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terms of interactions on the Hirshfeld surface. The packing is stabilized by hydrogen bonds and O…Na ionic interactions in the hydrophilic layer and by C-H…H-C contacts in the hydrophobic layers which are the most enriched major contacts.

Introduction

Higher fatty acids of the formula CnH2n-1OOH are composed of long, saturated aliphatic chains with a carboxylic group at one of their extremities. Lauric acid C12H23OOH, or dodecanoic acid, occurs naturally in some vegetable oils, notably coconut oil [1,2] and in the milk of some mammals [3]. The influence of lauric acid on human health and diet, as well as its well-known antimicrobial activity, have made this acid the subject of a large number of studies [4,5].

There are several studies on the properties and behaviour of lauric acid or laurate salts in solution, different phases [6,7 ] and as liquid crystal. [8]. There is also interest in the solid state of lauric acid. The normal chain monocarboxylic acids with even number of carbon atoms were known to exist in three main crystalline forms which have been called A, B and C by [9], and respectively ,  and  by [10]. The different forms can be distinguished from each other by the value of the long spacing which, for a given acid, is greatest for the -form and smallest for the -form. Long chain aliphatic compounds adopt even more solid forms, with different configurations of the packing of the molecules in and between the layers [11]. Saturated carboxylic acids show polymorphism in the solid state. At least seven solid phases exist for the even members [12], called A2, Asuper, Bo, Bm, Eo, Em and C and five for the odd-numbered [13] called A', B', C', C'' and D'.

Generally, the crystal structures of these forms consist of molecules packed in bilayers containing two molecules. The carbon chains saturated are in the trans conformation (except for the B form and some triclinic forms, where the molecules adopt a left-hand conformation), and with their carboxyl groups forming dimers through a typical 𝑅 (8) hydrogen bonding system [14]. Two types of molecular conformations of lauric acid exist in the crystal structure. One is the ordinary type, as seen in the C-form or the A1 form belonging to the A form, while in the other one the carboxyl group is rotated about the C1-C2 bond [15].

The structures of several polymorphic crystal forms of lauric acid and laurate salts have been described.

The first crystal structure reported was that of strontium laurate, in P21/n monoclinic space group [16].

In the same year, the crystal structures of several C2/n silver fatty acids, including laurate, were analyzed and turned out to be all triclinic of space group 𝑃1 [17].

The form C of lauric acid crystal structure was determined from monoclinic crystals of space group P21/a [18]. Crystals of the  form of lauric acid were obtained by [19] and the dimensions of the monoclinic unit cell were determined. A new crystal form (not of form A, B, nor C) of lauric acid was obtained by [20 ] and is triclinic. Form A1 of lauric acid (triclinic 𝑃1 ) was later determined by [21].

Five crystal structures of lauric acid are available in the Cambridge Structural Database (CSD-21) [22], corresponding to four polymorphs. Lomer [20,21] deposited two copies of the triclinic 𝑃1 structure.

The form A crystal structure has been deposited [23] as well as the A-super form [15]. The latest crystal structure was deposited in 2009 and is monoclinic [24].

Only unit cells of crystals of laurate salts are available in the CCDC for silver, strontium and potassium (2 polymorphs) while the crystal structure of the salt with lead (II) [25] is available in the COD [26]. In the present paper, we report a new crystal structure of lauric acid containing two fatty acid molecules for one sodium cation in the asymmetric unit.

Materials and Methods

Crystallization

The crystals were obtained in an attempt to co-crystallize lysine with sodium laurate. A stoichiometric quantity of lauric acid, lysine HCl and sodium hydroxide were dissolved in a minimal volume of ethyl acetate by stirring at 35 °C. All compounds were purchased from Sigma-Aldrich. The solution was at first left to cool to room temperature and then to 4°C overnight.

