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Abstract:



Electrical and magnetic properties are dominated by the (de)localization and the anisotropy in the distribution of unpaired electrons in solids. In molecular materials, these properties have been indirectly controlled through crystal structures using various chemical modifications to affect molecular structures and arrangements. In the molecular crystals, since the energy band structures can be semi-quantitatively known using band calculations and solid state spectra, one can anticipate the (de)localization of unpaired electrons in particular bands/levels, as well as interactions with other electrons. Thus, direct control of anisotropy and localization of unpaired electrons by locating them in selected energy bands/levels would realize more efficient control of electrical and magnetic properties. In this work, it has been found that the unpaired electrons on Cu(II)-complex anions can be optically controlled to behave as anisotropically-delocalized electrons (under dark) or isotropically-localized electrons like free electrons (under UV), the latter of which has hardly been observed in the ground states of Cu(II)-complexes by any chemical modifications. Although the compounds examined in this work did not switch between conductors and magnets, these findings indicate that optical excitation in the [Cu(dmit)2]2− salts should be an effective method to control spin distribution and anisotropy.
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1. Introduction


Electrical and magnetic properties are based on unpaired electrons in solids. Delocalized unpaired electrons can exhibit electrical conduction, while localized unpaired electrons can exhibit magnetism. This trend is true for any solid, including molecular materials. In addition, the (an)isotropy in the interactions among unpaired electrons also matters in these properties. Thus, the control of conduction and/or magnetism requires the control of the (de)localization and anisotropy of the unpaired electrons. If one can switch unpaired electrons between localized and delocalized states, then one may switch the solids between conductive and magnetic materials. This point of view is different from that of light-induced excited spin-state trapping (LIESST), where the spin states of transition-metal complexes are switched between high- and low-spins by photoexcitations at low temperature [1,2,3,4,5,6,7,8,9]. Additionally, the abovementioned point of view is also different from that of photo-induced phase transitions (PIPTs), where phase transitions, such as metal-insulator and ionic-neutral transitions at certain temperatures (TCs), are brought about by photo-irradiation near the TCs [10,11]. The purpose of the present work is the control of spin distribution and anisotropy independent of thermodynamic conditions, unlike PIPTs. Thus far, most of the studies to control the electrical and magnetic properties have utilized chemical modifications to affect molecular structures and arrangements. However, after tens of years of worldwide extensive research, this strategy has turned out to be challenging for the fine and precise control of conduction and magnetism [12,13,14]. In both organic and inorganic materials, the slightest chemical modifications often result in unexpectedly marked differences in crystal structures [15,16]. In addition, the slightest differences in crystal structures would sometimes make qualitative differences in the physical properties. In particular, in molecular crystals, there are many kinds of weak intermolecular interactions with keeping a subtle balance to form complicated electronic and crystal structures. Because of this characteristic situation, molecular crystals containing unpaired electrons often have several metastable states, as well as unique excited states with peculiar relaxation mechanisms [17] and are sensitive to perturbation, such as photo-irradiation [18]. All of these properties are interesting in the development of electrical and magnetic materials. However, a precise control of atomic/molecular arrangements in crystals remains impossible. Accordingly, it is interesting, as well as important to develop new methods to control the conductive and magnetic properties of the molecular crystals.



Paying attention to such unique features of molecular crystals, the control of conduction [19,20], or magnetism [21,22], or other physical properties [23,24,25,26,27,28] was carried out using photochemical redox reactions in solid states. In the reactions, photo-induced electron transfer occurs between two different kinds of molecular species in the crystal, e.g., the cations and the anions; one species is responsible for conduction and/or magnetism, and the other serves as the charge reservoir in high-TC cuprates [29]. The latter species is not involved in either conductive or magnetic properties. As photochemical reactions generally have high spatial resolutions, this method is utilized to make junction structures of a molecular single crystal for electronic devices when the electron transfer is irreversible [19,30]. Furthermore, reversible and simultaneous control of conduction and magnetism has been recently realized using charge transfer (CT) transition between two different molecular species in salts [31,32], instead of chemical reactions. In this case, one of the molecular species accommodates localized spins for magnetism, in addition to serving as the charge reservoir. The remaining species is optically doped to have excited carriers, like photoconductors. “Giant photoconductivity”, which possibly originates from reversible melting of charge order, has been observed by UV irradiation upon a related molecular crystalline salt [33]. The advantage of this photochemical or optical method lies in the fact that control of the crystal structure is not required at any level. Now that a crystal with an appropriate structure and physical properties, which are known under dark conditions, is selected, nothing but photo-irradiation is required to excite and produce localized and/or delocalized unpaired electrons in the crystal. As long as the electronic band structure and the solid state spectra are known, selected photoexcitation with appropriate wavelength and intensity can take place with accidental or uncontrollable factors being minimized in the control of conduction and magnetism. In addition to the abovementioned sensitivity to light and unique photo-physics of molecular crystals, this kind of photo-control is based on the fact that molecular crystals often contain different kinds of molecules for different roles and also the fact that they have well-defined crystal and band structures, which are clarified by standard experimental and calculation techniques. This idea will make a step forward when a single kind of molecule is responsible for both magnetism and conduction. This will be realized when the distribution of unpaired electrons on the molecule can be controlled by irradiation. In other words, the desired molecular orbitals for unpaired electrons should be selected by appropriate photoexcitation. If the unpaired electrons are excited to be localized, the magnetic properties dominate, and vice versa. Based on this idea, a unique Cu(II)-dithiolene complex anion has been found to be suitable for this purpose, after a number of transition-metal complexes were examined.



