorption (XAS) and emission (XES) spectroscopies of this 2D coordination polymer. The overall data can be rationalized by a solid state valence tautomerism in the room temperature domain. The transition is highly cooperative with a thermal hyste-resis, and is only observed in the solid state. Compound 1 represents the first example of a valence tautomerism transition involving nitronyl-nitroxide radicals, and the first example occurring in a Mn-based 2D coordination polymer.

RESULTS AND DISCUSSION

Magnetic behavior. Figure 1 shows the temperature dependent magnetic susceptibility measurements of 1, in the form of χT vs. T under a magnetic field of 1000 Oe and in the 375value is 7.20 emu•K•mol--1 at 280 K then drops abruptly with an inflexion point at 274 K to reach a minimum of 5.81 emu•K•mol-1 at 250 K. On further cooling, value of 8.23 emu•K•mol-1 at 5 K. On heating the sample back curve is well superimposed on the cooling curve from 5 K to 250 K. The heating curve keeps decreasing until 280 K where it abruptly increases to reach a value of 7.93 emu•K•mol-1 at 302 K with an inflexion point at 294 K. The heating curve decreases to 7.26 emu•K•mol-1 at 375 K, again superimposed to the cooling curve. This magnetic behavior is generally indicative of a first order phase transition with a hysteresis of 20 K. The 1/ vs. T curves on either side of the transition follow a Curie-Weiss law (Figure S1) with identical slopes corresponding to a Curie constant (C) of 5.27 cm3•K•mol-1, suggesting that the total spin of 1 at high temperature (1HT) is This is in agreement with ferrimagnetic behaviors on both sides of the step, as previously reported for 1D and 2D Mn(II)-NITIm and Mn(II)-NITBzIm compounds.60,68 This ferrimagnetic behavior is expected, at least for 1HT, due to the strong antiferromagnetic coupling between the Mn(II) ions and the bridging radicals.66 It is remarkable that the Curie ) constants of 1/ vs. T in the HT regime are close to those found for the 2D system with NITBzIm, that is, {[Mn2(NITBzIm)3]ClO4}n (C = 5.33 cm3•K•mol-. The same holds for (Figure S2). 68 Assuming that 1HT corresponds to [MnII2(NITIm)3ClO4]n, the total ground-state spin may be approximated to S = 7/2 -per unit formula. Because the Weiss constant dramatically decreases below the transition temperature, but the slopes do not change, this behavior was first ascribed to a weakening of the magnetic coupling between the Mn(II) ions and the bridging radicals at low temperature. This weakening could be due to some flexibility in the coordination sphere that results in a decrease in the overlap of the Mn(II) and radical magnetic orbitals. This explanation was increasing upon cooling similar as for the Mn(II)-NITBzIm system. Moreover, ZFC-FC studies at low temperature evidence a remanent magnetization in agreement with a ferrimagnetic behavior below 1.4 K. 67 In Figure 1, -1 at 5 K and gradual decrease to 5.81 emu•K•mol-1 is due to saturation effects under the magnetic field of 1000 Oe. Under a lower magincreasing at low temperature (Figure S3). The magnetization at 2 K approaches saturation netically coupled to 3 radicals (Figure S4). This low value could originate from canting, as also observed for the 2D system with NITBzIm {[Mn2(NITBzIm)3]ClO4}n.68 However, investigating compound 1 in more detail with a set of different techniques, we have come to a better explanation, namely that the transition corresponds to valence tautomerism: two Mn(II) of 1HT are both oxidized to Mn(III) in 1LT, while two among the three NITIm-radicals are reduced to their diamagnetic analogs so-called NITRed here (Scheme 2) to give the compound {[Mn2(NITIm)(NITRed)2]ClO4}n. The resulting system can also be approximated to a total ground-state spin of 7/2 in agreement with the identical slopes of the side of the transition. The increase is thus explained by the delocalization of the radical.

Differential Scanning Calorimetry.

