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Crystal engineering of high explosives
through lone pair-p interactions: Insights
for improving thermal safety

Matteo Savastano,1,2,6,* Marı́a Dolores López de la Torre,3 Marco Pagliai,2 Giovanna Poggi,2,4 Francesca Ridi,2,4

Carla Bazzicalupi,2,* Manuel Melguizo,3,* and Antonio Bianchi2,5

SUMMARY

In this high-risk/high-reward study, we prepared complexes of a high explosive
anion (picrate) with potentially explosive s-tetrazine-based ligands with the
sole purpose of advancing the understanding of one of the weakest supramolec-
ular forces: the lone pair-p interaction. This is a proof-of-concept study showing
how lone pair-p contacts can be effectively used in crystal engineering, even of
high explosives, and how the supramolecular architecture of the resulting crystal-
line phases influences their experimental thermokinetic properties. Herein we
present XRD structures of 4 novel detonating compounds, all showcasing lone
pair-p interactions, their thermal characterization (DSC, TGA), including the cor-
relation of experimental thermokinetic parameters with crystal packing, and in
silico explosion properties. This last aspect is relevant for improving the safety
of high-energy materials.

INTRODUCTION

The s-tetrazine moiety has a wide range of properties which made it attractive for several different pur-

poses. First, being an H,C,N-containing planar molecule with high N/C ratio, it is easily identified as an ar-

omatic of choice for the development of high-energy materials, explosives, and pyrotechnics.1,2 This does

not exhaust s-tetrazine applications in material chemistry since it possesses a ring-centred p* lowest unoc-

cupied molecular orbital (LUMO) and generally gives rise to reversible redox processes, making it

appealing for new materials for energy storage,3 oxidation photocatalysts,4–6 polymer biosensors,7,8 or

molecular magnets9,10 built from metal complexes of tetrazine anion radicals. It also finds applications

as 2,3 diazadiene in inverse electron-demand Diels Alder reactions, making it attractive for organic synthe-

sis11 and metal-free biorthogonal chemistry12,13 as well as the recently proposed photocatalytically acti-

vated orthogonal chemistry14 that enable subcellular biomolecular labeling applications in living systems.

Lastly, its extreme (in the sense that azines with more than 4 N atoms are not stable) polarization and pos-

itive Qzz quadrupolar moment15 make it an attractivemoiety for anion coordination chemistry as it gives rise

to strong anion-p interactions,16–18 which have also been exploited for anion signaling19 and anion-driven

self-assembly20–22 or as part of macrocyclic ligands intended for hosting anions.23,24

We have previously investigated the anion-binding properties of a series of symmetrical morpholine

derivatives, L1-L4, Figure 1, possessing spacers of different length (Lx, x = 1–4, where x = number of

-CH2- in-between morpholine and s-tetrazine moieties). A large collection of evidence, including

aqueous solution (potentiometry, ITC, DOSY NMR), solid state (>20 crystal structures), and DFT data,

substantiated strong anion-p interactions.25–29 Cooperativity of anion-morpholinium salt bridges with

anion-p interactions can be relevant for shorter derivatives (especially L2), yet all ligands were found

to still bind anions even in their not-protonated form and/or when such cooperativity is hindered by

excessive spacing out of s-tetrazine and morpholinium sites. Mono- and polyatomic inorganic anions

were found to always give strong and centered anion-p interactions (Figure 2).16,25–29 Organic anions

have been explored as combinations of carboxylate/sulphonate-type anions of aromatic/aliphatic nature:

it was found that the geometry of the charged group affects complex stability and ligand/substrate

mutual orientations.30 In the specific case of flat aromatic and electron-rich carboxylates, carboxylate-

morpholinium H-bonds were found, while s-tetrazine gives rise to strong p-p interactions with the aro-

matic portion of the anion (Figure 2).
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This large body of evidence, together with that concerning the commercial ligand 3,6-di(pyridin-4-yl)-

1,2,4,5-tetrazine, also used to stabilize 3D networks through supramolecular interactions with anionic sub-

strates,31 has led us to present a global view of the usefulness of s-tetrazines as binding sites for anions and

nucleophilic species in general.16 On that occasion, relevance of lone pair-p interactions for these systems

was first noticed.

