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Abstract: A new Pd(II) complex of the previously reported ligand N,N'-bis[(2,2"-dihydroxybiphen-3-
yl)methyl]-N,N'-dimethylethylenediamine (L) was obtained from a DMF/H:0 mixture. It differs from a Pd(II)
complex of L previously obtained by sole DMF. The roles in the solid state assembly of solvent molecules and
molecular conformation (driven by specific transition metal ions) were studied by comparing six complexes of
L containing different metal centers (Ni(II), Cd(II), Cu(Il), Pd(Il)). Hirshfeld surface analysis, 2D fingerprint
plots and energy frameworks calculations were used to investigate the intermolecular interactions within the
crystal packing of the six complexes. As suggested by interaction energies, Pd(II) and Ni(II) complexes arrange
to form ribbons, while Cd(Il) and Cu(Il) complexes form 3D networks. Interactions between complexes and
solvent molecules in the previous Pd(II) complex are replaced by complex-complex interactions in the new
Pd(II) complex, while BuOH and MeOH are interchangeable in the interactions within the crystal packing of
the two Ni(II) complexes. Finally, solvent molecules are not involved in the crystal packing of the Cu(II)
complex. The present study suggested that the solid state assembly of these systems is mainly driven by the
molecular conformation, that depends in turn by the metal ion involved, while the solvent only plays a minor
role.

Keywords: biphenol ligands; transition metal complexes; crystal structure; hirshfeld surfaces;
energy frameworks; crystallization solvent

1. Introduction

Molecular aggregation in solution to form crystalline solids is the target of numerous
interdisciplinary studies [1,2]. During the nucleation and crystal growth many supramolecular
aspects, such as the molecular structures and the possible interactions between them, drive the
outcome towards different crystallization forms, producing materials with different chemical-
physical properties. The understanding of such aspects would allow for controlling the whole
crystallization process [3].

The presence of solvent molecules is known to be crucial in determining the resulting crystal
form. The employment of different crystallization solvents can produce indeed different crystal
forms, where the solvent molecules could affect the solid state assembly [4,5]. The effect of the solvent
can indeed influence the growth, the morphology and the packing of crystal structures [6-14], so that
the same ligand can crystallize in different forms [4].

When looking at transition metal complexes, the metal center plays a key role in defining the
molecular conformation, due to specific requirements that span different geometries, from square
planar to square pyramid to octahedral, as examples for coordination number 4, 5 and 6 [15]. The
metal ion could also provide the preorganization of the structure, aspect that sometimes is relevant
to further applications of the complex, such as the binding in aqueous solution of species generally
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difficult to pick up in such environment or the selective binding of guests usually difficult to
distinguish in solution [16-18]. Different metal complexes of the same ligand can be obtained when
using diverse crystallization solvents. In this case, the solvent molecules could either non-covalently
interact with the complex, affecting the crystal packing and forming solvates [19-21], or be covalently
bound to the metal center, as to fulfill its specific coordination requirement. The coordinated solvent
molecules could have an impact on several aspect, such as single-crystal-to-single-crystal
transformations [22,23], catalysis [24] and structural variations in coordination polymers [25].

Metal complexes having similar molecular structures could anyway significantly differ in their
crystal packing, that can be affected by the bound solvent molecules and their involvement in
intermolecular interactions. In a previous work [26], we reported five different metal complexes (1-
5) of the same fluorescent ligand containing two 2,2’-biphenol (BPH) units linked through a N,N’-
dimethylethylenediamine scaffold (N,N'-bis[(2,2'-dihydroxybiphen-3-yl)methyl]-N,N'-
dimethylethylenediamine, L) with transition metal ions such as Ni(II), Cd(II), Cu(Il) and Pd(II). Of
note, the five complexes, along with a Na(I) complex of a similar ligand still from our group [19], are
the only one structures containing non-derivatized BPH moieties deposited in the Cambridge
Structural Database (CSD, v. 5.43) [27] so far. The five complexes were obtained from different
solvents or solvent mixtures, and were described mainly as for their molecular structures, revealing
a similarity between the two Ni(II) complexes, featuring both a hexa-coordination with an octahedral
geometry around the metal ion, and between the Cu(Il) and Pd(II) complexes, featuring respectively
a penta- and a tetra-coordination with a square pyramidal or square planar environment around the
metal center. The hexa-coordinated Cd(II) complex showed instead a different molecular
conformation. In all cases, except for the Pd(I) complex, solvent molecules are coordinated to the
metal centers to complete their coordination sphere. In the case of the Pd(Il) complex, a solvent
molecule (DMF) lies 3.657(3) A apart from the metal cation, in such a relative favorable orientation
that a [4+1] coordination could be hypothesized.

