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Abstract

:

Solid-state photoinitiated [2 + 2] cycloaddition reaction 2(H2bpe)(NO3)2 → (H4tpcb)(NO3)4 (bpe = 1,2-bis(pyrid-4-yl)ethylene; tpcb = 1,2,3,4-tetrakis(pyrid-4-yl)cyclobutane) was carried out in a single-crystal-to-single-crystal manner. The reaction product was characterized by means of X-ray diffraction and 1H NMR spectroscopy. Only the rctt-isomer of tpcb was found as the reaction product. Intermolecular interactions in a single crystal of (H2bpe)(NO3)2 were studied within the QTAIM approach. Although sum energy of strong and weak hydrogen bonds dominates in total packing energy, contribution of π…π stacking interactions to the packing energy is also prominent. At solid (H2bpe)(NO3)2, stacking of photoreactive H2bpe2+ cations is realized via N…C, C…C and C–H…C bonding, although no four-membered cycles formed by these bond paths was found in molecular graph representation. Reduced density gradient (RDG) surfaces and molecular Voronoi surfaces clearly demonstrate accumulation of charge density between olefin groups prone to take part in photoinitiated cycloaddition reactions. Good correlation between description of hydrogen bonding in terms of QTAIM and Voronoi approaches was demonstrated. The Voronoi approach confirmed that during the photoreaction the system of hydrogen bonds remained almost unchanged.
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1. Introduction


Solid-state photoinitiated cycloaddition reactions are a convenient single-step path to cyclobutane derivatives [1,2,3], photosensitive functional materials [4,5] and crystalline polymers [6,7,8]. In contrast with reactions that proceed in solutions, solid-state reactions do not require any solvents and catalysts and typically allow obtaining only one of stereoisomers. The possibility of a reaction to occur, and the structure of a reaction product depend on mutual disposition of reactive fragments that can be fixed in reactive positions with coordination bonds [9,10] and intermolecular interactions (hydrogen and halogen bonds, argentophilic interactions, etc.) [11,12]. One of the first documented examples of this effect was described by Schmidt [13]. He demonstrated that only two of three polymorphs of cinnamic acid are photoreactive, and reaction product, a α-truxillic acid or a β-truxillic acid can be obtained from, respectively, α and β polymorphs of cinnamic acid. He also demonstrated that the photocycloaddition typically occurs in solids with parallel disposition of olefin fragments situated at r < 4.2 Å. However, numerous exceptions from this rule [14,15,16] indicate that some additional criteria for the reaction to occur would be of practical meaning.



X-ray diffraction (XRD) is widely used to characterize the initial stage of such solid-state reactions, so that a conclusion about potential of a solid to take part in the reaction can be done. The reaction product can sometimes also be characterized by means of the XRD techniques, both after recrystallization or in the course of the single-crystal-to-single-crystal (SCSC) and single-crystal-to-powder processes. For SCSC reactions the structure of the product and reaction yield can be derived from X-ray data. High-resolution X-ray diffraction gives also opportunity to investigate peculiarities of intermolecular interactions and to derive experimental charge density distribution for crystalline solids. Berkovitch-Yellin and Leiserovits experimentally demonstrated on the example of butatrienes that photocycloaddition occurs only between π-overlapped molecules [17]. Thus, intermolecular interactions act as a path of charge redistribution in the course of solid-state reactions. However, more detailed charge density analysis of intermolecular bonding between olefin fragments in photoreactive solids is to our knowledge limited with experimental charge density analysis of trans-cinnamic acid and coumarin-3-carboxyllic acid [18] and periodic DFT calculations of two photoreactive zinc complexes [19]. It was demonstrated that photoreactive groups in these solids are connected by a bond path as concluded from analysis of charge density distribution in terms of R.F.W. Bader QTAIM theory [20]. Nevertheless, for neither the parallel, no criss-cross alignment of ethylene fragments any four-membered cycles formed by neighboring olefin fragments were observed. Instead, π…π stacking was supported by intermolecular bonding of aromatic fragments. Thus, charge distribution in other photosensitive solids is also of interest.