Lone pair-p interactions are among theweakest andmost elusive supramolecular forces.16,32–37 In first approx-

imation, lone pair-p interactions are to anion-p ones as ion-quadrupole forces are to dipole-quadrupole ones.

Moreover, differently from anionic species, lone pair-bearing atoms are ubiquitous, which makes it hard for a

weak interaction toemerge fromthenoiseof very largeCSD38datasets, especiallywhenadditional forces are in

play (this is the case, for instance, of structural data). These and other considerations are presented in ref. 16.

Despite objective difficulties, relevance of lone pair-p interaction for a system as polarized as s-tetrazine was

ascertained. These tend to be of special relevance when no other directional forces are found and are exem-

plified by crystal structures of L1 and L2 (Figure 2) among further literature cases.16

The microscopic (molecular) aim of this study was to provide a proof of concept, ascribable to a supramo-

lecular interest. The idea is to show that underappreciated forces such as lone pair-p interactions can

indeed be engineered and exploited for crystal engineering. The underappreciation of such forces mostly

stems from their intrinsic low strength, their low directionality, and the inherent difficulty in designing sys-

tems that can effectively take advantage of them, demonstrating their pragmatic use. Still, lone pair-

bearing atoms are ubiquitous; hence they need not to be neglected and their possible interactions

need to be fully understood.

It is surely possible to conceive an organic anion which bears both an aromatic ring and lone pair-bearing

substituents. With an appropriate choice of the charged group it should be possible to have a well-local-

ized charged site with strong tendency to form salt bridges, i.e., a strong preference of the charge-bearing

portion of the anion to go for +NH . anion salt bridges rather than for anion-p contacts with s-tetrazine. At

the same time, an appropriate choice of the aromatic portion of the anion can disable its competition for

the s-tetrazine binding site as p-p stacking is much more intense among an electron-rich/electron-poor

pair of aromatics, rather than with aromatics with matching electronic features. At that point, having tuned

down potential competing interactions, provided lone pair-bearing atoms exists in the anion, lone pair-p

contacts should emerge as a relevant interaction involving the substrate and the s-tetrazine core.

According to the above, starting from benzene as paragon aromatic, we selected phenol/phenolate, as

anionic site with strong H-bond acceptor features, and nitro groups, in the double role of electron-with-

drawing groups (tuning electrostatic surface potential [ESP] of the ring) and lone pair-bearing substituents.

In other words, picric acid was selected as the ideal candidate (see on the choice of picrate section) to

demonstrate that full control over groups in contact with the s-tetrazine ring can be exerted exploiting

the stereoelectronic properties of the substrate.

With such a choice of substrate, the reader will quickly notice that this study also has a clear macroscopic

(bulk material) interest that could not be concealed.

Picric acid is a well-known explosive, closely related to 2,4,6-trinitrotoluene (TNT). Ammonium picrate, not

far from the solid phases that can be obtained by reacting L1-L4 with picric acid, has met military uses. We

Figure 1. s-tetrazine-based ligands addressed in this study
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also remind here, again, that explosive character of s-tetrazine was among its first applicative interests.

Although done with a supramolecular intent, the pairing of picrate with s-tetrazine-based receptors clearly

puts this study in a high-energy materials context.

As emerging feature, one last interesting point can be envisaged in our study, i.e., crystal engineering of

explosives. Full structural elucidation and supramolecular understanding of solid high-energy com-

pounds is not frequently reported together with experimental thermal properties and calculated explo-

sion parameters. Some studies related nature of the interaction on cleavage crystallographic planes (e.g.,

hydrogen bonds) with shock and friction sensitivity of explosives, relating macroscopic properties to the

molecular level.39–42 Thermostability is equally important to improve the safety of high explosives43: this

aspect is of particular relevance to the present study, where a clear relationship between picrate inter-

molecular contacts and thermokinetic parameters is found. In this sense, evidence herein gathered might

help the crystal engineering of high-energy compounds aimed at improving their safety of use and stor-

age. Remediating the so-called high energy/high safety contradiction of detonating compounds is a

highly coveted goal. While we are generally aware that all manners of devices nowadays rely on techno-

logically critical elements, we seldom remember that the prime usage of explosives remains the one

related to the mining industry, which ultimately subtends to our electronics and handheld high-tech

commodities.