The DSC shows an exothermic peak at 274 K upon cooling and an endothermic peak at 287 K upon heating (Figure 2). The peak temperature on cooling is in agreement with the transition temperature found by the magnetic measurements (see above) and by absorption and EPR spectroscopies (see below), while the peak temperature on -1 -1•mol--12.08 kJ•mol-1 and S = -42.08 J•K-1•mol-1 upon heating. The heat capacity measured by DSC with the Cp of sapphire as reference (Figure S5) decreases smoothly upon cooling with a broad peak at 274K and increases continuously on heating with a broad peak at 287K. We further performed modulated-temperature DSC measurements (Figures S6-S7).69 Whether upon cooling or heating, they both exhibit the reversing and the non-reversing components which respectively discriminate the sensible and the latent heats, and unambiguously demonstrates that the transition is of the first order type.70,71 More surprisingly, we found that the nonreversing peak (latent heat) splits at low heating rate. Thus at 2 K•min-1 (Figure S7) there are a main broad peak at 285 K and a second broad flattening peak centred at 300 K, which roughly correspond to the beginning and the end of transition, as seen on heating from the magnetic measurement (Figure 1). This effect is not seen upon cooling. Such a splitting and dependence on heating rate is reminiscent of some previous studies on solids exhibiting transition upon disproportionation.71-73 We believe this may be paralleled with the valence tautomerism at work in our compound. Following we ascribe the two latent heat peaks (285K and 300K) to the non-simultaneity of the electron transfer involving the two crystallographically independent manganese ions.

X-ray single crystal structure analysis. The crystal structure of 1 has been reported previously at 313 K (1HT) and 193 K (1LT).67 X-ray data have also been recorded at 300 K and 233 K, in order to get additional insight into the temperaturedependency of the structural properties of 1. At all temperatures the structure could be refined in the same space group, namely P21, indicating that no structural phase transition occurs. The crystal structure parameters are listed in Tables 1 andS1-S3. The variation of all parameters is less than 4 %. The evolution of metal-ligand bond lengths varies from bond to bond (Table S2). The room temperature X-ray powder pattern is similar to the calculated ones at 313 K and 300 K, with significant changes compared to calculated ones at 233 K and 193 K (Figure S8).

The crystal structure determination of 1 at 300 K confirms the previously reported structure at 313 K.67 The asymmetric unit is composed of two independent Mn centers, coordinated to three bidentate NITIm-anion radicals in a distorted octahedral geometry (Figure S9 ycomb-like structure, organized as sheets of formula [Mn2(NITIm)3]+. The sheets are arranged with the Mn(II) centers on top of each other along the a direction and with the ClO4-anions in the voids between the sheets to form a layered structure (Figures 3 andS5-S6).

When decreasing the temperature, the overall layered structure is kept in line with the unchanged space group. However, examination of the coordination sphere reveals dramatic changes as shown in Table 2. At 313 K, the Mn-O and Mn-N bond lengths are homogenous between 2.16-2.23 Å with a small shortening at 300 K, which can be ascribed to temperature effects. These bond lengths are typical for Mn(II) coordination with N-and O-based ligands, particularly with Mn-nitroxide compounds.60,66

At 233 K and 193 K the picture is notably different. The range of Mn-O and Mn-N bond lengths is no longer homogenous, with values ranging from 1.83-2.24 Å at 233 K and 1.85-2.27 Å at 193 K, with four long and two short bonds. On the one hand, the short distances (1.83 Å and 1.85 Å) are unrealistic for Mn(II). On the other hand, the overall contraction along one preferential axis is the signature of a compressed Jahn-Teller Mn(III) system.74-76 This is substantiated by the Bond Valence Sums calculated for each manganese ion at each temperature (Table S2).77They reveal that both manganese ions are closer to the +II oxidation state at temperatures above the transition (313 K and 300 K), and closer to the +III oxidation state at lower temperatures (233 K and 193 K).

The N-O bond lengths of the NITIm-moiety are summarized at each temperature in Table S3. On the one hand, those usually encountered in NIT radicals coordinated to a manganese ion are in the 1. 27 C) are affected by the elongation of bond lengths while the third one (namely B) displays classical N-O• bonds over the temperature range in agreement with our above description of VT process in 1. However, a close analysis shows that it is difficult to unambiguously identify which radicals are reduced or not, as short and long bonds are found on a same "NITIm" moiety and the N-O mean bond length is 1.33(3) Å, even at 193 K. This suggests that in the low temperature region the remaining radical is delocalized on the three "NITIm" moieties. Such a delocalized mixed valence state for the radical is in agreement with the long range magnetic order observed at low temperature. Moreover, the Jahn-Teller distortion of the Mn(III) metal ions may be the cause of the 20K width hysteresis loop because it is known to stress cooperative effects in different class of compounds such as the closely related spin crossover systems.84-86 UV-vis spectroscopy. To confirm the aforementioned hypothesis, temperature-dependent solid-state UV-Vis spectra were carried out. Figure 4 shows the absorption spectra in heating mode (Figure S10 for cooling mode). At 310 K the spectrum shows a broad and intense band with two maxima in the range 35000-23500 cm-1 (290-425 nm), corresponding to π  π* and n  π* transitions from the NITIm-ligands, respectively. Another broad band centered at 12660 cm-1 (790 nm) is visible at 310 K.