In order to investigate more in detail these specific aspects, in the present paper a new Pd(II)
complex (6) of the same ligand L was synthesized from a different solvent mixture (DMF, H20) and
the crystal structure determined by Single Crystal X-Ray Diffraction. Then, a comparative analysis
was performed on all structures, seeking for the role of the solvent molecules and the metal ions (that
affect the molecular structure) in driving the solid state assembly. To this purpose, Hirshfeld surface
and fingerprint analyses were performed on all the structures to assess the intermolecular
interactions within the crystal packing. Finally, energy frameworks were calculated for all complexes,
to shed light on the energies involved in the different packings of similar complexes [28,29].

2. Materials and Methods

2.1. General methods

All chemicals were purchased in the highest quality commercially available. The solvents were
RP grade, unless otherwise indicated, and used without further purification. Elemental analysis was
performed with a Thermo Finnigan Flash 1112 EA CHN analyser. Mass spectrum was performed
with an Agilent 1200 Series HPLC system equipped with a binary pump and a C18 column
(Phenomenex Synergi™ 4 pm Fusion-RP 80 A, LC Column 50 x 2 mm, Ea), coupled to a SCIEX mod.
API 4000 QqQ triple quadrupole mass spectrometer with ESI source.

2.2 Synthesis

Ligand L (N,N'-Bis[(2,2-dihydroxybiphen-3-yl)methyl]-N,N'-dimethylethylenediamine) has
been synthesized as previously described as disodium salt monohydrate (Na:H-L-H:0) [26].

Complexes of L with Ni(II) (1 and 2), Cd(II) (3), Cu(Il) (4) and Pd(II) (5) have been synthesized
as previously described [26].

[Pd(H-L)] complex (6). K2PdCls (20 mg, 0.061 mmol) in H2O (1 cm®) was added to a DMF
solution (5 cm?) containing Na2H-2L-H20 (33 mg, 0.061 mmol), and the solution was stirred at 80 °C
for 3 h. Crystals suitable for X-ray analysis were obtained by slow evaporation. (26 mg, 73%). Anal.
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Calcd for CsoH3N2PdOs (MM = 589.00 g/mol): C, 61.18; H, 5.13; N, 4.76. Found: C, 61.2; H, 5.3; N, 4.5.
MS (ESI): m/z 589.1 —591.1 — 587.1 ([PdH-1L]*).

2.3 Single-Crystal X-ray Diffraction

Single crystal X-ray diffraction data of [Pd(H-L)] (6) were collected at 150 K on an Oxford
Diffraction Xcalibur diffractometer equipped with a CCD area detector, using Mo-Ka radiation
(0.71073 A), monochromated with a graphite prism. Data were collected and reduced through the
CrysAlisPro program [30]. Absorption correction was performed with the ABSPACK program in
CrysAlisPro.

The crystal structure was solved using the SIR-2004 package [31] and refined by full-matrix least
squares against F? using all data (SHELXL-2018/3) [32]. All the non-hydrogen atoms were refined
with anisotropic displacement parameters. Concerning the hydrogen atoms, those bonded to O2 and
04 were found in the Fourier Density Map and their position was freely refined while their thermal
parameter was set in accordance with the atom to which they are bonded. All the hydrogen bonded
to carbon atoms were set in in calculated positions.

Geometrical calculations were performed by PARST97 [33] and molecular plots were produced
by the program Mercury (v2022.3.0) [34] and Discovery Studio Visualizer 2019 [35].

Crystallographic data and refinement parameters are reported in Table 1. In Figure 1, left, a ball
and stick representation of the palladium complex (6) is reported along with atom labels.

Table 1. Crystallographic data and refinement parameters for [Pd(H-=L)] (6).