Metal-dithiolene complex molecules, M(dmit)2 (M = Ni, Pd, Pt, Au, etc., dmit2− = 1,3-dithiole-2-thione-4,5-dithiolate, Figure 1), have attracted attention for a long time as building blocks for conducting, magnetic and optical materials [34,35,36,37,38,39,40,41,42,43,44,45,46,47,48]. Among a great number of molecular species, M(dmit)2 and their derivatives have always shown us new possibilities of states of matter, such as single-component metals/superconductors [49,50,51,52,53,54,55,56,57,58,59] and spin liquids [60]. This is because M(dmit)2 have uniquely many degrees of freedom, i.e., spin, charge and orbital degrees of freedom, originating from d-orbitals at the metal centers and π-orbitals of the dmit-ligands. The M(dmit)2 species often become stable radical anions with fractional formal charges in solid states. In the solid states, they closely interact with each other through the overlap of the molecular orbitals (MOs) accommodating the unpaired electrons. Among the M(dmit)2 and related complexes, the Cu(dmit)2 anions [61,62,63,64,65,66,67] are unique in that the number and distribution of the unpaired electrons may be reversibly controlled with UV radiation [68]. In this work, the electronic and spin densities of [Cu(dmit)2]2− anions are compared in detail in salts with various cations. Among them, three salts, (nBu4N)2[Cu(dmit)2] (1), [(DABCO)H]2[Cu(dmit)2]CH3CN (DABCO = 1,4-diazabicyclo[2.2.2]octane) (2) and BP2DBF[Cu(dmit)2] (BP2DBF2+ = dibenzofuran-2,2′-bis(N-methylene-4,4′-bipyridinium)) (3) (Figure 1), exhibited systematic differences in structural and physical properties. The following are discussed in this paper for 1–3: the crystal and molecular structures, the temperature-dependent electrical resistivities, the calculated charge and spin densities, the electron spin resonance (ESR) spectra and the temperature-dependent magnetic susceptibilities.


Figure 1. Molecular structures of abbreviated chemical species. dmit2− = 1,3-dithiole-2-thione-4,5-dithiolate; DABCO, 1,4-diazabicyclo[2.2.2]octane; BP2DBF2+ = dibenzofuran-2,2′-bis(N-methylene-4,4′-bipyridinium).
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2. Results and Discussion


2.1. Crystal and Molecular Structures


The crystal and molecular structures of 1–3 are shown in Figure 2, and the crystal data are summarized in Table S1 in the Supplementary Materials. The crystal and molecular structures of 1–3 remain unchanged from room to low temperature, except for a few percentage of thermal shrinkage in the unit cell volumes V (V(100 K)/V(296 K) = 96.6%, 97.5% and 97.9% for 1–3, respectively). The electrical and magnetic properties are cooperative phenomena and are mainly based on intermolecular interactions through sulfur–sulfur (S–S) interatomic contacts in 1–3. With respect to the arrangement of the [Cu(dmit)2]2− anions, the shortest intermolecular S–S distances at 296/100 K in 1–3 are 6.138(1)/5.8082(7) Å in 1, 3.499(1)/3.429(1) Å in 2 and 3.921(3)/3.848(5) Å in 3. Those in 1 and 3 are larger than twice the van der Waals radius of a sulfur atom (1.85 × 2 = 3.70 Å; simply called the “van der Waals distance” below). Thus, there should hardly be any interaction through the overlap of MOs between adjacent [Cu(dmit)2]2− anions in 1 and 3. This suggests that both salts should be insulators, which is supported by electrical measurements below. A tight-binding band calculation (TBBC) was carried out for 2 (Figure 3). The calculated band is slightly dispersive along such lines as Г(0,0,0)–X(0.5,0,0), Y(0,0.5,0)–Z(0,0,0.5) and Z(0,0,0.5)–R(0.5,0.5,0.5). There are no partially-filled bands, and there is a band gap of ~0.07 eV (~800 K) at the Fermi level EF. These results mean that 2 should be an insulator in its ground state, but around room temperature (RT), it can become semiconductive. As for the remaining salts, a TBBC suggests that 1 and 3 should also be either semiconductors or insulators, since the calculated bands are too narrow to exhibit metallic conduction (1, Figure S1c in the Supplementary Materials) or do not include partially-filled bands (3, Figure S1o in the Supplementary Materials). These results are consistent with the observed electrical properties (see below).


Figure 2. Crystal and molecular structures of 1–3 at 297 K: (a,b) 1; (c,d) 2; and (e) 3. Yellow lines designate the edges of the unit cells. Hydrogen atoms are omitted for clarity. Yellow, blue, brown, pink and red octants designate S, C, Cu, N and O atoms, respectively. In (d), broken lines designate S–S short contacts, and only [Cu(dmit)2]2− anions are drawn in order to show the conduction pathways in the ac-planes (upper). In (e), [Cu(dmit)2]2− and BP2DBF2+ are drawn separately in the upper and middle parts, respectively, for clarity. In (b,d,e), the directions of the magnetic fields (H), those of the UV irradiation and the rotation axes of the single crystals relative to H (circular arrows around the a-axis in 1, around the b-axis in 2 and around the axis perpendicular to both the b- and c-axes in 3) in angle-dependent ESR measurements are shown.
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Figure 3. Calculated band structure of 2 using a tight-binding approximation. The broken line (EF) designates the Fermi level. Г, X, M, Y, Z and R designate points in reciprocal space located at (0,0,0), (0.5,0,0), (0.5,0.5,0), (0,0.5,0), (0,0,0.5) and (0.5,0.5,0.5), respectively. Band structures of other salts and those of wider energy ranges are shown in Figure S1 in the Supplementary Materials.