RESULTS AND DISCUSSION

On the choice of picrate

The electronic structure of picrate, picric acid, and benzene have been determined and compared to

achieve information on the electronic reorganization on these molecules. Figure 3 shows that the presence

of nitro groups perturbs the electrostatic potential of both picrate and picric acid with respect to that of

benzene. In particular, the differences between picric acid and benzene are more marked than those be-

tween picrate and benzene; the electrostatic potential of picric acid indeed inverts on the ring moiety with

respect to benzene. This is a key feature to avoidp-p contacts among picrate/picric acid and the s-tetrazine

moiety, which are inhibited by their positive ESP.

Figure 2. Summary of literature evidence for the L1-L4 series of homologous ligands

Strong and centered anion-p contacts are invariably observed with inorganic anions. Organic anions present the additional p-p stacking interaction mode.

In the absence of further, stronger and/or more directional interactions, lone pair-p contacts are encountered instead.
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The basic phenolate site remains as the only well-localized charged site with strong tendency to form salt

bridges, i.e., to interact with the morpholinium sites of our ligands, thus leaving only the lone pair-bearing

nitro groups free to interact with the electropositive s-tetrazine moiety. It is important to note that the elec-

trostatic potential of picrate is perturbed by the hydrogen bond when this molecule interacts with ligands.

However, Figure 4 shows that, while increasing the hydrogen bond strength, a reorganization of the elec-

trostatic potential does occur; the anion maintains a distribution closer to that of picrate than to picric acid.

Since this will be insightful for the elucidation of obtained crystalline phases, to obtain insights on the orien-

tation of the ortho -NO2 group of picrate, the rotational barrier has been computed by performing a po-

tential surface scan. The results are shown in Figure 5, where it can be appreciated that the potential barrier

height at M06-2x/cc-pVTZ level of theory is within 9 kJ/mol, confirming that the rotation of the nitro group

can be affected by the environment. However, CSD data (picric acid and picrate anion, non-metal bound,

1,551 molecules from 1,182 structures), effectively show how such barrier is high enough for themolecule to

generally avoid assuming the 60�–120� torsion angle in crystal structures.

Complexes formation in solution

In the case of L2 and L4 it was possible to determine formation constants of 1:1 L:Picr complexes in aqueous

solution (other systems present solubility issues as detailed in the experimental section). Results are re-

ported in Table 1.

These complexation phenomena have been studied in detail using the L1-L4 homologous series of ligands

andmany different inorganic and organic anions.25,26,28–30 Some general behaviors were found. First, these

association equilibria are almost athermic and entropy driven, i.e., they are mostly promoted by desolva-

tion of the s-tetrazine and of the portion of the anion in contact with it. Accordingly, salt bridges brought

about by ligand protonation offer a marginal contribution to complex stability, while the s-tetrazine core

remains as a binding site even when the ligands are not protonated. Stabilization offered by salt bridges

and charge-charge interactions is generally more significant for smaller, more gathered, ligands, while it

becomes less and less significant by increasing the length of the alkyl spacer, althoughmodulation of these

effects is also dependent on anion geometry.

The behavior observed for L2 and L4 is fully congruent with this consolidated picture.

Crystal structures description

Overview of shared features

The picrate salts of the L1-L4 diprotonated ligands, indicated with 1, 2, 3, and 4, respectively, have very

different crystal packings, as can be deduced by the variability of crystal systems and crystal cells listed

in Table S1. Nevertheless, all the compounds are based on few typical interactions which are found almost

unchanged when looking at each single compound.