Herein we publish experimental charge density distribution and analysis of intermolecular bonding in monoclinic C polymorph of (H2bpe)(NO3)2 (1). For this compound three polymorphs were obtained to date: the triclinic [21], the monoclinic one crystallized at space group C 2/c [21,22] (denoted below as monoclinic C) and the monoclinic one crystallized at P 21/c space group (denoted below as monoclinic P) [23]. Only the monoclinic C polymorph was reported to undergo full conversion to (H4tpcb)(NO3)4 (2, tpcb = 1,2,3,4-tetrakis(pyrid-4-yl)cyclobutane) at irradiation [22]. Singh and Sun confirmed molecular structure of the reaction product using 1H NMR spectroscopy and solid-state XRD of the recrystallized 2. We succeeded to carry out the reaction in the SCSC manner, and to characterize reaction product 2 using X-ray diffraction.




2. Experimental Part


Initial compound (H2bpe)(NO3)2 (1) was obtained as described elsewhere [21]. 1H NMR spectrum of solution of 1 in NC-C[D3] after solid-state reaction was recorded on a Bruker Avance-300 spectrometer (Bruker AXS, Inc., Karlsruhe, Germany) at a frequency of 300 MHz without an external standard.



2.1. Synthesis


A single crystal of 1 was obtained from reaction mixture and characterized using single-crystal X-ray diffraction (XRD) as described below. Then the same single crystal was irradiated for two hours (Xe lamp, λ = 365 nm, 200 W source used at 40% of the full intensity) and characterized using single-crystal XRD technique. Solid sample 1 was additionally irradiated at similar conditions (room temperature, on air, 8 hours) and characterized using powder XRD before and after irradiation. The irradiated powder was studied with 1H NMR measurements.




2.2. Single-Crystal X-ray Diffraction


The X-ray diffraction data were collected at 100 K on a Bruker Apex II Duo diffractometer (Bruker AXS, Inc. Madison, WI, USA) equipped with an Oxford Cryostream cooling unit and a graphite monochromated Mo anode (λ = 0.71073 Å).



Independent atom model (IAM) refinement. Crystal structures were solved using the SHELXT [24] program and refined with SHELXL [25] using OLEX2 (OlexSys Ltd., Durham, UK) [26] software using a full-matrix least-square procedure based on F2. The H(N), H2 and H4 atoms were located on difference Fourier maps, positions of other H(C) atoms were calculated. All hydrogen atoms were refined isotropically with Uiso(H) = 1.2Ueq(X). The position of the H1(N1) atom was freely refined, and positions of H2(C2) and H4(C4) atoms in salt 2 were refined using DFIX instruction. The structure of 1 was the same as the one described elsewhere [21,22]. After irradiation, the space group of the single crystal remained unchanged, however, crystal parameters similar with 1 were observed for I 2/a space group settings. We used this space group (Table 1) to simplify comparison of unit cells of 1 and 2. Besides, after irradiation the residual density peaks indicated presence of the C6 atom disordered over three positions corresponding to H2bpe2+ and H4tpcb4+ cations. Free refinement of major and minor position occupancies gives the ratio H2bpe2+:H4tpcb4+ = 0.87:0.13, but in the final refinement corresponding values were fixed at 0.9:0.1. Positions of the C3 atoms were also disordered using the same occupancies. Atoms C3A, C3B and C3 were refined in isotropic approximation. EADP instructions were used for refinement of disordered carbon atoms. Experimental details and convergence factors are listed in Table 1, asymmetric units of 1 and 2 are depicted on Figure 1.