Empirical formula CsoH30N204Pd

Formula weight 588.96

T (K) 150

Crystal system, space group Orthorhombic, Pn2ia

A (A) 0.71073
a=9.3718(8)

Unit cell dimensions (A) b =22.849(2)
c=11.831(18)

V (A3) 2533.4(4)

Z, dcalc (g/cmd) 4,1.544

p (mm-) 0.773

F(000) 1208

Reflections collected/unique 14526 / 5138

Data/parameters 5138 / 341

Final R indices [I>20(I)] R1=0.0799, wR2 =0.1766

R indices all data R1=0.1161, wR2 = 0.2065

GoF 1.078
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Figure 1. Left: ball and stick view of the asymmetric unit of [Pd(H-L)] (6) along with atom labelling
(non-H atoms); right: dihedral angles defining the H-2L-> conformation and mean planes containing
the aromatic rings (blue: C2-C7; orange: C8-C13; green: C19-C24; violet: C25-C30).

2.4 Crystal packing analysis

Hirshfeld surface analysis, 2D fingerprint plot and energy frameworks calculations on
complexes 1-6 were conducted using the CrystalExplorer software (version 17.5, revision f4e298a)
[28,29]. Energy frameworks were calculated using the B3LYP/3-21G energy model available in
CrystalExplorer. Scale factors for benchmarked energy models are k_ele 1.057, k_pol 0.740, k_disp
0.871, k_rep 0.618 [29].

3. Results and Discussion

3.1. Synthesis of complex [Pd(H-=L)] (6)

The complex 6 has been obtained by a small modification of the previously reported procedure
[26]. In particular, the K2PdClssalt was dissolved in water instead of DMF and added in equimolar
amount to a DMF solution of L (N,N'-Bis[(2,2-dihydroxybiphen-3-yl)methyl]-N,N'-
dimethylethylenediamine) as sodium salt (Na:H-L-H20). Crystals were then obtained from slow
evaporation of the solution. In Table 2 are reported the solvents used in the synthesis of 6 and the
previously reported complexes 1-5 containing the same ligand but different metal ions, along with
the solvents retrieved in the crystal structures.

Table 2. Complexes analyzed in this study (1-5 from ref. [26]), solvents used in the crystallization and
present within the crystal packing.

Crystallization Solvent in
Complex CSD Refcode solvent the structure

[Ni(H-L)2n-BuOH] (1) OTIXOG ACN, BuOH BuOH
[Ni(H-L)2MeOH] (2) OTIXUM ACN, MeOH MeOH
[Cd(H-L)2DMF] (3) OTIYAT ACN, DMF DMF
[Cu(H-L)DMF] (4) OTIYEX ACN, DMF DMF
[PA(H-L)DMF] (5) OTIYIB DMF DMF
[Pd(H-L)] (6) DMF, H20 /

3.2. Description of solid state structure of [Pd(H-L)] (6)

In the asymmetric unit of [Pd(H-=L)] a palladium complex is present. The H2L?2 anion provides
four donor atoms, i.e. two nitrogen atoms and two oxygen atoms, one for each BPH unit. The resulting
coordination geometry of the tetracoordinated Pd(Il) cation is, as expected, planar, with the metal
cation well in the plane defined by the donor atoms (see Figure 2). The Pd-X distances are comparable
with those retrieved in the CSD for similar complexes (see Table S1).

As evidenced in a previous paper [26], the H2L? anion is able to form several complexes with
different metal ions, suggesting a great flexibility of the ligand, that results capable of wrapping
around metal cations of different size. When necessary, due to the coordination requirements of the
metal centres, external coordinative agents such as solvent molecules, are present. Molecular
analogies were found between complex 6 and complexes 4 and 5 (Table 2), therefore suitable
comparisons will be made between those structures.
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Figure 2. Molecular structures of complexes [Pd(H-L)] (6), [Ni(H-L)2n-BuOH] (1), [Ni(H=2L)2MeOH]
(2), [CA(H2L)2DMF] (3), [Cu(H-L)DMF] (4) and [Pd(H-L)DMF] (5). Molecules are in stick style,
except for solvent (ball and stick) and metal (polyhedral) atoms.