On cooling from 310 to 250 K, the maximum of this band slightly shifts to the blue, concomitant with a decrease of the integrated intensity by around 50 %. The bands in the 35000 to 23500 cm-1 range likewise decrease in intensity. Concomitantly, a new band appears in the range 23500 to 15400 cm-1 (425 -650 nm) and its intensity increases as temperature decreases. Upon subsequent heating from 250 K back to 310 K the evolution of the absorption spectrum is fully reversible. The temperature-dependent quantitative evolution of the absorbance at 510 nm, where the most pronounced difference occurs, is depicted in Figure 5 in the interval from 250 K to 310 K. It shows that the optical and magnetic data, on cooling and on heating, are perfectly superimposable, reproducing the 20 K hysteresis. Thus the changes in the absorption spectrum as a function of temperature are clearly associated with the phase transition and show that the associated changes in the electronic structure are quite dramatic. The Raman spectra excited at 633 nm and 785 nm show clear peaks in this region. The most intense peak of this group shifts from 1417 cm-1 at room temperature to 1421 cm-1 at low temperature (Figure S11). Such small changes cannot be unambiguously attributed to VT transition as all frequencies are expected to increase at low temperature.90 EPR spectroscopy: Powder X-band EPR spectra of [Mn2(NITIm)3ClO4]n 1 have been recorded between 310 and 110 K, and displays a unique isotropic feature centered around g = 2 (Figure 7a). Unexpectedly, the signal intensity decreases as temperature decreases. A drastic decrease of the intensity is observed on cooling around 276 K, while the drastic increase occurs around 296 K on heating. This temperature behavior parallels that of the magnetic susceptibility and solid-state absorption spectroscopy, evidencing that the isotropic EPR signal is the signature of 1 at high temperature.

The 20 K hysteresis can be reproduces with a double integration of the EPR signal (Figure 7b). Interestingly, at low temperature and in parallel mode X-band EPR, a low-field EPR signal is observed, characteristic of high spin Mn(III) (Figure 8).91,92 This is consistent with the fact that below the transition temperature, the oxidation state of the Mn ions can be assigned to +III. EPR is thus in overall agreement with the other data, and provides a direct evidence of the Mn oxidation state in 1LT. Mn K edge X-ray emission spectroscopy (XES). XES and XAS measurements have been carried out on the CRG-FAME beamline (BM30B) at the ESRF (Grenoble, France).93 XES spectra were recorded at 300 K and 10 K for 1 and for two Mn(II) and Mn(III) reference compounds (Figure 9). The Mn At 300K the emission data show that the spectrum of 1HT is superimposed with the spectrum of the Mn(II) reference68 while at 10 K the spectrum of 1LT is very similar to the one of the Mn(III) reference. Intensity ratios are identical. Kβ' line positions are at 6.4775 keV for the references and for 1HT and 1LT.

Kβ1,3 maximum is at 6.4230 keV for Mn(II) reference and 1HT at 300 K and is shifted towards the low energies by 0.5 eV at 6.4225 keV for Mn(III) reference and 1LT at 10 K. This is a good indication for the presence of Mn(II) at HT and Mn(III) at LT, consistent with the VT transition.