Multipole refinement. The charge distribution for a single crystal of 1 was obtained by applying the multipole formalism [27] as implemented in the XD package [28] with the core and valence electron density derived from wave functions fitted to a relativistic Dirac-Fock solution. For refinement, all data were truncated to sin(θ)/λ > 1.1Å. In the first step, the scale factor was refined on all data. After that a high-order refinement (sin(θ)/λ > 0.6Å) of atomic positions and atomic displacement parameters of all non-hydrogen atoms was employed followed by refinement of hydrogen atoms positions, with the C–H and N–H distances fixed at values taken from neutron diffraction [29]. Then, the atomic displacement parameters for hydrogen atom were estimated using the SHADE3 program [30]. All multipoles were refined for the non-hydrogen atoms. For the hydrogen atoms, only the monopole and the dipole populations in the bond directions were refined. κ and κ’ were kept fixed to the theoretical values for the H atoms [31]. Individual κ and κ’ parameters were refined for the nitrogen atoms of the pyridine and nitrate moieties and for the several carbon atoms (for example ipso-atoms of the Ph rings). In total, 8 κ parameters were utilized. At the final stage of refinement, all multipole parameters, positions and thermal parameters of all non-hydrogen atoms and monopoles were refined. All bonded pairs of atoms satisfy the Hirshfeld criterion. Parameters of experiment and refinement are listed in Table 1. To evaluate the quality of the model, the residual electron density maps, analysis of the residual density according to Meindl and Henn [32] and the DRK-plot [33] obtained via the WinGX suite [34] are given and discussed in the Supplementary Materials.





3. Results and Discussion


3.1. Solid-State Potocycloaddition Reaction 1 → 2


As we mentioned above, salt 1 has three polymorphs X-rayed to date. All compounds have nearly planar H2bpe2+ cations, contain only half of the cation and half of the anion in the asymmetric unit, and their crystal packings demonstrate various combinations of strong N–H…O, weak C–H…O hydrogen bonds and π…π interactions. For all polymorphs the former interactions are expected to be the strongest, and in each solid H2bpe2+ cations interact with two anions via N–H…O H-bonds characterized with r(N…O) distances as short as 2.73–2.76 Å. However, in the crystal of the monoclinic C polymorph infinite chain motifs formed by strong hydrogen bonds can be found, while two other polymorphs contain discrete N–H…O bonded architectures (Figure 2).



The role of other interactions and differences in crystal packing of the polymorphs can be visualized using the Crystal Packing Similarity tool of the Mercury package [35] as described in Refs. [36,37]. On Figure 3 the triclinic (green) and the monoclinic P (blue) polymorphs were compared with the monoclinic C (red) one. It is clearly seen that both monoclinic polymorphs form stacks of cations via π…π interactions (Figure 3b), but these stacks are packed in different ways due to various sets of C–H…O and N–H…O bonds between cations and anions. However, one can expect that the monoclinic P polymorph should be photo-sensitive due to similar disposition of olefin fragments with that in the photo-reactive monoclinic C polymorph. In the triclinic polymorph, the stacks of cations are separated by anions, thus, it should be photoinert.



After irradiation of the single crystal of the monoclinic C polymorph of 1, the volume of the unit cell increased. This increase should be accounted for elongation of the a unit cell parameter, while b and c parameters shortened. Moreover, similar crystal parameters could be found only when the I 2/a settings of the space group was taken for the reaction product. This change can also be demonstrated from powder XRD data, where significant redistribution in intensities of reflections was observed (Figure S6, Electronic Supporting Information). Quality of the single crystal decreased after irradiation, however it was good enough to derive crystal structure of the reaction product. On the first stage of refinement, two residual density peaks corresponding to a cyclobutane ring were located from difference Fourier maps. Free refinement of their occupancies gives occupancy value 0.44(1) indicating the presence of some unreacted molecules. Indeed, on the next step of refinement a residual density peak corresponding to unreacted cations was located. Free refinement of its’ occupancy gives 0.13(1), but for the final refinement the values of occupancies for a disordered cyclobutane ring (C6A and C6B atoms on Figure 1b) and ethylene group (C6 atom) were fixed at 0.45:0.45:0.10, and composition of this salt was assumed to be (H4tpcb)0.9(H2bpe)0.2(NO3)4 (2). The unit cell volume that goes to one formula unit is equal to 670 Å3. Corresponding value for pure (H4tpcb)(NO3)4 (triclinic polymorph [22]) obtained by recrystallization of irradiated 1 (682 Å3) is somewhat higher than for monoclinic salt 2 obtained by means of the SCSC process. Note that Singh and Sun succeeded to achieve full conversion [22], while we failed to achieve it in the SCSC manner even after additional irradiation of the single crystal for 24 hours. Based on 1H NMR data of the irradiated bulk sample, the conversion was 86% (Figure S7). This value perfectly agreed with that obtained from single-crystal XRD data. (See Supplementary Materials)