In the case of complex [Pd(H-=L)] (6), the values adopted by the dihedral angles t3, T4 and 15 (see
Table S1 and Figure 1, right), that define the conformation of the ethylenediamine unit, as well as
those taken by the dihedral angles 11, 12, ©6 and 17, that define the disposition of the side arms, are
comparable with those observed in the copper complex [Cu(H-2L)] DMF (4) (CSD Refcode = OTIYEX)
[26]. As a consequence, the conformation taken by the coordinative moiety of the H-2L2 anion in the
two complexes results quite well superimposable (Figure S1). The two asymmetric nitrogen atoms,
N1 and N2, have a [R,S] configuration, as already observed in 4, thus resulting in a [R,S]-trans
topology. A search performed in the CSD shows that this topology is the preferred one for complexes
with a ligand similar to L having a trans disposition [36]. When considering the [Pd(H-L)DMF]
palladium complex (5) (CSD Refcode = OTIYIB) [26], where the metal cation is [4+1] coordinated by
the H2L2 anion and one DMF molecule, a [R,R]/[S,S]-trans topology is observed, with the two methyl
groups pointing toward opposite directions with respect to the mean plane defined by the four donor
atoms (Figures S2 and S3).

Table 3 reports the angles between the mean planes containing the aromatic rings (for rings’
colors see Figure 1, right). It can be noticed that the main difference concerning the disposition of the
two BPH side arms between the two palladium complexes (6 and 5) and the copper one (4), is related
to the mutual disposition of the two O-H groups (see angle between the C8-C13 (orange) and C25-
C30 (violet) mean planes, Figure 1, right). In the copper complex (4) the two O-H groups point toward
opposite direction with respect to the mean plane defined by the N1, N2, O1 and O3 donor atoms,
while in the two palladium complexes (6 and 5) they point toward the same direction. In all the three
complexes an intramolecular H-bond interaction connects the two aromatic rings of the same BPH
unit (Table 3).

Table 3. Selected plane // plane distances and angles and H-bond interactions in [Pd(H-L)] (6),
OTIYEX (4) and OTIYIB (5).

[Pd(H-L)] (6) OTIYEX(4)2  OTIYIB (5)2

Plane/plane angle (°)
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6
C2-C7//C8-C13 (blue//orange) ! 52.2(5) 40 47
C2-C7//C19-C24 (blue//green) 29.0(6) 31 32
C8-C13//C25-C30 (orange//violet) 64.3(5) 39 78
C19-C24//C25-C30 (green//violet) 43.3(6) 37 48
Centroid--centroid distance (&)
(C2-C7)...(C19-C24) 7.94(1) 7.78 8.17
(C8-C13)...(C25-C30) 5.65(1) 5.34 5.27
H-bond intramolecular interactions
D-H...A D..A(A)/H...A (A)/D-H...A (°)
2.54(2)/1.72(5)/ 2.530(4)/1.70(5)/ 2.576(3)/1.65(4)/

O4-H40..03 168(2) 166(4) 2 158(4) 2

] 2.62(2)/2.05(9)/ 2.508(3)/1.80(4)/ 2.544(3)/1.71(4)/1
©02-H20..01 124(7) 165(4) 2 61(4) 2

! See ring’s colors in Figure 1. 2 From ref. [26]

3.3. Crystal packing analysis of complex [Pd(H-2L)] (6)

The intermolecular interactions within the crystal packing of complex 6 were assessed by
Hirshfeld surface analysis, fingerprint plots and energy frameworks calculations using
CrystalExplorer [28,29,37].

The Hirshfeld surface analysis allows to visualize all the intermolecular interactions in the
crystal and provides information on their strength. The normalized contact distance (dnorm) values
mapped onto the Hirshfeld surface return different colored areas: red and blue colors indicate
contacts with distances shorter or longer than the sum of van der Waals radii, respectively, while the
white surface indicates contacts with distances equal to the sum of vdW radii. The Hirshfeld surface
of complex 6 mapped over dnorm is depicted in Figure 3a. The red spots refer to tight contacts between
acceptor and donor atoms, the closer the contact the more intense the color.