Crystal data collection

A single crystal was carefully selected under a polarizing microscope in order to perform its structural analysis. X-ray diffraction data were collected on a Super Nova, Bruker SMART X2S benchtop diffractometer [START_REF] Bruker | APEX3 Package, APEX3, SAINT and SADABS[END_REF] at 100 K, using graphite mono-chromated Cu K radiation. The crystal structure was solved using a direct method with the SHELXT program [START_REF] Sheldrick | [END_REF] and initially refined by successive differential Fourier syntheses and a full-matrix least-squares procedure using the SHELXL program [29]. Crystal data and experimental parameters used for the intensity data collection are summarized in Table 1. The crystal structure was then refined with software MoPro [30] using the multipolar atom model of Hansen & Coppens (1976). The electron density was transferred from the ELMAM2 electron density database [31]. When using the multipolar atom model instead of the spherical one, the root mean square Fourier residual electron density diminished from 0.105 to 0.098 e Å -3 and the wR 2 (I) factor from 13.3% to 10.5%. Initially the sodium cation position was modelled as an oxygen water atom which refined to an occupancy of 1.3. Therefore, a sodium cation was assigned to that position. The crystal structure has been deposited at the CSD (Deposition Number 2143409).

Results and discussion

The low barrier hydrogen bond

In the NaLLA crystal structure, a single hydrogen bond between O4 and O3A atoms, is linking together the two fatty acid molecules of the asymmetric unit and displays interesting peculiarities (Fig. 1). At first, the short O4B…O5A distance dO…O = 2.452(3) Å obviously classifies this interaction among the strong intermolecular hydrogen bonds [32]. The O…O distance is significantly shorter than the ones found in odd and even-numbered fatty acid crystal structures. The shortest reported O…O distance is 2.54(4) Å, seen in C13H25OOH crystal structure [11] , but measured by X-ray diffraction experiments at room temperature (versus T = 100K in the present study). Short (dO…O < 2.65 Å) or very short (dO…O < 2.5 Å) intermolecular O-H…O hydrogen bonds are often observed between pairs of carboxylic acids or between interacting carboxylic acids -carboxylate groups as seen in a search of the CSD version 2021.

Also, O...O distances as short as 2.5 Å can be seen in intramolecular H-bond cases [33], where resonance-assisted hydrogen bonds (RAHB) are modeled against diffraction data as symmetrical, displaying a shared hydrogen atom which can be found located at equal distance from the two oxygen atoms [34]. The R coefficient depends on the structure factor uncertainty (Fobs) multiplied by the goodness of fit (gof); it attenuates Fobs -Fcalc differences which are small compared to the estimated error. The resulting omit map with noise reduction shows two residual peaks (Fig. 3). The main residual peak map appears to be related to a hydrogen atom bound to the O4B atom which shows the longest C-O distance.

The smallest peak corresponds to a hydrogen atom bound to O5A. The sum of occupancies of the two hydrogen atoms was constrained to unity and the occupancy values refined to q(HOB) = 0.66(8) and q(HOA) = 0.34 (8). The 0.006 Å difference between the two longer C-O bond lengths is however only around two sigmas of their uncertainty (ca. 0.003 Å). Disordered hydrogen atom within a hydrogen bond has been observed in the recent crystal structure of 4-[(morpholin-4-yl)-carbothioyl]benzoic acid [38]. It reveals the case of a COOH…HOOC double hydrogen bond between two carboxylic acids related by an inversion centre, where the H-O hydrogen is shared between the oxygen atoms, the two C-O distances 1.266 and 1.268 Å being nearly similar.

In the crystal structure of potassium hydrogen acetylenedicarboxylate [39,40] a hydrogen atom is found between two oxygen atom of two HOOC-C2H2-COO -moieties. This situation resembles that of the NaLLA crystal structure, except that it has single H atom which is located on the 2-fold symmetry axis relating the two oxygen atoms.

Crystal structure description

X-ray analysis of the crystal structure reveals that the title compound crystallizes in the monoclinic space group P21/c with Z = 4 (Table 1). Its molecular structure is shown in Fig. 1 and selected interatomic distances and angles are listed in Table 2. Table 3 lists the hydrogen bonds observed in the crystal structure. The asymmetric unit of this complex, shown in Fig. 1 consists of a sodium Na + cation and two interacting fatty acid molecules sharing a single negative formal charge. The packing of the NaLLA crystal structure displays van der Waals dispersive (hydrophobic) contacts between hydrogen atoms of almost perfectly parallel n-alkyl chains, as it is systematically observed in saturated fatty acids crystal structures. The asymmetric low barrier hydrogen bond involves the carboxylic heads of the two laurate / lauric acid molecules. The Na + …Oxygen electrostatic interactions and two weak C-H…O hydrogen bonds complete the interaction network.