Mn K edge X-ray absorption spectroscopy (XAS). The XANES spectra (Figure 10a) can give information on the Mn valence through two characteristic features: the pre-edge signal and the edge position. At 300 K, the pre-edge signal of 1HT has the same shape and position as the pre-edge signal of the Mn(II) reference (6.5405 keV), irrespective of whether the spectrum of 1HT is collected at the Mn(II) or Mn(III) maximum energy emission, showing that the precise energy of collection has no influence on the final result (Figure 10b). The edge positions of 1HT and of the Mn(II) reference is at the same energy (6.546 keV), confirming the +II oxidation state for 1HT (Figure 10c). At 10 K, the pre-edge signal of 1LT has the same shape and position as the pre-edge signal of the Mn(III) reference and is at the same energy as the HT spectrum (6.5405 keV), but the intensity is lower. Compared to the Mn(II) reference, the edge positions of the Mn(III) reference and 1LT collected at the Mn(III) maximum energy emission are shifted toward higher energy by ca. 2.5 eV at 6.5485 keV. This indicates a transition from Mn(II) to Mn(III) at low temperature.

1LT evolves under the beam, and the edge position is shifted towards lower energies (0.1 eV•h-1). Thus, only the first spectrum is presented here, explaining the poorer statistics compared to the five other spectra. The difference of 1 eV between the 1LT spectra, collected at the Mn(III) emission maximum and at the Mn(II) emission maximum, is mainly due to this evolution under the beam, since the latter was collected at the end of the experiment. Nevertheless, the spectra confirm the consistency of the results whatever the energy of collection. 

CONCLUSION

In this paper we report the detailed solid-state study of the thermo-induced hysteretic transition exhibited by the 2D coordination polymer {[Mn2(NITIm)3]ClO4}n. Temperature-dependent studies using a variety of techniques including single crystal X-ray crystallography, magnetic susceptibility measurements, DSC, EPR, UV-vis absorption spectroscopy, XAS and XES have been performed and all demonstrate that this thermo-induced transition is unambiguously due to a valence tautomerism process. Along this VT process the two manganese ions in their +II oxidation state at high temperature are oxidized to the +III oxidation state at low temperature and two of the three NITImH radicals are reduced to the NITRed aminoxyl and diamagnetic anion (Scheme 2). From electrochemistry experiments (Supporting Information) and in agreement with previous reports94 the E1/2 redox potential aminoxyl anion/nitroxide radical, is -0.25V/SHE (Standard Hydrogen Electrode) as shown in Figure S12 while the redox potential of the system Mn3+/Mn2+ is given higher at 1.54 V/SHE. This is in favor for stable MnII-nitroxide complexes as it is generally observed. Thus, the simple comparison of the redox potential cannot explain this thermo-induced VT. This may be due that the redox potential are determinate in solution while VT happens here in the solid state. Multiscale quantum calculations that are in progress should give a better view.

To the best of our knowledge this is the first metal-nitroxide radical system to exhibit bistability based on valencetautomerism. Moreover, this is associated with a 20 K hysteresis at room temperature. This opens novel perspectives for the so called metal-radical approach. Indeed, beyond the interest of nitronyl-nitroxide radicals as spin-carriers bridging ligands, this result shows that their redox activity can give rise in some cases to metal-radical electron transfer. This may be an additional advantage in the context of multifunctional materials, especially in the search for switchable magnets. The compound reported here is based on layered 2D metal-radical coordination polymer. It is noteworthy that the [Mn2(NITIm)3]+ layers are cationic with the intercalated perchlorate anions in between, to afford a layered 3D chiral structure. From this point of view, it is a multifunctional material that gathers many interesting functionalities such as room temperature bistability, ferrimagnetic behavior and chirality. The synthesis is general and may be extended to the related imidazole type substituted nitronyl-nitroxide radical while almost any type of anions can be intercalated. This allows a great versatility to tune the temperature of the transition or implement the multifunctionality, and accordingly work is in progress in the group.

ASSOCIATED CONTENT

Experimental details, complete crystallographic data and figures giving additional data. This material is available free of charge via the internet at http://pubs.acs.org.
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 672 Scheme 2. Redox isomers for NITImH free radical.

Figure 1 .

 1 Figure 1. Temperature dependence of χmT for 1, in a 1000 Oe magnetic field upon cooling (•) and heating (•).

Figure 2 .

 2 Figure 2. Differential scanning calorimetry (DSC) for 1 upon cooling (▼) and heating (▲) at 10 K•min-1.

Figure 3 .

 3 Figure 3. a) Crystal packing in the bc plane showing bidimensional honeycomb-like structure at 300 K. b) Crystal packing in the ab plane showing layers piling up along a axis and interlayer space filled with ClO4-anion at 300 K. Hydrogen atoms have been removed for clarity.