[image: Inorganics 04 00007 g003 1024]







2.2. Molecular Structures and Spin Delocalization


Unlike other kinds of metal-dithiolene-complex anions, not only the crystal structures, but also the molecular structures of the [Cu(dmit)2]2− anions vary with the counter-ion (Figure 2). The geometries at the metal center (CuS4) are almost square-planar, slightly distorted square-planar and distorted-tetrahedral in 1–3, respectively. Such flexibility of the CuS4 geometry has been known for long [56,57,58,59,61,62,63,64,65,66,67,68], yet the reason for their thermodynamical stabilities has never been discussed by considering both crystal and molecular structures. The structure of the [Cu(dmit)2]2− anions in 2 is unique in that it is also distorted along the long molecular axis, which is disadvantageous for delocalization energy of the dmit ligands. In order to elucidate whether the crystal structures affect the coordination geometries or not, the structural optimization of the [Cu(dmit)2]2− anions as isolated molecules was carried out using Gaussian 09 [69]. The results indicate that both the planar and non-planar coordination geometries are stable and that the stable structure depends on the initial structure (Figure S2). Assuming the initial structures to exist as observed in 1 and 3, the optimized structures do not significantly differ from the initial structures, respectively. This means that the molecular structures of the [Cu(dmit)2]2− anions are governed by their own stability and are not governed by intermolecular interactions in the solid state. The calculation results indicate that the differences in stability between the square-planar (like that in 1) and distorted-tetrahedral (like that in 3) coordination geometries are small (~0.1 eV) and are subject to subtle conditions of crystallization. This situation realizes the flexibility and variety of the coordination geometries, i.e., the degrees of freedom in the molecular structures of the [Cu(dmit)2]2− anions. However, the same calculation for 2 gave a rather different molecular structure from the initial, i.e., the observed structure in the crystal (Figure S2). The optimized structure is close to that for 3, a distorted-tetrahedral geometry with planar ligands. Thus, the molecular structure in 2 is affected by surrounding chemical species in the solid state, resulting in a uniquely-distorted structure. Such a “frustrated” molecular structure can be related to unusually small g-values observed for 2 discussed below. Figure 4 shows the SOMOs (SOMO = the singly-occupied MO) and spin densities calculated for 1–3 using Gaussian 09. The electron densities are distributed with high symmetry over the entire molecule in all three salts 1–3. Similarly, the spin distributions do not differ from each other in 1–3. The extent of delocalization of the unpaired electrons at the Cu2+ ions was experimentally examined by measurement of the electrical resistivity, the magnetic susceptibility and the electron spin resonance (ESR), as discussed in the next section.


Figure 4. Calculated singly-occupied molecular orbitals (SOMO) ((a) 1; (b) 2; and (c) 3) via extended Hückel calculation and spin densities ((d) 1; (e) 2; and (f) 3) for [Cu(dmit)2]2− anions via Gaussian 09 (B3LYP/6-31+G(3d)). Red and blue in (a)–(c) and green and blue in (d)–(f) designate different orbital lobes. Green lines in (a)–(c) and grey lines in (d)–(f) designate chemical bonds. In (d)–(f) yellow and grey spheres designate S and C atoms, respectively. For each molecular structure, see Figure 2. MOs of excited states are shown in Figure S9 in the Supplementary Materials.
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2.3. Electrical Properties under Dark Conditions


Irrespective of the relative direction of the applied electric field, salts 1 and 3 are insulators (>107 ohm·cm at 300 K). On the other hand, resistivity measurements along the b-axis indicate that 2 is a semiconductor at room temperature (298 K), with a resistivity ρRT of = (6.5 ± 3.5) × 105 ohm·cm and an activation energy Ea of = 0.15 ± 0.02 eV (Figure 5a). These observations are qualitatively consistent with the crystal structures described above. However, the calculated energy gap (~0.06 eV) is significantly smaller than that estimated from the observed Ea, i.e., the gap is estimated to be 2Ea~0.30 eV. This inconsistency suggests that electron correlation effects are strong in 2, since the tight-binding approximation does not take them into consideration. The correlation effects originate from electron–electron Coulombic repulsion and often open a band gap at EF [70].


Figure 5. Temperature dependence of electrical resistivity along the b-axis of 2. (a) Resistivity ρ in the dark; (inset) Arrhenius plot of the same data; (b) surface resistivity Rsq in the dark (crosses) and under UV radiation (triangles); (inset) Arrhenius plot of the same data; (c) response of photoconduction to switching the light source on/off.
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2.4. Electrical Properties under UV Irradiation


Upon UV irradiation (250–450 nm; 3 Wcm−2), only 2 exhibited a response; the resistivity clearly decreased. The temperature dependence of the resistivity under continuous UV irradiation is shown in Figure 5b. As shown in Figure 5c, the change in the resistivity was quick and reversible upon the commencement/cessation of UV irradiation; the resistivity instantly increased/decreased. The observed current ratio between dark and UV irradiated conditions IUV/Idark gradually increased with decreasing temperature: ~1.7 at 297 K, ~1.8 at 293 K, ~1.9 at 285 K, ~2.0 at 270 K and ~2.1 at 262 K. This is quantitatively consistent with the temperature dependency of the resistivity under dark and UV irradiated conditions (Figure 5b). Since the activation energy remains fundamentally unchanged during irradiation and since the resistivity change upon irradiation is small, the thermally-excited carriers and the photoexcited carriers are considered to coexist, and the former should be dominant in 2. This observation suggests that the molecular and crystal structures in the photoexcited states remain practically unchanged, since both activation energy and conductivity remain practically unchanged under irradiation. This interpretation is experimentally corroborated by the ESR measurements discussed below.