As shown in Figure 6, L1, L3, and L4 assume very similar conformations, while L2 adopts a quite different and

more planar arrangement. However, in each structure, the morpholine N-H+ hydrogens are divergent,

pointing toward opposite side of the ligand molecule, and give charge-assisted NH+ . O� H-bonds

with picrate anions. Along the L1-L4 homologous series, we notice an even/odd trend: the s-tetrazine

sits on a center of inversion for L1 and L3 (i.e., 1 and 3 asymmetric units contain only 1 picrate and half

ligand), while it does not for L2 and L4 (i.e., 2 and 4 asymmetric unit contains the ligand and two picrate

anions). We notice incidentally that a similar odd/even behavior is observed also in H2Lx(Picr)2 water solu-

bilities (cf. experimental section). Three types of characteristic interactions are found in all structures: 1)

Figure 3. Electrostatic potential of picrate (left), picric acid (center), and benzene (right)
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NH+ . O� salt bridges; 2) picrate-picrate interaction (p-p stacking, CH . O, and NO . NO dipolar inter-

actions); 3) s-tetrazine-O2N lone pair-p contacts.

Salt bridges appear to be the prime interaction in these crystals. As shown in Table 2, in all structures these

contacts are quite short and linear, denoting an important contribution of H-bonding to the stabilization of

overall packings in 1–4.

The second most representative interaction is picrate-picrate contacts (p-p stacking, NO . HC contacts

and dipolar interactions among NO2 groups). Supramolecular organization of picrate anions can vary

forming various infinite stacked columns and helices. As packing motifs might be of interest for crystal en-

gineering of explosives, these are described in a following section. Conversely, what is relevant in terms of

supramolecular interactions is that the choice of picrate, with its positive ESP, steered the system away from

anion-cation p-p stacking. This, together with the strong engagement of the phenolate anionic site in salt

bridges, allowed for the emergence of a third type of interaction.

Lone pair-p contacts among nitro oxygens and s-tetrazine were found in all crystal structures. This was the

supramolecular aim of this study. These interactions are strongly related to the ESP of interacting partners

and are elucidated in detail in the following section.

Lone pair-p interactions

Single-point interaction hotspot of s-tetrazine with electron-rich species is above the ring centroid: in this

position, the anion can get closer to the ring, maximizing van der Waals contacts, Coulombic attraction,

and inductive contribution due to anion-induced ring polarization.44 This has been demonstrated

in silico44 and is mirrored by experimental distribution of negative charge and lone pair-bearing atoms,

subject to anion and lone pair-p interactions, respectively.16

However, it should be noted that the intrinsic most positive portion of s-tetrazine corresponds to the car-

bon atoms and coincides with s-tetrazine’s C-C axis.15 Accordingly, polyatomic anions might prefer estab-

lishing multiple contacts along that axis; this might be even truer for lone pair-p interactions, in view of the

fact that any contribution due to induced ring polarization will be reduced with respect to the anion-p case.

In those scenarios, anion/lone pair-bearing atoms are expected to be found aligned to the C-C axis, if

possible.16 This behavior is perhaps accentuated in the case of our complexes due to the O . O bite of

nitro groups being comparable to the C . C distance in s-tetrazine.

In the case of our ligands, the smallest L1 features themorpholiniumH-bond donor and the s-tetrazinemoi-

ety very close to one another, fostering cooperativity among binding forces (Figure 7).

Beyond the N1-O2 salt bridge, the phenolate O2 oxygen engages in a short contact with s-tetrazine C6

carbon (3.110(2) Å) with an angle compatible with lone pair localization (C7-O2-C6 angle 122.9(1)). What

is most interesting is the O5-C60 lone pair-p contact, which is even shorter (2.891(2) Å). It should be noted

Figure 4. Electrostatic potential of picrate interacting through hydrogen bond with L1 and L2
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that, given the small molecular size of the ligand, establishment of this contact requires significant rotation

of the nitro group, which deviates from benzene ring plane for more than 40� (Table 3). Despite that, the

N5-O5-C60 does not manage to properly align at 120�, as in the ideal geometry for sp2 oxygen (although

the larger angle ensures shorter NO . C contact).

When a Hirshfeld surface approach is employed, a lone pair-p interaction contact area can be individuated

(Figure 8). Moreover, as for all directional interactions, a sharp tip pertaining to O-C contacts can be found

in the fingerprint plot of the adduct, signaling that in this case NO dipole-s-tetrazine ring quadrupole inter-

action has a certain intensity and a markedly directional character.