3.2. Charge-Density Analysis of Intermolecular Bonding in 1


Intra- and intermolecular bonding in crystals of 1 were investigated within QTAIM theory. As expected, the values of charge density (ρ(r)), its Laplacian (∇2ρ(r)) and bond ellipticity at bond critical points (bcps) are in agreement with the bond order evaluated from corresponding bond lengths. All expected intramolecular bcps were found. The information about bond critical points is summarized as a column diagram (Figure 4) and in Table S4 (see the Electronic Supporting Information). All bcps corresponding to chemical bonds are characterized by negative sign of Laplacian that is typical for the covalent bonds formed by C, N and O atoms in organic compounds. The static deformation density (DED) maps (Figure 5) demonstrate the concentration of charge density along all covalent bonds, and presence of two lone pairs in the plane of the nitrate anion for each of its’ three oxygen atoms. The shift of charge density from carbon atoms to more electronegative N1 atom, as well as more prominent concentration on C=C bond as compared with neighboring C−C ones were visible.



Charge distribution in the region of all expected intermolecular interactions was also investigated, and their energies were estimated based on the approach suggested by E. Espinosa, E. Mollins and C. Lecomte (EML, [38]) as Ebond = −0.5V(r). Descriptors of hydrogen N–H…O and C–H…O interactions are listed in Table 2. Intermolecular interactions found in the regions of the anion and cation were depicted on Figure 6 as molecular graphs. The values of ρ(r) and ∇2ρ(r) in bcps for hydrogen bonds were in the same range as those reported for trans-cinnamic acid and coumarin-3-carboxillic acid, and the values of ρ(r) and ∇2ρ(r) at bcps for π…π stacking was lower [18]. The N–H…O hydrogen bond is, indeed, the strongest of all intermolecular interactions in 1. Its energy was 12.0 kJ mol−1, while energies of other hydrogen bonds did not exceed 2.8 kJ mol−1. The total energy of intermolecular interactions estimated from EML correlation was equal to 269.1 kJ mol−1. Although this solid contained charged species, this value was very close to the value of 267.8 kJ mol−1 obtained for the total packing energy calculated using the ‘UNI’ force-field [39,40]. This energy estimated within the EML approach/the ‘UNI’ field consisted of 55.5/49.4 kJ mol−1 corresponding to π…π interactions within stacks of cations, 2.0/0.9 kJ mol−1 goes to anion…anion interactions, 0.8/0.4—to C–H…H–C interactions between neighboring stacks, and the rest goes to cation….anion interactions. No four-membered cycles formed by the C6 atoms of olefin groups were found. Instead, the π…π interaction manifested itself as a bonding path between closest atoms of olefin groups additionally supported with C…C and N…C interactions of pyridyl rings. Besides, there were found two H6…C6 bonds (Table 2) in the region of olefin…olefin interactions. Sum energy of ethylene…ethylene pairwise interactions (19) and (20) was equal to 1.05 kJ mol−1. Although neither previously reported QTAIM data for photoreactive compounds [18,19], none of our results demonstrated the presence of a four-membered cycles between reactive groups, it is worth mentioning that the reaction took place in the excited state, while the QTAIM analysis was performed for a ground state of molecules and their associates.