2.5. Magnetic Susceptibilities under Dark Conditions


The temperature (T) dependence of the magnetic susceptibilities (χ) of 1–3 clearly shows that all are diamagnetic (Figure 6). Both the zero-field-cooling and field-cooling processes were examined and were confirmed to yield identical results within experimental error. The increases in χ at low temperature (T ≤ 50–60 K), as well as small jumps in χ at ~50 K suggest that 1 and 2 contained impurities, such as oxygen adsorbed on the sample. Curve-fitting analyses using Equations (1) (for χ vs. T) and (2) (for χT vs. T) consistently and unambiguously distinguished the intrinsic behavior from those of impurities:


[image: there is no content]



(1)
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(2)




where [image: there is no content] and C designate the observed χ, the diamagnetic contribution from the samples and the paramagnetic contribution from impurities, respectively. The diamagnetic susceptibilities obtained ([image: there is no content] (emu mol−1)) for 1–3 are −1.06 ± 0.05, −1.24 ± 0.03 and −0.80 ± 0.08, respectively. The observed diamagnetism of 1–3 means that the unpaired electrons on the [Cu(dmit)2]2− anions interact with each other rather strongly in antiferromagnetic ways in all three of the salts and that there are no phase transitions at 2–300 K in any of them. The diamagnetism is a rather unexpected result, since all of the intermolecular distances in the [Cu(dmit)2]2− anions of 1–3 are long. Such long-range spin–spin interactions are known as “through-space” interactions [71]. The observed diamagnetism for the three salts is consistent with their insulating properties at the ground states.


Figure 6. Temperature (T) dependence of the magnetic susceptibility (χ) of 1 (circles), 2 (crosses) and 3 (triangles). Both field-cooling (blue) and zero-field-cooling (red) processes are shown. (Inset) χT vs. T of 1–3 for the same field-cooling data as those in the main panel; the small jumps around 50 K in 1 and 3 are extrinsic, possibly due to residual adsorbed oxygen.
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2.6. Electron Spin Resonance under Dark Conditions


Next, we should discuss the ESR spectra under dark conditions. In the following discussion, g-values and their anisotropies in this work mean those averaged in an entire crystal instead of those for isolated molecules. The latter properties of [Cu(dmit)2]2− are reported using solution- [63] or magnetically-diluted single-crystalline samples [62]. The angle (θ)-dependence of the g-values for 1–3 is shown in Figure 7a–c. Since all of the spectra under dark conditions were symmetric without fine structures, the g-values were approximately estimated from the maxima of the integrated ESR spectra. The θ-dependence indicates that the g-values are in the range of ~2.01–2.06, depending on the relative angle of the applied field and the salts. For comparison, the calculated g-values, i.e., the principal values of g-tensors for the isolated [Cu(dmit)2]2− anions, using Gaussian 09 based on the optimized molecular structures are gxx = 2.0403, 2.0314, gyy = 2.0644, 2.0407 and gzz = 2.0919, 2.1210 for 1 and 3, respectively. The observed g-values for 1 (2.024–2.028) and 3 (~2.02–2.06) are smaller than the calculated values and those generally observed for Cu(II)-complexes (for the spectra measured with internal standards, see Figure S7 in the Supplementary Materials). Larger g-values were observed in other directions under dark conditions (2.02–2.04 for 1, 2.02–2.09 for 2 and 2.02–2.05 for 3; Figure S8 in the Supplementary Materials). Thus, the observed g-values indicate rather large anisotropy of the three salts under the dark conditions. Both observed g-values and their θ-dependence are smaller in 2 than in 1 and 3, because the single crystals were rotated in such a way that the magnetic field was always approximately in the molecular plane of the [Cu(dmit)2]2− anions in 2, while the magnetic field was rotated between nearly parallel and nearly perpendicular to the molecular planes in 1 and 3. The minima and maxima of the g-values are consistent with the crystal structures. For 1, θ~45° (minimum) and θ~135° (maximum) coincide with where the long molecular axis of all of the [Cu(dmit)2]2− anions becomes nearly parallel with and perpendicular to H, respectively. For 2, θ~25° (minimum) and θ~115° (maximum) also coincide with where the long molecular axis of [Cu(dmit)2]2− becomes nearly parallel with and perpendicular to H, respectively. Similarly, for 3, θ~50°(minimum) coincides with where the long molecular axis of [Cu(dmit)2]2− becomes nearly parallel with H. ESR signals were observed only for ~15° ≤ θ ≤ ~90° in 3. The signal almost disappeared in other directions (Figure S3 in the Supplementary Materials). This is consistent with the following explanation. In 3, the observed S–S distances (<4.0 Å) (Figure S6 in the Supplementary Materials) suggest that every pair of [Cu(dmit)2]2− anions should closely interact with each other to form a weak dimer. The overlap and the transfer integrals within the dimer are calculated to be 1.5 × 10−3 and −0.03 eV via an extended Hückel method. The calculated values of these integrals suggest that the interactions should be moderately strong and antiferromagnetic, which is supported by the observed diamagnetism (Figure 6). The best fitting parameters for a simulation of the observed ESR spectra (Tables S4, S6 and S8 in the Supplementary Materials) are comparable or consistent with those of related compounds [35,37]. The observed and simulated ESR spectra under dark conditions for 1–3 well agree with each other (Figure S4 in the Supplementary Materials). The ESR spectra under dark conditions can be interpreted as follows. The signals observed for 1–3 in the dark originate from the spin delocalized over the [Cu(dmit)2]2− anions. The anisotropy mainly originates from that of the molecular orbital geometries. The hyperfine structures characteristic of the spin on Cu(II) generally observed in various Cu(II)-complexes were not observed in 1–3. The reason is considered to be a broadening effect caused by the following two kinds of interaction; intermolecular antiferromagnetic interactions and spin-orbit coupling on the sulfur atoms in the ligands (dmit).