Figure 3. Hirshfeld surfaces mapped over dnom of 6 (a) and 5 (b). Front (left) and back (right) views.
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The globularity of the complex is found to be 0.719 (<1), which indicates that the molecular
structure is not a sphere but is more structured, while the asphericity, that is a measure of anisotropy,
is 0.101. The measures of curvature (shape index and curvedness) provide further information about
the packing [38]. The shape index mapped onto the Hirshfeld surface highlights the presence of
hydrogen donor and acceptor groups as, respectively, blue (bumps) or red (hollows) regions; the
curvedness surface indicates flat regions as green areas and edges as blue areas. A low curvedness
appoints a flat region and may be indicative of m—t stacking in the crystal, whereas a high curvedness
suggests an absence of m—mt stacking [37]. As for complex 6, both shape index and curvedness indicate
the absence of m—mt stacking interactions (Figure 4).

Complexes in 6 are assembled in the packing to form ribbons that develop along the a axis (vide
infra) (Figure 5a). Ribbons are mainly formed by O...HC (between biphenol/biphenolate functions
and methylene hydrogens), C...HC (between aromatic carbons and methylene or methyl hydrogens)
and Pd...HC (between the Pd(Il) center and methylene hydrogens) interactions and are connected to
other ribbons through O...HC (biphenol functions with aromatic hydrogens) and C...HC (CH...m)
contacts (Table S2 and Figure 5a). Within each ribbon, complexes are assembled alternatively upside-
down, with OH functions and methyl groups pointing always the same direction. All Pd(II) ions
within the ribbon are well aligned.

Figure 4. Hirshfeld surface of 6 mapped over shape index (left) and curvedness (right). Top: front
view; bottom: back views.

doi:10.20944/preprints202306.0931.v1
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Figure 5. View of a ribbon in compounds 6 (a) and 5 (b). Left: front view, right: side view. O...HC
contacts in light blue, C...HC contacts in light green, Pd...H contacts in magenta. Molecules are in
stick style, except for solvent atoms (ball and stick).

The fingerprint plots allow to gather all intermolecular interactions contained in a molecular
crystal structure into a single 2D graph, that gives a quantitative summary of the nature and type of
intermolecular contacts in the crystal. The colors on the plot are related to the contribution of the
interactions on the surface (no contribution: uncolored; small to great contribution: blue to green to
red). The decomposed 2D fingerprint plots of 6 reveal that, after H...H interactions (57.6%), the most
frequent contacts in the crystal are C...H (30.3%) and O...H (10.7%). Interestingly, spikes related to
Pd...H interactions are present (1.4%) (Figure 6a), indeed Pd...HC interactions were found within
each ribbon. Finally, C...C contacts are not present in 6. It appears clear from the shape of the
fingerprint plot that all contacts of are quite long.
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Figure 6. 2D and decomposed fingerprint plots for compounds 6 (a) and 5 (b).

Energy frameworks calculations allow to quantify the contacts within the crystal packing and to
visualize them as cylinders, whose dimensions are proportional to the energy values of the
interactions between two specific molecules. In Figure 7 it can be observed that, as already
mentioned, the complexes arrange to form zig-zag ribbons that develop along the a axis. The
interaction energy within this motif is indeed by far the strongest (Etot: -228.3 kJ/mol, Table 4), and
is represented by big cylinders connecting the related complexes. More views of the zig-zag ribbons
(along b and c axes) are depicted in Figure S4. As can be observed from the figures, ribbons are
interconnected, still the interaction energies of these contacts are negligible compared to ribbons’
interaction energies (-228.3 kJ/mol vs <-35 kJ/mol, Table 4). All intermolecular interactions within and
between ribbons in 6 are listed in Table S2.

Table 4. Interaction energy values (Etot, kJ/mol) and distance between molecular centroids (R, A) for
compounds 1-6.

1 2 3 4 5 6
R Etot R Etot R Etot R Etot R Etot R Etot
747 -171.0 7.69 -174.6 870 -688 780 -86.2 7.01 -133.5 542 -2283
9.79 -40.9 956 -284 1034 -644 992 -56.2 445 -750 11.83 -34.7
125 -234 1192 -237 1125 -443 924 -451 10.73 -345 10.23 -23.5
14.15 -22.3 1128 -422 1027 -40.8 10.45 -34.5
1147 -264 11.05 -315 6.53 -27.8
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Figure 7. Energy frameworks of 6 as viewed along the a (left) and b (right) axes. Total energies are
shown as blue cylinders.

