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Abstract

:

Intermolecular interactions have proved to play an important role in properties of SMMs such as quantum tunneling of magnetization (QTM), and they also reduce the rate of magnetic relaxation, as through the influence they have on QTM, they quicken the reverse of magnetization. In addition, they are considered as the generative cause of the exchange-biased phenomenon. Using the Hirshfeld analysis tools, all the intermolecular interactions of a molecule and its neighbors are revealed, and this leads to a systematic study of the observed interactions, which could probably be helpful in other studies, such as theoretical calculations. In addition, they could be helpful to design new systems because intermolecular interactions in SMMs have been proposed as a probable tool to monitor their properties. The observation of characteristic patterns on the Hirshfeld Surfaces (HS) decorated with different properties makes easier the recognition of possible structural pathways for the different types of interactions of a molecule with its surrounding.






Keywords:


single molecule magnets; Hirshfeld surface; hydrogen bonds; π∙∙∙π interactions












1. Introduction


The advent of single molecule magnets (SMMs) opened a new field in the synthesis of molecular materials, because the bottom-up approach used in their synthesis gives great chemical flexibility with the use of different ligands for tailoring their magnetic properties. The magnetic properties of SMMs have been studied extensively and a large number of complexes have been produced, presenting the characteristic properties of these compounds, i.e., slow magnetic relaxation of magnetization below a blocking temperature, quantum tunneling of magnetization (QTM), etc. [1,2]. The characteristic SMMs properties are revealed by studying them on single crystals or on oriented powders, because in the solid state they are a collection of identical oriented nanomagnets and their large number, i.e., with the order of magnitude of Avogadro’s number, makes possible the observation of quantum properties of a single molecule, on a macroscopic scale [3,4]. The magnetic properties of SMMs originate from the properties of each molecule and not from long-range ordering phenomena within the crystal lattice [5]. The intermolecular interactions between neighboring SMMs in the crystal lattice influence the magnetic and quantum properties of each molecule, and their presence has characterized a new family of SMMs, the so-called exchange-biased one. Therefore, their presence is not considered as a drawback, but it has been considered as a probe to monitor QTM properties [6]. In a recent publication, we discussed the role played by the intermolecular interactions on the behavior of SMMs, mainly through a bibliographic point of view [7]. In this paper, a systematic presentation of the study of representative examples of SMMs is attempted in the light of the Hirshfeld surface (HS) analysis tools and what can be gained by using this valuable tool in studying the intermolecular interactions in crystals. The HS is calculated by considering the electron density and position of neighboring atoms inside and outside the surface and partitions the space into nonoverlapping volumes defined by a surface which surrounds each molecule [8]. Thus, the HS reflects, in considerable detail, the immediate environment of a molecule in a crystal. HSs decorated with various functions/properties present the sites where the intermolecular interactions are developed [9]. HS analysis tools meet the basic criterion [8], which a method must satisfy for studying intermolecular interactions in a crystal structure and to be the least biased possible, which was set by Desiraju in 1997 [10]: “To visualize a crystal structure in its entirety, not just look at selected intermolecular interactions that have been deemed to be important”. HSs have been used extensively in the study of polymorphic organic materials [11], but recently they have also used in the study of transition metal complexes [12,13,14].




2. Materials and Methods


The HS studies of all complexes were performed by using the CrystalExplorer package V.17.5 [15]. In this study, the dnorm decorated HSs are mainly discussed in relation to corresponding fingerprint plots. dnorm is a normalized contact distance, defined in terms of de, di and the Van der Waals (VdW) radii of two atoms at a distance de outside from a point on the surface and at a distance di inside the surface correspondingly (Spackman, 2009). It should be mentioned that the color scheme of a dnorm decorated HS corresponds to the magnitude of intermolecular interactions ranging from strong (red color) to moderate (white) to weak (blue). The fingerprint plot is a 2D diagram derived from the HS and gives the frequency of occurrence of each combination of pairs de, di on the surface, and each such combination is interpreted as some type of interaction. The points de > di lie above the main diagonal of the plot and correspond to the donor atoms of the molecule, and points de < di, which lie below the main diagonal, correspond to the acceptor ones. π∙∙∙π and C–H∙∙∙π interactions result in easily recognizable patterns on the HSs decorated with the shape property [9]. Differences in the fingerprint plots among similar compounds are attributed to differences in the packing of molecules and give valuable information for their structures [16]. For the HS analysis studies, the CIF files of the corresponding compounds were used, which have been retrieved from Cambridge Structural Database (CSD) [17]. All the studied compounds are listed in Table 1 with the corresponding code name as it is stored in CSD [17].