Figure 7. Electron spin resonance (ESR) spectra for 1–3, measured on single crystals. Anisotropy of the g-values at RT in: (a) 1; (b) 2; and (c) 3; observed (red crosses) and best fit (black sine curves). Black arrows designate the angle θ corresponding to the orientation of the crystal shown by the arrows. Comparison of the ESR spectra under dark (black) and UV irradiated (red) conditions at 123 K for: (d) 1 (θ = 0); (e) 2 (θ = 0); and (f) 3 (θ = 45°). Comparison of the observed (black) and simulated (red) ESR spectra under UV irradiated conditions for: (g) 1 (from [68]); (h) 2; and (i) 3. The UV irradiated spectra are the same as those in (d–f). The comparison between the observed and simulated ESR spectra in the dark for 1–3 and the parameters for all spectral simulation are shown in the Supplementary Materials (Figures S4 and S5 and Tables S4 and S9, respectively).
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2.7. Electron Spin Resonance under UV Irradiation


Under UV irradiation (250–450 nm), clearly different ESR spectra were obtained for all three salts from those obtained in the dark (Figure 7d–f); the intensities obviously increased, and hyperfine structures appeared for 1–3. This means that the UV excitation of the unpaired electrons alters their distribution from delocalized to localized pictures. After ceasing irradiation, the spectra recovered their original shapes, and the reversibility was confirmed via repeated measurements on different single crystals. In 1–3, an energy of 250–450 nm (2.75–5.00 eV) brings about excitation from an orbital φb to a higher orbital φa, comprised of Cu2+ d-orbitals and dmit2− π-orbitals from a molecular orbital perspective (Figure S9 in the Supplementary Materials). Firstly, we should consider the origin of ESR signals under UV irradiation. As for 1 and 2, the possible final states, i.e., φa, by the excitation of 250–450 nm are limited to several groups of degenerate bands. They are those around −5.02 eV (#311–312), −5.94 eV (#309–310) and −5.96 eV (#307–308) in 1 (Figure S1a,b in the Supplementary Materials) and those around −4.83 eV (#429–432) and −5.56–6.14 eV (#421–428) in 2 (Figure S1e,f) in the Supplementary Materials, respectively. Their energies from the Fermi levels correspond to the wavelengths of 299, 384 and 386 nm for 1, while 284, 342 and 407 nm for 2, respectively. These excitation energies are consistent with the solution spectra containing the [Cu(dmit)2]2− anions (Figure 8a). All of these excited states are almost purely (>99.9%) comprised of the MOs of the [Cu(dmit)2]2− anions, and the cations’ contribution is negligible. For 1 and 2, all of the ESR spectral features under UV irradiation must originate from the excited [Cu(dmit)2]2− anions, because the cations do not absorb light in 250–450 nm (Figure 8). On the other hand, in 3, the TBBC results suggest that there should be anion-cation mixed bands around −5.9 eV (Figure S1k in the Supplementary Materials), i.e., 3.5 eV ≈ 355 nm above the EF (~−9.4 eV). This means that CT transitions from the anion to the cation can occur under UV radiation of 250–450 nm for 3. In addition, the solution spectra (Figure 8a) show that the cation in 3 strongly absorbs UV light shorter than ~300 nm (≥4.1 eV). Thus, UV radiation of 250–450 nm can cause local excitations in the BP2DBF2+ cations. The possibilities of the CT transitions and the local excitations consistently suggest the existence of unpaired electrons on the BP2DBF2+ cations during UV irradiation upon 3. On the other hand, the orbitals, located immediately below EF, are primarily comprised of a dmit2− contribution (70%, 71% and 78% for 1, 2 and 3, respectively, based on a TBBC). There are several degenerate bands at EF or immediately below EF in 1–3 originating from the fact that there are several [Cu(dmit)2]2− in their unit cells. However, their dmit contributions are almost equal in the respective materials; the differences are less than 0.1% among the degenerate bands. All spectra were analyzed on this basis and were reproduced by simulations considering anisotropy, nuclear magnetic moments and natural abundances of isotopes of the magnetic nuclei in the [Cu(dmit)2]2− anions (for 1 and 2) or in both the anions and the cations (for 3) (Figure 7g,i). The following factors are considered; 63Cu:65Cu = 69.09:30.91; nuclear magnetic moment βn = 2.2206 (63Cu) and 2.3790 (65Cu); 14N (I = 1, 99.635%). In the meantime, 33S (I = 3/2, 0.74%), 13S (I = 1/2, 1.108%) and 15N (I = 1/2, 0.365%) are ignored. Next, we shall discuss the spin distribution on the [Cu(dmit)2]2− anions based on the simulation results from a molecular orbital perspective. UV (250–450 nm) radiation reversibly increases the contribution from the spins on the copper atoms in all of the ESR spectra for 1–3; during UV irradiation, the Cu contribution increased from Irel (Cu) = 9%–38% for 1, 17%–31% for 2, and 13%–33% for 3, respectively (Tables S4–S9 in the Supplementary Materials). This observation is qualitatively consistent with the calculated band structures in that the copper atomic d-orbitals have larger contributions in the excited states φa than in the ground (dark) states φb; ψ(Cu) = 91% vs. 30% (the bands #307–312 at −5.97~−5.02 eV for 1), 89% vs. 29% (the bands #421–432 at −6.14~−4.83 eV for 2) and 82% vs. 22% (the bands #589–624 at −6.56~−4.96 eV for 3), respectively. Here is a point worthy of note. Now, the approximate g-values under UV irradiation are tentatively defined by the centers of the newly-emerged peaks during UV irradiation. This is confirmed to be a valid approximation by detailed analyses using spectral simulation (Figure S5 in the Supplementary Materials). Then, the observed g-values under UV irradiation are even smaller than those under dark conditions. They are comparable with that of free electrons (~2.0023) irrespective of the relative direction of H (Figure S7 in the Supplementary Materials). Such small g-values with almost no anisotropy have never been reported either for Cu(II)-complexes or transition-metal-dithiolene complexes. This can be explained by the characteristics of SOMOs of various [M(dmit)2] radical anions in excited and ground states in a unified picture. Unpaired electrons either delocalized in the extended dithiolene π-orbitals or localized in the metal (except for Cu) d-orbitals generally exhibit larger g-values due to spin-orbit coupling with many sulfur atoms or with anisotropic d-orbitals. In both cases, the spin-orbit coupling enhances the anisotropy of the g-values at the same time. This trend is slightly observed in the dark states of 1–3 and is more evident in the M(dmit)2 radical anions (M = Ni, Pd, Pt, etc.) under dark conditions, where the hybridization between ligands’ π- and metals’ d-orbitals (π–d mixing) is less important than that in the [Cu(dmit)2]2− anions (Table S14 in the Supplementary Materials) [68,72,73,74,75,76,77,78,79]. In contrast, whether under dark or UV irradiated conditions, the SOMOs of [Cu(dmit)2]2− anions have a much higher degree of π–d mixing than that in other metal-dithiolene complex anions. As shown in Figure S9 in the Supplementary Materials, some of the excited MOs (e.g., MO#52 of all three salts) are localized around the Cu atoms with rather spherical geometries because of the π–d mixing. Thus, the orbital angular momentum is practically quenched, which makes spin-orbit coupling negligible. The findings in this work mean that UV excitation in [Cu(dmit)2]2− can realize an unusual spin state, which cannot be realized by thermal excitation, the variation of counter cations or chemical modification of the metal center and/or ligands.