Thus, we found three bcps between olefin groups of neighboring molecules that prove that a bonding path could act as a channel of charge redistribution in the course of a photoreaction. Although there was no four-membered cycle formed by bond paths, it should be mentioned that bond paths corresponding to weak interactions, especially in the region of flat electron density distribution, should be regarded as a secondary phenomenon towards intermolecular bonding in accord with Dunitz and Gavezzotti’s [41] suggestion. Other methods describing intermolecular interactions in terms of common intermolecular surface can be useful in this case. For example, application of the NCI (non-covalent interaction) method [42,43] based on the dimensionless RDG (reduced density gradient) function related to the magnitude of λ2 eigenvalue (signλ2ρ) allows us to distinguish attractive and repulsive, weak and strong interactions [44,45,46]. Three-dimensional isosurfaces of RDG function in the regions of these interactions colored according to the sign of λ2 multiplied by ρ(r) visualize these differences. As a rule, the maxima for rather strong intermolecular interactions like classic hydrogen bonds (O–H…O or N–H…O) are small and they have a discoidal shape. The sign of λ2 is mainly negative that is an indicative for attractive nature of classic hydrogen bonds. On the contrary, the maxima for weak H…H interactions are characterized by a rather large area and they had no definite shape. On Figure 7, the 3D isosurface of RDG for stacking cations is depicted. The interactions of π-systems (Ph and ethylene bridges) according to the sign of λ2 had both an attractive and repulsive character. The area of the latter interaction was the largest one, the sign of λ2 changed from slightly positive to negative. The latter fact is indicative for the fact that all carbon atoms participate in cation–cation bonding rather than several atoms shown on the molecular graph (Figure 6).



A more rough approximation of intermolecular and interatomic bonding presence can be carried out within the Voronoi tessellation. Within this approach an atom in crystal space is approximated by its Voronoi polyhedron (a convex polyhedron formed by points of crystal space that are closer to this atom than to any other), and a molecular Voronoi polyhedron is constructed as a sum of atomic Voronoi polyhedra [47,48,49,50]. The volumes of the anion and cation obtained within the Voronoi and the QTAIM approaches (respectively, 52.5 and 44.8 Å3 for NO3−, 232.4 and 214.0 Å3 for H2bpe2+) were very close that confirms that the Voronoi polyhedron represents well atomic and molecular domains.



Although this model clearly underestimated the molecular surface that goes to C…C interactions, the sum value of the molecular surface common between olefin groups (5 Å2, Figure 7b) indicates the possibility of a solid-state reaction to occur. Within the Voronoi tessellation approach the majority of hydrogen bonds can be distinguished from the non-bonding contacts based on the high value of the Voronoi polyhedron face common for two atoms (typically >10% of the full solid angle of 4π steradian, Table 2). Bonding inter- and intramolecular H…H interactions can also be found within this approximation. This result in accord with previously reported comparison of QTAIM and Voronoi approaches to describe chemical bonding in crystals [51,52,53,54]. Possibility to automatically distinguish bonding interactions among the whole set of contacts can be very helpful for comparison of bonding sets at initial and final stages of a solid-state reaction. Thus, Mahon et al. proposed that photoreactions that require disruption of strong intermolecular interactions may be prohibited or proceed with crystal degradation [55]. In Table 2 bond distances and solid angles for intra and intermolecular interactions (1)–(23) after irradiation are given. Atomic movement caused by shortening of the (19) C6…C6 interactions has broken planarity of cation stacks, and the majority of C…H, C…C and C…N interactions disappeared. This fact manifests itself as absence of a common interatomic Voronoi surface or presence of indirect contacts (for which a shortest interatomic line does not intersect a common surface). At the same time, the N–H…O bond descriptors remain unchanged within the Voronoi approach. Weak hydrogen and dihydrogen bonds are all elongated in 2 as compared with 1, nevertheless, the majority of them had Ω > 10%. Thus, we could conclude that the system of hydrogen bonds remained almost unchanged after irradiation in accord with Mahon et al. assumption.