3.4. Comparison between the crystal packing of [Pd(H=L)] (6) and [Pd(H-L)DMF] (5)

Complexes 6 and 5 share the same ligand, L, and the same metal ion, Pd(Il), but they were
obtained by slow evaporation of different solutions containing, respectively, DMF and 20% water (6)
and sole DMF (5). As shown above, complex 6 is a pure structure, without solvent molecules in the
crystal, while 5 is a DMF solvate, where the solvent molecule is weakly bonded to the metal ion in a
[4+1] coordination. Therefore, the presence of water changed the composition of the complex,
switching from a solvate (5) to a pure form (6), as already found in other crystal structures [4].

To assess whether the presence of the solvent molecules affected the crystal packing, Hirshfeld
analysis, 2D fingerprint plots and energy frameworks calculations were performed also for 5. A
smaller number of red spots on the Hirshfeld surface (globularity: 0.723; asphericity: 0.087) can be
detected in the case of 5 with respect to 6 (Figure 3b). This means that a lower number of close contacts
form in the crystal packing of 5.

Moreover, from 2D fingerprint plots (Figure 4b) it can be observed that O...H contacts increased
compared to 6 (13.3 vs 10.7%), due to the presence of the DMF molecule. Also, both O...H and C...H
contacts are shorter than those found in 6, indeed two sharp spikes can be observed in this case in the
O...Hplot (di+de=2.2 (5) vs 2.3 (6) A) and a sort of spikes can be recognized also in the C...H plot (di
+de=2.5 (5) vs 2.7 (6) A). The Pd...H plot shows a lesser contribute of such interactions in 5 with
respect to 6. Finally, the C...C plot suggests the presence of some m-m interactions. This is supported
by both shape index and curvedness mapped on the Hirshfeld surface, as the m-m stacking
interactions appear as adjacent red and blue triangles on the shape index surface, and are also
indicated by flat regions on the curvedness surface (Figure S5).

Also in the case of 5, as for 6, the molecules in the crystal packing assemble to form zig-zag
ribbons that develop along the b axis (Figure 5b). In 5 the ribbons are mainly due to C...HC contacts
between aromatic carbons and methylene hydrogen atoms, rather than to O...HC contacts, as in
complex 6. However, the solvent molecules create a net of O...HC hydrogen bonds that strengthen
the ribbon (Figure 5b, right). As in 6, complexes within each ribbon are assembled alternatively
upside-down, with OH functions pointing always the same direction. Contrarily to 6, Pd(Il) ions
within the ribbon are not all aligned (Figure 5b, left). Intermolecular interactions within and between
ribbons are listed in Table S3.

The energy frameworks calculations confirmed the ribbon-like assembly of 5 (Figures 8 and S6).
The energy values, mirrored by the cylinders’ sizes, showed indeed that the interactions within the
ribbons are the strongest (-133.5 kJ/mol), followed by the interactions with DMF molecules (-75.0
kJ/mol, Table 4), that form the above mentioned O...HC hydrogen bonds network (Table S3). All
other interactions energies are lower than -35 kJ/mol (Table 4). In other words, the packing is ruled
by the ribbons interactions, with the contribution of DMF molecules in strengthening the ribbons.
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Ribbons are then interconnected, in particular through CH...7t and m...7 interactions; anyway, the
interaction energies of these contacts are much lower than those of ribbons (Table 4).

C 24
1) N
O\ V%A \ WY 77 WA\
NN

W, VA, Ve
(4 (]

Figure 8. Energy frameworks of 5 as viewed along the a (left) and b (right) axes. Total energies are
shown as blue cylinders.

Comparing the two Pd(Il) complexes (6 and 5), it can be inferred that in both cases the
compounds are arranged in the crystal packing to form ribbons. In the case of 5, DMF molecules
replaced the complexes in forming O...HC contacts: in other words, O...HC interactions found
between complexes in 6 are substituted by O...HC interactions between DMF molecules and
complexes in 6. This induced a disalignment of complexes in 5, with Pd(Il) ions not laying on the
same line anymore as observed in 6.