Figure 8. Solution and powder spectra for 1–3 (20 °C). (a) UV-VIS absorption (ε) spectra in CH3CN for 1–3; (b) UV-VIS-NIR diffuse reflectance (R) spectra in KBr pellets for 1–3. The solution spectrum (A) for 1 (same spectrum as that in (a)) is also shown for comparison.
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3. Experimental Section


3.1. Materials and Methods


All chemicals were purchased as the highest grade and used as received. Compound 1 was synthesized according to the literature [80]. [(DABCO)H]PF6 and BP2DBF(PF6)2 were provided by Solid-State Chemistry Laboratory, Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo, Japan. Single crystals of 1 suitable for X-ray structural analysis and physical property measurements were obtained during the recrystallization of the crude product from CH3CN. Single crystals of 2 and 3 were obtained from slow, double decompositions of saturated solutions. DABCO·HPF6 (3 mg) in CH3CN (Wako, Osaka, Japan; 10 mL) (for 2) or (BP2DBF)(PF6)2 (3 mg) in CH3CN (20 mL) (for 3) and 1 (3 mg) in CH3CN (10 mL for both 2 and 3) were dissolved using a supersonic wave machine (AS ONE, Osaka, Japan, Ultrasonic Cleaner US-5A) for 1 min. After filtration, one of the solutions was added to the other. The mixed solution was sealed and left to stand in the dark for 14–17 days at −30 °C (2) or at 24 °C (3) to yield shiny black blocks ~0.5 mm on the longest side. Single crystal X-ray structural analysis was carried out with a Rigaku R-AXIS RAPID Cu-Kα radiation (λ = 1.54187 Å) or Rigaku Saturn724 Mo-Kα radiation (λ = 0.71075 Å) diffractometer at (296 ± 1) and (100 ± 1) K. Cambridge Crystallographic Data Centre (CCDC) numbers 991696 (1, 296 K), 994604 (1, 100 K), 1037127 (2, 296 K), 1037128 (2, 100 K), 1037129 (3, 296 K) and 991697 (3, 100 K) contain supplementary crystallographic data for this paper. These can be obtained free of charge from the CCDC via the internet (www.ccdc.cam.ac.uk/data_request/cif). Details of the molecular orbital and band structure calculations are described in the Supplementary Materials.




3.2. UV Irradiation


UV irradiation of the samples was carried out in a He atmosphere (ESR) or in liquid N2 (resistivity measurements at low temperatures). A Hg/Xe lamp (SAN-EI Electric, Osaka, Japan, SUPERCURE-203S; 200 W, 220–1100 nm) equipped with a band pass filter (transparent only at 250–450 nm) and a quartz light guide of a multimode optical fiber (5 mm in the core diameter) were employed. The actual power at a particular wavelength was estimated from the spectrum of the light source (I (mW cm−2 nm−1) vs. λ (nm)) provided by the supplier. The specifications of the light source used in this work have been described in previous papers [19,25]. In 2 and 3, the most developed crystal surfaces were selected for irradiation. For 3, the radiation was incident on the ([image: there is no content])-planes, which do not belong to any crystal surface.