3. Results


The importance of intermolecular interactions on the SMM properties were studied for the first time for the compounds (Mn4O3Cl4(O2R)3(py)3) where R = CH2CH3, and CH3 corresponds to compounds 1 and 2, respectively [22]. For these systems, step-like features are observed in the hysteresis loops of magnetization versus applied field measurements, at 40 mK. The observed minor differences could be explained with an intradimer superexchange interaction J and an interdimer one J’, which is negligible in the case of compound 1 and is present in the case of 2. This model could also explain the absence of the quantum tunneling at zero field in both cases and the observation of fine structure features in the hysteresis loop of compound 2. Both interactions are antiferromagnetic and the intradimer one is stronger than the interdimer one. This phenomenon has been characterized as exchange-biased quantum tunneling [3] and has been considered to open new perspectives in the use of supramolecular chemistry to modulate the quantum physics of these molecular nanomagnets [3,22]. In Figure 1a and Figure 2a, a dimer is presented for compounds 1 and 2, respectively, and the intradimer and the interdimer intermolecular interactions are clearly seen on the dnorm decorated HS. The percentage contribution of the different type of interactions is as follows for the most important ones (compound 1, compound 2): (33.5%, 25.9%) (H∙∙∙H), (17.4%, 18.3%) (Cl∙∙∙H/H∙∙∙Cl), (19.6%, 14.7%) (C∙∙∙H/H∙∙∙C), (8.2%, 14.1%) (N∙∙∙H/H∙∙∙N), (11.8%, 11.9%) (O∙∙∙H/H∙∙∙O). The shortest Cl∙∙∙H/H∙∙∙Cl distances are about 2.75 Å in the case of 1 and 2.9 Å in the case of 2, which is less than the sum of VdW radius 2.95Å (1.2Å for H and 1.75Å for Cl) in the first case, and close to this value in the second case; this is the reason that these contact points are clearly seen in the case of 1 (Figure 1a). The Cl∙∙∙Cl contact points are longer in the case of 1, 3.9 Å, and shorted in the case of 2, 3.5 Å. Thus, in the latter case, these contact points, although faded, as they are close to the sum of VdW radius (3.5 Å), are clearly seen in the latter case.



There are lattice solvents in the structure of both compounds, but this characteristic is more clearly seen only in the fingerprint plot (Figure 2b) of compound 2, where the distribution of contact points is asymmetric with respect to the main diagonal in the fingerprint plot, and the contact points H∙∙∙N are among the clusters and the acetonitrile solvents (Figure 2e). The Cl∙∙∙Cl (with contribution of 0.3% for compound 1 and 0.5% for compound 2) and Cl∙∙∙H/H∙∙∙Cl contact points have been considered as the paths of interactions that alter the characteristics of the hysteresis loops for both compounds [3,22]. Although both compounds crystallize in the same space group (R-3) and they have almost the same unit cell dimensions (a = b = c = 13.156 Å and 13.031 Å, α = β = γ = 74.56(3)° and 74.81(2)°, V = 2068.64 Å3 and 2015.93 Å3 for compound 1 and 2, respectively), the packing of dimers are quite different as it is concluded for the differences observed in fingerprint plots of these compounds (Figure 1b–d and Figure 2b–e).