Although the rotation barrier for NO2 groups was not found to be exceptionally high, about 9 kJ mol�1

(cf. on the choice of picrate section), this range of energies is compatible with what can be expected for

lone pair-p interactions. Free energy changes (-DG0) for the coordination of mono- or divalent inorganic

anions to neutral, not-protonated, L1-L4 ligands in solution, range between 10 and 17.5 kJ/mol,25,26 in

good agreement with previously determined free energy changes for polarized pyrimidine ligands

Figure 5. Top: Torsional angle for the -NO2 group in picrate at M06-2X/cc-pVTZ level of theory; bottom:

experimental distribution of torsion angles in the CSD (angle bins of 1�)
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(-DG0 = 8.6–12 kJ/mol).45 These values are comparable to those observed for L2 and L4 in solution studies.

While it is not immediate to transfer solution data (which includes solvation free energies) to the solid state,

it is manifest that NO dipole-s-tetrazine quadrupole interaction, together with further supramolecular in-

teractions such as NO.HC contacts, is strong enough to compensate for the energy cost of rotation about

the C-N bond of the nitro groups. In other words, these interactions affect both crystal packing and confor-

mation of the picrate anion, strengthening the idea that it is possible to intervene on the stereoelectronic

properties of an explosive molecule through crystal engineering.

Next, we need to demonstrate that this is not the sole instance among L1-L4 crystal structure, nor that this is

casually brought up by the global arrangement of the interacting groups on both partners. In this sense, the

L1-L4 series is highly instrumental as increasing the length of the spacer renders morpholinium and s-tet-

razine sites progressively unable to show cooperativity in substrate binding. It was previously demon-

strated that this did not shut down anion-p binding abilities of the ligands in the slightest.25,26

L2 situation is even more revealing (Figure 9). A single lone pair-p short contact is found: O5-C8 2.975(5) Å.

Despite that, L2 desperately tries to bring O4 in contact with C7, i.e., aligning O4 and O5 nitro oxygens to

the C7-C8 axis. A compromise is achieved where C15-C16-N7-O5 torsion angle reaches the surprisingly

high value of 78.3(4)� (cf. Figure 5) and the O4-C7 contact remains quite long 3.266(5). This somewhat tes-

tifies the electrostatic nature of the interaction, and its ability to be sensed through space, although within

very short distances. According to the longer contact with respect to L1, the C-O contact peak in the finger-

print plot is less sharp, although the lone pair-p contact can still be observed in the Hirshfeld surface of

H2L2
2+. We notice, incidentally, that the shape of the fingerprint plot area associated with lone pair-p con-

tacts is the same one which we demonstrated typical of anion-p contacts46: this is because the topology of

the interaction is similar. The other face of the s-tetrazine is also telling. Two different anions approach it,

with none of them, due to their compresence, being able to solely interact with the s-tetrazine. The best

agreement, satisfying all instances, is that C7 and C8 engage in long-range electrostatic interactions

with O12 and O9. Contacts remain slightly longer than the sum of the van der Waals radii (O12-C7

Table 1. Formation constants of picrate complexes with L2 and L4 ligands determined in aqueous NMe4Cl 0.1 M at

298.1 G 0.1 K

Equilibrium

log K

L2 L4

L + Picr� = [LPicr]- 3.39 (9) 3.09 (5)

HL+ + Picr� = [HLPicr] 3.47 (9) 3.36 (4)

H2L
+ + Picr� = [HLPicr]+ 3.61 (9) 3.36 (8)

Figures in parentheses are standard deviations on the last significant figures.

Figure 6. Overview of ligands’ conformation

Ligands’ conformations in the H2L(picrate)2 salts (L1 – 1 (A), L2 – 2 (B), L3 – 3 (C), L4 – 4 (D)).
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3.118(5) Å, O9-C8 3.403(5) Å), signifying very weak interaction; yet, the N-O-C angle is found much closer to

ideal sp2 geometry (N10O12C7 117.7(2)�, N9O9C8 117.5(2)�, i.e., the O lone pair points right toward the C

atom), and no significant perturbation of picrate planarity (torsion around C-N bond is 8.3(5)� and 15.1(5)�

for O9 and O12 containing molecules) is found. In other words, lone pair-p interaction might be significant

and intense at short distances, when packing allows, yet it can also be a loose dipole-quadrupole interac-

tion whenever other more intense and directional forces orchestrate the packing. The point is that such an

elusive force is manifest in all instances of L1-L4 complexes with picrate.