3.3. Physical Property Measurements: General


Except for the magnetic susceptibility measurements, all of the single crystals used in the measurements were briefly checked using X-ray oscillation photographs to identify the crystal quality and the directions of the crystallographic axes. For the magnetic susceptibility measurements, several of the single crystals were subjected to X-ray oscillation photographs to identify the crystal phase. The data are shown as averaged values, and the errors were estimated based on scattering of the data of independent measurements. After the measurements under UV radiation, the sample crystals were again checked with X-ray photographs and/or by the same measurements in the dark to confirm that there was no crystallographic deterioration upon irradiation. To check reproducibility and sample dependence, the magnetic susceptibility and resistivity measurements were examined repeatedly using the same samples, as well as different samples independently prepared/irradiated.




3.4. Magnetic Susceptibility Measurements


The temperature dependence of the magnetic susceptibility was measured on polycrystalline samples using a superconducting quantum interference device (SQUID) MPMS-XL7minBXR3 (Quantum Design, San Diego, CA, USA) using the DC method at 300–2 K. The measurements were carried out under a low pressure He atmosphere in the dark. The polycrystalline sample (typical amount, ~1 mg; 1 × 10−6 mol) was set in the field. The sample was placed in a gelatin capsule (5 mm in inner diameter, 13.9 mm in height, EM Japan, Tokyo, Japan No. G7330, No.4), which was fixed in the middle of a polyethylene straw (Quantum Design). The data correction for the sample holder was negligibly small (ca. 1 × 10−8 cm3·mol−1) across the temperature range, as proven by measuring its susceptibility from room temperature to 4 K. The temperature was varied by 0.5–2 K/min. The applied fields were 0.8–1 T. Linearity of the magnetization up to 1.2 T was checked at 300 K by measuring the magnetization curves.




3.5. Electrical Resistivity Measurements


The electrical resistivity measurements were carried out using a personal computer-controlled home-made cryostat system. The system is composed of an insertion module with a high-vacuum jacket and a pumping/helium gas inlet valve, a Keithley 2400 SourceMeter, a Keithley 2182A Nanovoltmeter, a Keithley 6487 Picoammeter/Voltage Source, a Keithley 7001 Switch System (Keithley, Cleveland, Ohio, USA) and a LakeShore 331 Temperature Controller (Lake Shore Cryotronics, Inc., Westerville, Ohio, USA) with a silicon diode thermometer DT-470-SD. Linearity between the applied current and the observed voltage drop in a sample (the ohmic contact) was checked at the beginning of every set of measurements. The electrical resistivity was measured via a two-probe method along the longitudinal direction of the needle (1); elongated hexagonal plate (2); or irregularly-shaped block (3) single crystal. These directions approximately coincide with the crystallographic a-axis for 1, the b-axis for 2 and nearly the a-axis for 3 (the a-axis makes an angle of 20° with the long axis of the crystal in 3). The resultant currents were measured under a constant applied voltage. The resistivity of 2 was also measured along the a-axis at RT and gave a similar value of resistivity to that along the b-axis, both in the dark and under UV radiation. Gold wires (25 μm in diameter) and gold paste (No.8560, Tokuriki Chemical Research Co., Ltd., Tokyo, Japan) were used as electrical contacts.




3.6. Electron Spin Resonance


The electron spin resonance spectra of the X-band (9.3 GHz) were measured on a single crystal in the temperature range 120–300 K using a JEOL JES FA100 equipped with a continuous flow-type liquid N2 cryostat with a digital temperature controller (JEOL, Tokyo, Japan). The temperature was controlled so as not to allow the temperature variation to exceed ±0.5 K during the field sweep. A single crystal of 1–3 was mounted on a Teflon piece settled with a minimal amount of Apiezon N grease, sealed in a 5 mm diameter quartz sample tube in a low-pressure (~20 mmHg) helium atmosphere. In some measurements, a single crystal of DPPH (1,1-diphenyl-2-picrylhydrazyl; g = 2.00366 ± 0.00004) [81,82,83] was also mounted on the Teflon piece beside 1–3 as an internal standard of g-values. In the measurements under UV irradiation, the standard sample was mounted on the opposite face of the Teflon piece in order to avoid UV irradiation on the standard sample. The magnetic field was applied perpendicular to the directions where the closest intermolecular interactions were expected based on the TBBC. They were parallel to the [[image: there is no content]]-direction for 1, parallel to the [[image: there is no content]]-direction for 2 and parallel to the [011]-direction for 3. The magnetic field was corrected by a gauss meter (JEOL NMR Field Meter ES-FC5) at the end of every measurement. The UV light was incident on the (011)-planes for 1, on the (101)-planes for 2 and on the ([image: there is no content])-planes for 3. In the measurements of anisotropy, the angle θ defines the rotation angle around the a-axis in 1, the b-axis in 2 and the axis normal to the bc-plane in 3. With θ increasing, the single crystals were rotated around the fixed H in the direction indicated by the circular arrows in Figure 2b,d,e, respectively. Magnetic fields (H) are initially (θ = 0) applied parallel to [[image: there is no content]] for 1, [[image: there is no content]] for 2 and [011] for 3. The molecular orientations relative to H at the maximum and minimum values of g-values are shown in Figure 7. The time constant, sweep time and the modulation were common for 1–3: 0.01 s, 30 s and 100 kHz, respectively. Both dark and UV irradiated spectra were measured under identical amplitudes, modulations and time constants for all three salts. The spectra simulation was carried out using Anisotropic Simulation software AniSim/FA ver. 2.2.0 by JEOL. In the simulation of the ESR spectra containing both signals from DPPH and the Cu(dmit)2 salts, the parameters for the DPPH-signal of g-value, hyperfine coupling constant A (mT) of 14N, linewidth Г (mT) and the ratio between Lorentzian and Gaussian were unified among different spectra, which was obtained from the independent measurement and simulation analysis on the single crystal of DPPH alone (Figure S7n), and only the relative intensity Irel (%) of the DPPH-signal was varied to reproduce the observed spectra. Under UV irradiation, the ESR signals generally contain both contributions from dark and irradiated parts of each sample, as UV does not always penetrate the single crystals. Thus, it was required in the simulation to assume many oscillators to reproduce the observed spectra under UV irradiation. However, the number of oscillators thus required was always beyond the limitation of the software. Therefore, we tentatively carried out the simulation assuming a few (a maximum of four) oscillators to reproduce a part of the spectrum and then carried out the simulation again for the same observed spectrum assuming different parameters in order to reproduce a different part of the spectrum. This procedure was repeated until all spectral features were covered. Finally, all of the obtained simulated spectra were overlapped to compare to the observed spectrum, and the parameters were modified to reproduce the observed spectrum better. These procedures were repeated until the simulated spectra best agreed with the observed spectrum. As a result, the spectral features were sensitive to the parameters concerning Cu(II), and reproduction of the observed spectra required two independent parameter sets for Cu(II) corresponding to the dark and UV irradiated states. However, the separation of contribution from the dmit ligands into dark and UV irradiated states had arbitrariness, and one could not determine the unique parameter sets of the dmit ligands corresponding to the dark and UV irradiated states in each spectrum. Such a difference between Cu(II) and the dmit ligands probably originates from the differences in the linewidths, the hyperfine structures and spectral differences between dark and UV irradiated conditions of their ESR signals. Therefore, in the simulation of the ESR spectra under UV irradiation, two sets of parameters were obtained for Cu(II), while only one set of parameters was obtained for the dmit ligands (Tables S5, S9 and S10–S12). The former corresponds to the contributions from dark and UV irradiated parts, respectively, while the latter contains both contributions from the dark and UV irradiated parts.