Another characteristic example is the dimers of clusters which are observed in the structure of (Fe9O4(OH)4(O2CPh)13(heenH)2) [19], where, in the hysteresis loop measurements below 1K, QTM steps are observed which are shifted relative to zero shift, but also a QTM step at zero field is observed, indicating a mixed state. This behavior has been interpreted as due to disorder of an oxygen atom on the heenH− ligand that occupies two sites with 36/64% occupancies, with 2/3 (~64%) contributing to the formation of dimers and the remaining 1/3 does not, because they form an intramolecular hydrogen bond. Thus, the 2/3 of them switches on the exchange-biased field and the rest switches it off. Based on Hirshfeld analysis (Figure 3a), only 2.4% of the interactions contribute to the hydrogen bond formation, which results in the formation of dimers, and the rest, according to the fingerprint plot (Figure 3b), are of H∙∙∙H type (78.6%) (a value which indicates that the dimers are almost isolated) and of C–H∙∙∙π type (16.8%), which contribute to the interdimer interactions, thus resulting in formation of the 3D architecture of the compound. The symmetric distribution of contact points in fingerprint plots indicates that one type of molecule exists in the unit cell (Figure 3b–d).



In the light of these studies, compound 4 was synthesized, where the presence of BPh4− anions around the (Mn4(Bet)4(mdea)2(mdeaH)2)+ SMM cations and, in addition, the absence of solvents, make this system ideal for hysteresis loop measurements and EPR studies [20]. For the calculation of the dnorm decorated HS (Figure 4a), only the SMM cation was used, and this is reflected in the distribution of contact points in the fingerprint plot (Figure 4b), where almost all the points are above the main diagonal of the plot, which means that the cation serves mostly as a donor. Both cation and anions contribute to H∙∙∙H (73.6%) type interactions, the cation serves as a donor for the C∙∙∙H (25.3%) type of contacts, as all the points for this type of interactions lie above the main diagonal, and as an acceptor for the O∙∙∙H one (1.1%), as all these contact points lie below the main diagonal.



Structural intermolecular interactions, such as π−π stacking, C−H···O, and O−H···O hydrogen bonds, and diamagnetic metal cations have been considered as pathways for magnetic superexchange noncovalent interactions [23]. Special attention has been given to the π···π one [21,24]. For compound 5 [21], the contribution of H···H, O···H/H···O, C···C, and C···H/H···C is 39.8, 38.1, 8.3, and 7.3%, respectively (Figure 5b–d for the first three type of intermolecular interactions). Theoretical calculations show that in both superexchange interactions through O···H/H···O (hydrogen bonds), C···C (π···π type) are antiferromagnetic, with the second to be stronger. The π···π type of interaction are clearly seen on the shape decorated HSs where the characteristic blue and red triangles are present (Figure 5a).



Table 2 lists parameters for the most important magnetic properties of all the compounds studied in this work, together with the characteristic patterns observed on the HSs.




4. Conclusions


The study of intermolecular interactions of SMM compounds with the HS tools could help to identify special characteristics in their structures which, in turn, could help to easier interpret and understand their physical properties, which are related to their structures. Special patterns on the decorated HSs or in the fingerprint plots are related to packing characteristics, which are indicative of the presence or absence of other molecules in the structure, as their presence is reflected on the surface or on the fingerprint plots. It proves to be helpful in the comparison of structures with common characteristics. Finally, as all the interactions are identified, it gives a complete overview of all types of interactions and helps to estimate the role played by each one of them in structure formation, and the relation of specific characteristics of the structure with the properties of the studied compound.
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Figure 1. (a) A dimer of complexes with one molecule to be surrounded with a dnorm decorated HS and the other in a ball and stick presentation for compound 1. The six orange vectors indicate the six contact points of Cl∙∙∙H type of interactions. The red areas in the orange and cyan ellipses indicate O∙∙∙H and C∙∙∙H contact points. Contribution of each type of interactions (b) H∙∙∙H, (c) O∙∙∙H/H∙∙∙O, and (d) Cl∙∙∙H/H∙∙∙Cl derived from the fingerprint plot of compound 1. The outline of the full fingerprint contribution is shown in gray. 
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Figure 2. (a) A dimer of complexes with one molecule to be surrounded with a dnorm decorated HS and the other in a ball and stick presentation for compound 2. The orange vector in the middle indicates the Cl∙∙∙Cl contact points. The red areas in the orange and cyan ellipses indicate H∙∙∙N (only donor points are seen for this view) and O∙∙∙H/H∙∙∙O contact points. Contribution of (b) H∙∙∙H, (c) O∙∙∙H/H∙∙∙O, (d) Cl∙∙∙H/H∙∙∙Cl, and (e) N∙∙∙H/H∙∙∙N interactions in the fingerprint plot diagram. The outline of the full fingerprint contribution is shown in gray. 