3.5. Comparison between the crystal packing of [Ni(H-L)2n-BuOH] (1) and [Ni(H-L)2MeOH] (2)

Complexes [Ni(H-L)2n-BuOH] (1) and [Ni(H-L)2MeOH] (2) share the same ligand and metal
center. They were synthesized by slow evaporation of different solvent mixtures, namely 1:1 (v/v)
ACN/BuOH or ACN/MeOH for 1 and 2, respectively. The Ni(Il) center in 1 and 2 features different
solvent molecules coordinated to the metal ion (BuOH in 1, MeOH in 2) but both the molecular
structure [26] and the solid state assembly of the two complexes are similar. Hirshfeld surfaces and
2D fingerprint plots are indeed quite similar, revealing the presence of only a few tight contacts
(Figures 57 and S8). In particular, H...H and O...H are the shortest interactions present in the crystal
packing, according to the sharp spikes in the fingerprint plots (Figure S8). The energy frameworks
clearly show that the complexes arrange to form zig-zag ribbons, as in the previous cases, in which
molecules are connected through O...HO, O...HC/C...HO and C...HC contacts mainly involving the
coordinated solvent molecules and aromatic carbon atoms (Figures 9 and 10). In both 1 and 2 the
intra-ribbon interaction energies are by far the strongest ones (Figure 10). Intermolecular interactions
within and between ribbons are listed in Table S4.

In this case, the presence of a different solvent type basically did not affect the solid state
assembly, with BuOH and MeOH being interchangeable in the interactions within the crystal
packing.
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Figure 9. Left: front view of a ribbon in compounds 1 (top) and 2 (bottom). Right: side view of the
ribbons in 1 (top) and 2 (bottom). Complexes in stick style, BuOH/MeOH in ball and stick style. O...H
contacts in light blue, C...H contacts in light green.

AW\ :./0\': %

Figure 10. Energy frameworks for 1 (top) and 2 (bottom). Total energies are shown as blue cylinders
along the a (left), b (middle) and c (right) axes.

3.6. Comparison between the crystal packing of [Cd(H-2L)2DMF] (3) and [Cu(H-2L)DMF] (4)

Complexes [Cd(H-L)2DMF] (3) and [Cu(H-L)DMF] (4) share the same crystallization solvent
(1:1 (v/v) ACN/DMF mixture) but contain different metal ions.

Complex (3) contains two molecules of DMF coordinated to Cd(II). Notwithstanding the
octahedral environment around the metal center is the same found also in 1 and 2, the molecular
structure of 3 is different. Contrarily to what observed for the previously described solid state
assemblies (compounds 6, 5, 1 and 2), where the ribbons arrangement was a common feature, the
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crystal packing of 3 appears quite diverse. The Hirshfeld surface (Figure S9) and the fingerprint plots
(Figure S10) suggest the presence of a few short contacts, mainly of H...H (70.0%) and C...H (19.8%)
type. Intermolecular interactions within the packing are listed in Table S5. Several motifs in the crystal
packing show similar interaction energies (Table 4), for this reason the solid state assembly of 3 can
be described as a 3D network with interactions mainly involving the solvent molecules and the
aromatic rings of the complexes (Figure 11, left).
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Figure 11. Energy frameworks for 3 (left) and 4 (right). Total energies are shown as blue cylinders.
The table shows the total energy values (Etot, k]/mol). R is the distance between molecular centroids
in A.

Compound [Cu(H-2L)DMF] (4) contains a DMF molecule coordinated to Cu(Il) to form a square
pyramid, with the oxygen atom of the DMF occupying the apex. The Hirshfeld surface (Figure S511)
and the fingerprint plots (Figure S12) show that the shortest contacts present in the crystal packing
are H...H interactions. In this case, the DMF molecules are only marginally involved in the
intermolecular interactions, that are instead mainly found between aromatic moieties. Intermolecular
interactions within the packing are listed in Table S5. As in the case of compound 3, several motifs in
the crystal packing of 4 show similar interaction energies (Table 4), so the solid state arrangement of
compound 4 can be described as an hexagonal net (Figure 11, right).