Similar considerations can be drawn for L3 (single centered interaction, Figure S1) and L4 (NO2 perfectly

aligned with C-C axis without the need of significant distortion, Figure S2).

An overview of each crystal structure is presented in the supplemental information (SI), while global metrics

are gathered in Table 3.

Picrate-picrate interactions: Slip planes, crystal density, and extent of contacts

As stated, picrate-picrate interactions are a major feature in crystal packing in compounds 1–4.

In the salts of L2 (2) and L4 (4), pairs of p stacked anions are clearly recognized which are in contact with

other close couples through their -NO2 groups (O
. O distances in the range 2.8–3.3 Å – Table S2).

Such important and apparently counterintuitive O . O short contacts are commonplace in these series of

structure and deserve immediate comment. They arise from dipolar interactions among nitro groups: a

clarifying example is presented in Figure 10 (form crystal structure 4), where it can be seen that in trying

to establish mutual N10 . O8 (2.985(1) Å) and O11/O12 . N9 (3.241(1) and 3.218(1) Å, respectively) mutual

Table 2. Details for the charge assistedNH+ .O�H-bonds betweenH2L
2+ cations and picrate anions in compounds

1–4

NH+ . O� Salt Bridge 1 2 3 4

H . O (Å) 1.85(2) 1.71(4)/1.69(4) 1.84(2) 1.75(2)/1.82(2)

N . O (Å) 2.675(2) 2.633(4)/2.624(4) 2.737(2) 2.647(1)/2.679(1)

N-H-O angle (�) 152(2) 159(4)/158(4) 156(2) 162.74(1)/165.83(1)

Values in parentheses are associated standard deviations.

Figure 7. Anion-p contacts found in compound 1

Space filling model shows the torsion of the ortho NO2 group to align along the s-tetrazine C-C axis plane (passing

through C5, C6, C60 and C50, yellow).
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NO.NO interactions, O.O contacts are also unavoidable and they result in the shortest contacts (O11.

O8 2.828(2) Å, O12 . O8 3.212(2) Å, and O12 . O9 3.047(1) Å, respectively). This concept will be further

expanded at the end of this section.

The discussion of crystal packing features is undertaken from the most likely slip planes point of view.

Slip planes are among the most important packing features for energetic materials.39,41,42,47 The ability of

closed packed planes—necessary to ensure high material and hence energy density—to slip effortlessly

upon each other (either individually, in an interfacial shear mode, or collectively, in a bulk-shear mode,

i.e., like a deck of cards), provides a way to safely dissipate the energy provided by external mechanical

stimuli.41,42 In other words, scarcely interpenetrated slip planes whose molecular boundaries do not share

strong intermolecular interactions (e.g., H-bonds, which might be the cause of intense molecular friction

upon plane slipping), should provide a way to remediate the high energy/high safety contradiction of en-

ergy materials by decreasing their shock sensitivity.

Accordingly, in line with the supramolecular attention of present study, we evaluated most likely slip planes

in all crystal structures using CCDCMercury48 routine and checked supramolecular interactions among and

around them.

We report here full details for the L1 complex and an overview of packing/slip planes features of the whole

series. Further details can be found in the supplemental information.