Further comparisons of the packing observed in the present crystal structure and the ones typically seen in saturated fatty acids crystal structure reveal however striking differences.

At first, in CnOOH, n odd-and even-numbered fatty acids crystal structures [11,24], molecules are related by inversion centers found among symmetry elements of their space groups (very often monoclinic P21/a with Z = 4, A2/a with Z = 8 or P1 with Z = 2), with one molecule per asymmetric unit. Therefore, the conformations of interacting carboxylic groups in these centrosymmetric dimers are similar: they are either cis or trans with C-C-C=O torsion angle very close to 0° or 180°, respectively.

Even-numbered saturated fatty acids (as is C12 lauric acid) noteworthily present systematic cis conformations with C-C-C=O torsion angles not exceeding 4°. In the present NaLLA crystal structure, this conformation is significantly distorted, with a cis conformation and C-C-C=O dihedral angles of 12.1° and 31.8° for the two molecules in the asymmetric unit. Consequently here, none of the two carboxyl groups are coplanar with the hydrocarbon chain of the molecule they belong to.

Furthermore, an interaction between two carboxylic groups where the two COOH groups related by inversion symmetry are facing each other in a 𝑅 (8) pattern, with two identical C-O-H…O=C hydrogen bonds is often seen in fatty acids crystal structures. Such a COOH…COOH homo-synthon [41] is not observed here. Instead, the carboxylic groups are slightly rotated, forming a O-H…O hydrogen bond.

These strong O-H...O hydrogen bonds, connecting opposite double chains, form layers spreading along

[100] direction (Fig. 4, Table 3) . Interestingly, the carboxylic oxygen atoms not involved in O-H…O hydrogen bonds, despite their strong hydrogen bond acceptor nature, only form weak C-H…O interactions with neighboring molecules (Table 3). The main interaction partners in the crystal packing of the non-protonated carboxylic oxygen atoms are the Na + cations. Indeed, there are four O…Na + interactions (2.320 Å < dO…Na+ < 2.406 Å) between the four oxygen atoms of the asymmetric unit and two Na + cations located on both sides of the interacting carboxyl groups (Fig. 6). Fig. 6 View of the two closest sodium cations interacting with the oxygen atoms of the title compound.

The adjacent lauric acid/laurate molecules form face-to-face arrangements in the crystal packing (Fig. 1). These chains, which are almost parallel along the a-axis direction, form zig-zag planes of adjacent molecules which are perpendicular to one another (Fig. 7) [24]. 

Hirshfeld surface analysis.

The Hirshfeld surface is representative of the region in space where molecules come into contact. In the Hirshfeld surface analysis, the disordered H atom was placed on the most occupied position. The Hirshfeld representation of the Na + cation, the neutral organic molecule (C12H24O2), and the organic anion (C12H23O2) -of the asymmetric unit highlights intermolecular interactions between the alkyl chains in the crystal structure (Fig. 8).

The 2D fingerprint plots of the Hirshfeld surface allows to highlight the atoms participating in contacts (Fig. 9). The graph shown in The contacts enrichment [START_REF] Jelsch | [END_REF], derived from the Hirshfeld surface analysis, is computed from the ratio between the actual contact surface Cxy in the crystal structure and the Rxy (random) contact computed as if all types of contacts had the same probability to form. The equiprobable contact surfaces Rxy are computed from the product of probabilities Sx and Sy which correspond to the proportions of chemical species X and Y on the Hirshfeld surface. The contact enrichment ratio (Exy) is a powerful tool to deduce which types of contacts are favoured or disfavoured in the crystal packing. An enrichment ratio

Exy larger than unity for a given pair of chemical species X…Y indicates that these contacts are overrepresented. The contact types Cxy and their enrichment were computed with the MoProViewer program [START_REF] Wolff | Crystal Explorer 17[END_REF] and are shown in Table 4. For instance, the H-C hydrogen occupies 77.7% of the surface, yielding At the end of the 

Conclusion.