4. Conclusions


Here, we presented a charge density study of a photo-sensitive (H2bpe)(NO3)2 salt with the aim of exploring charge density descriptors of intermolecular bonding suitable for analysis of photoreactive compounds and investigation of channels of charge redistribution in the course of a photoreaction. We confirmed that the single-crystal studied undergoes the [2 + 2] photoinitiated cycloaddition in a single crystal-to-single-crystal manner with partial crystal degradation. High conversion (90%) of H2bpe2+ to H4tpcb4+ was confirmed for both a single crystal (based on XRD data) and a bulk sample (based on 1H NMR data). Although molecular graph confirmed the charge concentration between reactive C=C fragments, we observed no expected four-membered cycles. The NCI approach instead demonstrated flat RDG surfaces that were common for weak interactions of π-systems where attractive contribution was comparable to the repulsive one. In our opinion, all necessary conditions for photoreaction to occur were met that was clearly shown by charge density study and the Voronoi tessellation. More advanced studies of wide range of photoactive and photoinert crystal structures could provide more information about applicability of methods utilized herein. However, it should be emphasized that (i) QTAIM approach was applied to the ground state of a molecule, and (ii) immanence of any photoreaction was defined by evaluation of the reaction mechanism and as a consequence barrier. The latter is impossible for most of solids. Thus, charge density and the Voronoi tessellation studies proved to be reliable methods for prediction of photoreactions.
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Figure 1. Molecular view of (1) and asymmetric unit of (2) depicted in thermal ellipsoids (p = 80% and 50%, respectively). Only symmetrically independent atoms are labeled. 
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Figure 2. N–H…O bonded architectures and the closest environment of anions in (a) triclinic, (b) monoclinic P and (c) monoclinic C polymorphs of 1. H-bonds are depicted with dotted lines. 
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Figure 3. Comparison of crystal packing of (a) triclinic (green) and monoclinic C 2/c (red) polymorph, and (b) monoclinic P 21/n (blue) and monoclinic C 2/c (red) polymorphs of 1. Hydrogen atoms are omitted for clarity. 






Figure 3. Comparison of crystal packing of (a) triclinic (green) and monoclinic C 2/c (red) polymorph, and (b) monoclinic P 21/n (blue) and monoclinic C 2/c (red) polymorphs of 1. Hydrogen atoms are omitted for clarity.



[image: Crystals 09 00613 g003]







[image: Crystals 09 00613 g004 550] 





Figure 4. The values of electron density (upper diagram) and its Laplacian (lower diagram) at bond critical points (bcps) in 1 (atomic units). Symmetry code X3: 1 − x, −y, 1 − z. 
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Figure 5. Deformation density maps in the sections of (a) O1, O2 and O3, and (b) C1, C5 and C6 atoms. The contour levels of DED maps are drawn each ±0.1 e Å−3; the positive contours are shown with solid red line, the negative contours are dashed blue. 
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Figure 6. Molecular graph of intermolecular interactions found (a) between cations, and (b) between a cation and anions from charge density analysis. Some ring and cage critical points are omitted for clarity. Red balls and yellow diamonds depict bond and cage critical points. Intermolecular bcps are enumerated as in Table 2. 
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Figure 7. (a) Three-dimensional surface of the reduced density gradient (RDG; 0.6 a.u.) colored according to the sign λ2ρ function in 1 illustrating π-overlap within cation stacks. (b) The molecular Voronoi surface common for two olefin groups in 1. 
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Table 1. Experimental details and crystallographic information for IAM and multipole refinement of 1 and IAM of 2.
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Identification Code