3.7. Calculations


The tight-binding band calculation was carried out via an extended Hückel method using Caesar 1.0 and 2.0 (PrimeColor Software, Inc., Raleigh, North Carolina, USA). The quantum chemistry calculations of the molecular orbitals, structural optimization and Mulliken analyses for spin and electron densities were carried out using Gaussian 09, and the results were illustrated using GaussView 5.0 [84]. The parameter- and calculation-level dependencies were examined, and it was confirmed that there were no significant differences among the calculation results with different parameters, basis sets or levels of calculation. For example, Mulliken analyses of the [Cu(dmit)2]2− using Gaussian 09 gave nearly identical results to those from an extended Hückel method using Caesar 2.0. A series of quantum chemistry calculations for isolated [Cu(dmit)2]2− anions, B3LYP/6-31G(3d), B3LYP/6-31G+(3d), B3LYP/6-311G+(3d) and B3LYP/6-311G+(3df), were utilized as basis sets and gave nearly identical results to each other. Thus, the discussion and conclusion above are not considered to be affected or altered in any qualitative way by different parameters/basis sets or different levels of calculations within the range we studied. In the calculation of g-values for 1 and 2, B3LYP/6-31+G(3d) was utilized as the basis set, and the optimized molecular structures were assumed, which were nearly identical to the observed structures in the crystals. The contributions of dmit ψ(dmit) and Cu ψ(Cu) to the MOs φa and φb were respectively estimated based on the summation of the squares of the coefficients (ai and bi in Equations (3) and (4), respectively) of the atomic orbitals (φi in Equations (3) and (4)) involved in the extended Hückel MOs of [Cu(dmit)2]2−:


[image: there is no content]



(3)
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(4)




where summation in Equations (3) and (4) is carried out on the atomic orbitals Cu 4s, 4p, 3d; S 3s, 3p; C 2s, 2p.
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(5)




where A designates dmit or Cu, the summation on j is carried out on the atomic orbitals belonging to the molecular fragment A in regard to φa or φb orbitals and the summation on i is carried out on all of the atomic orbitals involved in φa or φb. In 3, there are mixed bands of [Cu(dmit)2]2− and BP2BDF2+ in the possible final states under UV radiation of 250–450 nm. For simplicity, the corresponding mixing was ignored in the estimation of ψ(Cu), since such approximation does not significantly alter the contribution ratio between Cu and dmit in any band.





4. Conclusions


The [Cu(dmit)2]2− anions in 1–3 adapt the flexible coordination geometries in concert with different counter-ions. Calculations show that this is not because of intermolecular interactions, but because of the thermodynamic stability of the anion for 1 and 3, while this is because of the intermolecular interactions for 2. Although such a change of the counter cations alters the molecular structures and the electrical properties, the charge and spin distributions on [Cu(dmit)2]2− are not different from each other at their ground states. This is because [Cu(dmit)2]2− flexibly changes its molecular structure in the given solid states using the many degrees of freedom to have the lowest energy possible at ambient temperature (T ≤ 300 K). As the charge and spin distributions on [Cu(dmit)2]2− dominate the anion’s energy, the same thermodynamic condition gives similar charge and spin distributions. On the other hand, UV irradiation alters the spin distribution and anisotropy in a qualitative and reversible way, because the excited states have rather different molecular orbitals from that of the ground state. Such photo-response in spin degrees of freedom is characteristic of [Cu(dmit)2]2− anions. Although Compounds 1–3 did not switch between conductors and magnets, these findings indicate that optical excitation in the [Cu(dmit)2]2− anions should be an effective method to control spin distribution and anisotropy.
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