Figure 4 .

 4 Figure 4. Temperature dependence of the solid-state absorption spectra for 1 during heating. Temperature rate was monitored at 0.25 K•min-1.

Figure 5 .

 5 Figure 5. Superimposition of 510 nm absorption (circles) with magnetic susceptibility (squares) during cooling (blue) and heating (red). Lines are eye-guides.

Figure 6 .

 6 Figure 6. Variable-temperature Raman spectra of 1 at three excitation wavelengths.

Figure 7 .

 7 Figure 7. (a) Temperature dependence of the solid-state X-band EPR spectra for 1 during heating. (b) Superimposition of the magnetic data (square) and the intensity of the EPR lines (triangle) during cooling (blue shades) and heating (red shades). Lines are eye-guides.

Figure 8 .

 8 Figure 8. Powder X-band EPR spectrum of 1 recorded at 21 K in parallel mode.

  (II) reference corresponds to the 2D {[Mn2(NITBzIm)3]ClO4}n compound and the Mn(III) reference corresponds to a [Mn(ImIm)2(CH3OH)2]ClO4 isolated complex (ImIm-= 2-(2-imidazolyl)-4,4,5,5-tetramethyl-4,5-dihydro-1H-1-oxyl).

Figure 9 .

 9 Figure 9. X-ray Emission Spectra (XES) for 1 collected at high and low temperatures for comparison with the Mn(II) and Mn(III) references.

Figure 10 .

 10 Figure 10. a) XANES Spectra (XES) for 1 collected at high and low temperatures with the Mn(II) and Mn(III) references. b) Zoom on the pre-edge signal area. c) Zoom on the edge position area. Brown and black dotted lines are maximum intensity for the Mn(II) and Mn(III) references, respectively.

Table 1 .

 1 Crystal data of 1 at several different temperatures.

  -1.33 Å range, regardless of the oxidation state.78-82 On the other hand, the N-O-single bond is close to 1.40 Å, while the N=O double bond is close to 1.21 Å.83 For 1, at 313 K, the N-O bond lengths are quite homogenous with a mean value of 1.29 Å (2) well in agreement with a nitroxide radical. At lower temperatures and particularly at 233 K and 193 K, the N-O bonds length show a higher spreading with some close to 1.40 Å consistent with N-O-single bonds. A quick view of the N-O distances may suggest that only two radicals (namely A and

Table 2 .

 2 Mn-Ligand Bond lengths for 1 at several temperatures.

	Bonds (Å)		313 K	300 K	233 K	193 K
	Mn1	N3A	2.22(2)	2.19(3)	2.19(3)	2.15(3)
	Mn1	N3B	2.26(2)	2.24(2)	2.10(3)	2.07(2)
	Mn1	N3C	2.11(3)	2.14(2)	2.11(3)	2.07(3)
	Mn1	O1A	2.18(2)	2.18(2)	1.93(3)	1.90(3)
	Mn1	O1B	2.29(2)	2.28(2)	2.26(3)	2.27(2)
	Mn1	O1C	2.16(2)	2.07(2)	1.83(3)	1.95(2)
	Mn2	N4A	2.17(2)	2.08(2)	2.06(4)	2.08(3)
	Mn2	N4B	2.17(3)	2.14(2)	1.95(4)	2.07(3)
	Mn2	N4C	2.20(2)	2.19(2)	1.94(3)	1.99(3)
	Mn2	O2A	2.19(2)	2.15(2)	1.89(3)	1.85(2)
	Mn2	O2B	2.20(2)	2.16(2)	2.24(2)	2.22(2)
	Mn2	O2C	2.23(2)	2.18(2)	2.05(2)	2.04(2)

ACKNOWLEDGMENTS

A.L. held a CMIRA Explora' doc 2012 fellowship from la Région Rhône-Alpes. D.L. and C.R. are grateful for funding by the Centre National de la Recherche Scientifique (CNRS) for collaborative research (PICS 2015-2017). The authors are also grateful to the EPR facilities available at the national EPR network (IT CNRS 3443).

AUTHOR INFORMATION

Corresponding Author * Corresponding authors: dominique.luneau@univ-lyon1.fr.

Notes

Authors declare no competing financial interests.