The asymmetric unit of the new crystal contains a sodium cation and two lauric/laurate molecules in a head-to-head configuration; the elongated hydrophobic chains are parallel to the long b axis. The cell neutrality is obtained by a single negative formal charge shared among the two interacting carboxylate/carboxylic heads of the fatty acids through an asymmetric low barrier hydrogen bond. A low-barrier hydrogen bond (LBHB) is a special type of hydrogen bond. LBHBs can occur when the pKa of the two heteroatoms are close, which allows the hydrogen to be more equally shared between them. This hydrogen-sharing causes the formation of especially short, strong hydrogen bonds [47]. The present crystal structure of NaLLA contains formally a carboxylate group and a carboxylic acid. Therefore, the two interacting moieties (COO -…HOOC) have identical pKas and are prone to form a LBHB, which is the case in the present crystal structure. The LBHB is found unsymmetrical with occupancy factors equal ca. to one and two thirds, in accordance with the different C-O bonds lengths found within the COO -…HOOC moiety and with the fact that the interaction occurs between two independent molecules of the asymmetric unit.

Compliance with Ethical Standards

Conflicts of interest/Competing interests : None.

Fig. 1

 1 Fig. 1 Crystallographic autostereogram of four symmetry homologues in the crystal structure of the title compound. Displacement ellipsoids are drawn at the 67% probability levels. The symmetry cards are from left to right: (x, -y +½, z-3/2), (x, y, z-1), (x, -y +½, z-½), (x, y, z).

Fig. 2

 2 Fig. 2 Fourier residual omit H map in the O4B….O5A region. Contour levels 0.4 (blue) and 0.5 (green) e.Å -3

Fig. 3

 3 Fig.3The omit H map in blue at contour level at 0.27 e.Å -3 . The Fourier residual map using terms ( Fobs -Fcalc ) * R was computed by applying a noise reduction technique.

Fig. 4

 4 Fig. 4 View along the c axis of the bidimensional supramolecular structure of the NaLLA crystal structure. Axes A and B show the parallelism of double chains.

Fig. 5

 5 Fig. 5 Projection of a 2-D layers of sodium cations in the crystal structure along the a-axis. The carbon chains of lauric acid and laurate molecules have been omitted for clarity.

Fig. 7

 7 Fig. 7 Crystallographic autostereogram of a layer of NaLLA molecules parallel to the (bc) plane carbon: black, hydrogen: grey, oxygen: red and sodium: purple. The view was made with MoProViewer [44].

  Fig 9a. represents the H...O/O…H contacts. It is characterized by two symmetrical spikes at short distance di+de ~1.6 Å. These spikes are characteristic of the strong O-H…O hydrogen bond present in the crystal structure, but there are also C-H…O contacts at longer distance. The graph in Fig. 9e representing H…H contacts is characterized by an end pointing towards the origin along the diagonal corresponding to di = di ~ 1.2 Å. These are C-H...H-C contacts representing 70.8% of intermolecular contacts (Table4), due to the parallel arrangement of the fatty acids alkyl chains, and the contact between terminal methyl groups of adjacent molecules along the [100] direction. The 2D fingerprint decomposition also shows other contacts: O...Na (10.8%) which is the second major contact and C…H-C which is in third position at 8.3%.

Table 4 :

 4 RH-C,H-C SH-C 2 = 60.4 % and an enrichment EH-C,H-C CH-C,H-C RH-C,H-C = 70.8 / 60.4 = 1.19. More than three quarters of the surface area is generated by H atoms. The O…Na electrostatic interactions and the O…H-O hydrogen bonds are the two strongly enriched contacts (EO,H-O > 8.3) and constitute the two strong electrostatic interactions stabilizing the crystal packing. The large C-H…H-C contact surface between hydrophobic parts of lauric molecules is slightly over-represented at EH-C,H-C = 1.19. Globally the hydrophilic and hydrophobic contacts are enriched by 5.26 and 1.13 coefficients, respectively. Conversely the cross contacts are strongly under-represented at E = 0.28, in accordance with the presence of hydrophobic and hydrophilic layers in the crystal packing. Nature of intermolecular contacts on the Hirshfeld surface by chemical types. The first row and first column indicate the chemical species involved in the contacts. The second row shows the atom surfaces related to the atom types that are indicated in the first row. The percentage of actual contacttypes Cxy between chemical species is then given followed by the enrichment ratios Exy. The reciprocal contacts X…Y and Y…X have been merged. The major contacts as well as the most enriched ones are highlighted in bold. The hydrophobic H-C atoms bound to carbon were distinguished from the polar Ho atom of the COOH moiety. The computation was done as if the polar hydrogen atom H-O was bound to atom O4B. The computation was done on an ensemble of lauric acid, laurate and Na + moieties which not in contact in order to obtain an integral surface around each moiety, as in Fig.8.