5. Conclusions

The newly synthesized Pd(II)-complex 6 has been characterized in the solid state and compared
to other five complexes of the same ligand L (1-5), featuring different metal ions. Their solid state
assemblies have been studied and compared by Hirshfeld surface analysis, 2D fingerprint plots and
energy framework calculations, to assess the intermolecular interactions within each crystal packing,
reveal analogies or differences between them and unveiling the role of the metal centers and the
solvent molecules in the crystal packing.

By comparing complexes containing the same metal ion, the final outcome could depend on the
solvent employed. By comparing Pd(Il) complexes (6 and 5), the presence of water in the
crystallization solvent gave rise to the pure form 6, contrarily to the DMF solvate 5 obtained by using
the sole DMF. This could be due to the possible favorable interaction in 6 between DMF and water,
this latter competing with the complex for the interaction with the solvent (DMF). Nevertheless, in
both 6 and 5 the molecules assemble in the solid state to form zig-zag ribbons, with the solvent
molecules in 5 replacing the interactions found between complexes in 6. Comparing the solid state
assemblies of Ni(II) complexes (1 and 2), that feature respectively BuOH or MeOH molecules
coordinated to the metal center, again they are similar, being assembled also in these cases as zig-zag
ribbons.

By comparing complexes containing different metal ions but obtained from the same solvent
mixture, the final outcome could be affected by the metal ion contained in the complex, that indeed
drives the molecular conformation. Complexes 3 and 4, featuring respectively a Cd(Il) or a Cu(Il)
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metal center, were both obtained by ACN/DMF mixtures. They show crystal packings that differ both
among themselves as well as compared to all other compounds. In those cases, the solid state
assemblies can be indeed described as 3D networks, with solvent molecules participating in the
intermolecular interactions only in the case of complex 3.

From this study, it seems that in this system (L) the transition metal center present in the complex
mainly drives the final solid state assembly, while the crystallization solvent only plays a minor role.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Table 51: Distances (A) and angles (°) involving the Pd(II) ion and dihedral
angles in compound 6.; Figure S1: Superimposition of the [Pd(H-=L)] complex (6) (ball and stick) and
OTIYEX (4) (stick, green); Figure S2: Superimposition of the [Pd(H-2L)] complex (6) (ball and stick) and
OTIYIB (5) (stick, pink); Figure S3: Disposition of the two methyl groups in [Pd(H-=L)] (6) (left, yellow)
and OTIYIB (5) (right, pale blue); Table S2: Selected interactions within the crystal packing of 6; Figure
S4: Energy frameworks of 6 (view along the b (top) and c (bottom) axes). Total energy as blue
cylinders, Coulomb energy as red cylinders, dispersion energy as green cylinders; Figure S5: Hirshfeld
surface of 5 mapped over shape index (left) and curvedness (right). Magenta ovals refer to m-m
stacking interactions; Table S3: Selected interactions within the crystal packing of 5; Figure S6: Energy
frameworks of 5 (view along the a (top), b (middle) and c (bottom) axes). Total energy as blue
cylinders, Coulomb energy as red cylinders, dispersion energy as green cylinders; Figure S7: Hirshfeld
surfaces mapped over drom (left), shape index (middle) and curvedness (right) of 1 (top) and 2
(bottom). Globularity: 0.727 (1), 0.777 (2); asphericity: 0.085 (1), 0.136 (2); Figure S8: 2D and
decomposed fingerprint plots for compounds 1 (a) and 2 (b); Table S4: Selected interactions within the
crystal packing of 1 and 2; Figure S9: Hirshfeld surfaces mapped over dnorm (left), shape index (middle)
and curvedness (right) of 3. Front (top) and back (bottom) views. Globularity: 0.751; asphericity:
0.008; Figure S10: 2D and decomposed fingerprint plots for compound 3; Figure S11: Hirshfeld surfaces
mapped over drorm (left), shape index (middle) and curvedness (right) of 4. Front (top) and back
(bottom) views. Globularity: 0.531; asphericity: 0.050; Figure S12: 2D and decomposed fingerprint plots
for compound 4; Table S5: Selected interactions within the crystal packing of 3 and 4.
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