	
1

	
2






	
Formula

	
C12H12N4O6

	
C24H24N8O12




	
Formula weight

	
308.26

	
616.51




	
Space group

	
C 2/c

	
I 2/a




	
a (Å)

	
17.4543(4)

	
19.143(10)




	
b (Å)

	
3.6714(1)

	
3.6089(19)




	
c (Å)

	
20.0021(5)

	
19.428(17)




	
β (°)

	
93.832(1)

	
93.539(5)




	
V (Å3)

	
1278.90(6)

	
1339.6(12)




	
Z

	
4

	
2




	
µ (mm−1)

	
0.131

	
0.125




	
dcalc (g cm−1)

	
1.600

	
1.528




	
F(000)

	
640

	
640




	
Crystal size (mm)

	
0.35 × 0.19 × 0.16

	
0.35 × 0.19 × 0.16




	
Tmin, Tmax

	
0.931, 0.962

	
0.932, 0.960




	
No. of measured, independent and observed [I > 2σ(I)] reflections

	
182,334, 5992, 5169

	
7208, 2291, 1284




	
Rint

	
0.030

	
0.055




	
Refinement method IAM/multipole model




	
No. of parameters

	
100/385

	
117/-




	
Goodness-of-fit (on F2/on F)

	
1.05/0.93

	
0.99/-




	
Final R(F) indices (all data)




	
Spherical atom model (on F2)

	
R1 = 0.048, wR2 = 0.100

	
R1 = 0.135, wR2 = 0.180




	
Multipole atom model (on F/F2)

	
R1 = 0.031/0.033

	




	
Final R(F) indices (I > 2σ(I))




	
IAM model (on F2)

	
R1 = 0.042, wR2 = 0.098

	
R1 = 0.081, wR2 = 0.158




	
Multipole atom model (on F/F2)

	
R1 = 0.024/0.031, wR2 = 0.027/0.053

	




	
Δρmax, Δρmin (eÅ−3)




	
IAM model (all data)

	
0.77, −0.25

	
0.67, −0.34




	
Multipole atom model (all data)

	
0.18, −0.19
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Table 2. Characteristics of intermolecular interactions in 1 and 2 a.
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1

	

	

	

	

	
2

	




	
№

	
Atom1

	
Atom2

	
R, Å

	
ρ(r), e Å−3

	
∇2ρ(r), e Å−5

	
V(r), a.u.

	
Ebond, kJ mol−1

	
Ω, %

	
R, Å

	
Ω, %






	

	
Intramolecular

	

	

	




	
1

	
H4

	
H6

	
1.980

	
0.865

	
1.2

	
−0.008

	
2.56

	
17.9

	
2.114

	
8.9




	

	
Intermolecular cation…anion

	

	

	




	
2

	
O1

	
H1A a

	
2.263

	
0.049

	
1.2

	
−0.006

	
−1.87

	
14.7

	
2.540

	
12.1




	
3

	

	
H2 b

	
2.307

	
0.071

	
1.2

	
−0.007

	
−2.18

	
14.3

	
2.403

	
11.9




	
4

	

	
H6 b

	
2.479

	
0.037

	
0.7

	
−0.003

	
−1.07

	
11.4

	
2.107

	
12.1




	
5

	

	
H6 c

	
2.777

	
0.041

	
0.5

	
−0.003

	
−0.95

	
10.9

	
2.314

	
7.0




	
6

	

	
H1A d

	
2.829

	
0.035

	
0.5

	
−0.003

	
−0.89

	
7.8

	
2.754

	
9.6




	
7

	
O2

	
H1

	
1.802

	
0.310

	
1.2

	
−0.038

	
−11.97

	
19.6

	
1.801

	
22.0




	
8

	

	
H1A a

	
2.477

	
0.066

	
1.0

	
−0.006

	
−1.91

	
9.4

	
2.502

	
11.7




	
9

	

	
O2 d

	
2.565

	
0.056

	
0.6

	
−0.004

	
−1.32

	
11.2

	
3.135