Figure 2. (a) A dimer of complexes with one molecule to be surrounded with a dnorm decorated HS and the other in a ball and stick presentation for compound 2. The orange vector in the middle indicates the Cl∙∙∙Cl contact points. The red areas in the orange and cyan ellipses indicate H∙∙∙N (only donor points are seen for this view) and O∙∙∙H/H∙∙∙O contact points. Contribution of (b) H∙∙∙H, (c) O∙∙∙H/H∙∙∙O, (d) Cl∙∙∙H/H∙∙∙Cl, and (e) N∙∙∙H/H∙∙∙N interactions in the fingerprint plot diagram. The outline of the full fingerprint contribution is shown in gray.



[image: Crystals 11 01246 g002]







[image: Crystals 11 01246 g003 550] 





Figure 3. (a) A dimer of complexes with one molecule to be surrounded with a dnorm decorated HS and the other in a ball and stick presentation for compound 3. Contribution of each type of interactions (b) H∙∙∙H, (c) C∙∙∙H/H∙∙∙C, and (d) O∙∙∙H/H∙∙∙O derived from the fingerprint plot of compound 3. The outline of the full fingerprint contribution is shown in gray. 
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Figure 4. (a) The cation (Mn4(Bet)4(mdea)2(mdeaH)2)+ is presented with a dnorm decorated HS and the anions surrounding it in a ball and stick presentation for compound 4 (left). The cation is presented in ball and stick method to the right of the figure at the same orientation. Contribution of the most important type of interactions (b) H∙∙∙H, (c) C∙∙∙H, and (d) H∙∙∙O derived from the fingerprint plot of compound 4. The outline of the full fingerprint contribution is shown in gray. 
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Figure 5. (a) A dimer of complexes presenting π···π type of intermolecular interactions with one molecule to be surrounded with a shape decorated HS and the other in a ball and stick presentation for compound 5. Contribution of the most interesting types of interactions, (b) H∙∙∙H, (c) C∙∙∙H/H∙∙∙C, and (d) O∙∙∙H/H∙∙∙O derived from the fingerprint plot of compound 5. The outline of the full fingerprint contribution is shown in gray. 
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Table 1. Studied compounds.






Table 1. Studied compounds.





	Compound
	CSD-Code
	Reference





	1 [Mn4O3Cl4(O2R)3(py)3], R=CH2CH3
	KUCHIZ
	[18]



	2 [Mn4O3Cl4(O2R)3(py)3], R=CH3
	KUCHOF
	[18]



	3 [Fe9O4(OH)4(O2CPh)13(heenH)2]
	YUTZAP
	[19]



	4 [Mn4(Bet)4(mdea)2(mdeaH)2](BPh4)4,
	UZUJAB
	[20]



	5 [Cu(Pid)(OSO3)(H2O)]∙ (H2O)
	IPUJOT
	[21]
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Table 2. Physical parameters and patterns on HSs of the studied compound.






Table 2. Physical parameters and patterns on HSs of the studied compound.





	Compound
	1
	2
	3
	4
	5





	S

(spin of

ground state)
	9/2
	9/2
	7/2
	9
	1/2



	SMM
	Yes

biased QTM

hysteresis loop
	Yes

biased QTM

hysteresis loop
	Yes

biased QTM

hysteresis loop
	Yes

QTM

hysteresis loop
	No



	το (s)
	1.17 × 10−8
	1.17 × 10−8
	6.0 × 10−10
	2.5 × 10−8
	-



	Ueff (cm−1)
	13
	13
	5.3
	14.2
	-



	Intradimer

interactions
	antiferromagnetic
	antiferromagnetic
	antiferromagnetic
	-
	antiferromagnetic



	Patterns on HS
	Red spots on dnorm HS

Cl∙∙∙H, O∙∙∙H,

C∙∙∙H
	Red spots on dnorm HS

N∙∙∙H, O∙∙∙H,

Cl∙∙∙Cl
	Red spots on dnorm HS

O∙∙∙H
	Red spots on dnorm

O∙∙∙H
	Blue and red triangles on

Shape HS



	reference
	[25]
	[25]
	[19]
	[20]
	[21]
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