Fig. 8

 8 Fig. 8 Hirshfeld Surface around the lauric acid, the laurate and Na + moieties of the asymmetric unit. The surface is colored according to the inner chemical type: hydrogen H-C: grey, hydrogen H-O: blue, carbon: black, oxygen: red).

Fig. 9

 9 Fig. 9 Fingerprint plots in (di,de) of the main contacts on the Hirshfeld surface. The graphs were obtain with CrystalExplorer17 program [45].

Fig. 10

 10 Fig. 10 NaLLA crystal structure asymmetric unit, with anisotropic thermal displacement parameters represented by ellipsoids at 75% probability. Atoms are colored according to their equivalent isotropic B factors: from dark blue for B < 1.5 Å 2 to red for B > 4 Å 2 .

Table 1 :

 1 Crystal data and structure parameters of the title compound.

	Chemical formula	CH3(CH2)10COOH, CH3(CH2)10COO -, Na +
	MW (g.mol -1 )	422.601
	Crystal system, space group	Monoclinic, P21/c
	Temperature (K)	100(1)
	a, b, c (Å)		35.3860 (2), 7.0683 (6), 9.8952(6)
	β (°)		93.5200 (6)
	V (Å 3 ) ; Z		2470.307 (6) ; 4
	Data collection
	Radiation type	Cu Ka
	Wavelength µ (Å)	1.54184
	Crystal size (mm)	0.041, 0.068, 0.178
	Diffractometer	Bruker SMART X2S benchtop
	Absorption correction	Multi-scan (SADABS; Bruker, 2016)
	Tmin, Tmax		0.694, 1.000
	No. of measured reflections	15 823
	Rint (%)		6.3
	sinθmax / (Å -1 )	0.63
	Refinement		4
	wR 2 [F 2 > 2σ(F 2 )], wR(F 2 ), gof	0.089, 0.105, 1.03
	R[F > 4σ(F)], R(F)	0.052, 0.073
	No. of reflections	4906
	No. of parameters	455
	∆ρmax, ∆ρmin, rms (e Å -3 )	0.45, -0.44, 0.098
	2.3.	Crystal structure Refinement

Table 2 :

 2 Selection of bond lengths (Å) and bond angles (º) for non-H atoms with uncertainty of values given in parentheses.

	Symmetry operators : (i) -x+1 ; y+½ ; -z+3/2 (ii) -x+1 ; -y+1 ; -z+1	
	atoms	distance	atoms	distance / angle
	Na1 O4B (i)	2.322(2)	Na1 O2B (ii)	2.322(2)
	Na1 O3A (i)	2.406(2)	Na1 O5A (ii)	2.386(2)
	O3A C1A	1.246(4)	O2B C1B O4B	123.5(2)
	O5A C1A	1.300(4)	O2B C1B C2B	121.9(2)
	C2A C1A	1.514(4)	O4B C1B C2B	114.5(2)
	O2B C1B	1.219(3)	O5A C1A O3A	122.9(2)
	O4B C1B	1.306(3)	O5A C1A C2A	114.7(2)
	C2B C1B	1.511(4)	O3A C1A C2A	122.3(2)

Table 3 :

 3 Geometric details of hydrogen bonds (Å, º) (D-donor; A-acceptor; H-hydrogen) of the title compound and symmetry code of acceptor atom.

	Interaction D-H…A	d(D-H)	d(H•••A)	d(D•••A) ∠D-H•••A	symmetry
	O4B-HOB•••O5A	1.02	1.48	2.452 (3) 169	x, y, z
	O5A-HOA•••O4B	1.02	1.48	2.452 (3) 169	x, y, z
	C2B-H2D•••O2B i	1.09	2.62	3.489 (3) 136	x, -y+ ½, z-½
	C3A-H3B•••O2B ii	1.09	2.50	3.394 (3) 138	-x+1, y+½, -z+3/2
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