In 1, the most likely slip plane develops along the (020) direction (Figure 11, Table 4). This plane sepa-

rates closed-packed slabs constituted by salt-bridged ligands and couples of p-stacked anions

Table 3. Detail of lone pair-p contacts in compounds 1–4 (shortest contact for each crystal structure)

Ligand N-O . C Angle (deg) C-NO2 Torsion (deg) NO . C Distance (Å) dplane (Å) doffset
a (Å) dcentroid (Å)

L1 N5-O5 . C6 145.0(1) C7C8N5O5 �42.3(2) O5 . C6 2.891(2) 2.886 1.151 3.107

L2 N7-O5 . C8 111.6(3) C15C16N7O5 78.3(4) O5 . C8 2.975(5) 2.893 1.876 3.448

L3 N6-O8 . center 118.58 C9C14N6O8 �126.6(2) O8 . center 2.915 2.897 0.323 2.915

L4 N8-O6 . C9 99.51(9) C20C19N8O6 �7.7(2) O6 . C9 2.936(2) 2.889 1.751 3.378

aTo provide proper context: an offset of 0 Å corresponds to perfectly centered anion-p interaction; C andN atoms in s-tetrazine are 1.28 and 1.38 Å apart from the

ring centroid, respectively.

Figure 8. Hirshfeld surface of H2L1
2+ in compound 1, denoting salt bridge as well as lone pair-p interactions

Fingerprint plot of H2L1
2+ (gray) shows marked O . C contacts (blue-to-red CrystalExplorer standard scale) originating a

marked tip-like feature pertaining to NO . Ctetrazine interactions.
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(Figure 11A and 11B). The only O . O (nitro-nitro) short contacts below the van der Waals distance also

develop within the two slabs parallel to the slip plane (i.e., along the stacking direction of the picrate

anions).

As a matter of fact, the slip plane presents no hydrogen bonds, nor the protruding nitro groups are in con-

tact among them (O . O contacts through the slip planes are all > Svdw radii +0.4 Å), while it separates

densely packed slabs with strong intermolecular cohesive forces (salt bridges and p-p stacking). This would

be a highly desirable property to obtain a low shock-sensitive material.

For what topology is concerned, the found slip plane is moderately corrugated (rugosity: 1.293, Table 4),

with the interpenetration of the slabs being less than 1 Å (�0.976 Å, expressed as distance among inter-

penetrated slabs, Table 4). An overview of topological feature of the slip planemolecular surface (as sensed

by a 1.2 Å probe, drawn with 0.1 Å grid spacing) show how grooves appear to be relatively well aligned for

sliding, at least along the c direction.

Figure 9. Overview of lone pair-p interactions in compound 2

Left-to-right: overall arrangement and short contacts, twisting of NO2 groups, Hirshfeld surface of H2L2
2+ showing both salt bridge and lone pair-p

interaction hotspots and fingerprint plot of H2L2
2+ with O . C interactions highlighted.

Figure 10. Exemplificative detail of picrate-picrate contacts (from 4)

In trying to establish expected nitro-nitro dipolar interactions (green arrows) short oxygen . oxygen contacts (hinted by

mesh representation of van der Waals surface) are unavoidable due to picrate geometry.
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No further reasonable slip planes were found for 1, the second most likely slip plane, developing in the (1-1-2)

direction, and the third one, along (11-2), feature a much higher slab interpenetration (both 2.096 Å, Table 4).

In 2, the situation is quite similar (Figure S3).

Slip plane develops in the (002) direction, separating slabs of salt bridge-paired anions and ligands, with

picrate anions arranged in stacks. The similarity is particularly evident if views of slip planes of 1 in the a

direction (Figure 11A) and b view of slip plane in 2 (Figure S3b) are confronted.

Figure 11. View of the (020) slip plane found in compound 1

(A) View along the a crystallographic direction showing the slip plane (white molecular surface, repeats as yellow planes)

and the two close packed slabs adjacent to it, featuring ligand-anion salt bridges (cyan) and zigzag chains of p-stacked

anions (orange).

(B) View along the c crystallographic direction showing the slip plane (white molecular surface, repeats as yellow planes)

and the two close packed slabs adjacent to it; salt bridge pattern (cyan) is highlighted.

(C) 2 3 2 unit cells depiction of the slip plane molecular surface colored according to its topology using a blue-to-yellow

palette to show depths-to-heights difference (slab separation �0.976 Å, Table 4).

Table 4. Overview of potential slip planes in the 1–4 crystal structure series

Slip Plane Features 1 2 3 4

Orientation (020) (002) (101) (40-2)

Offset (Å)a �5.162 0 �2.996 0

Slab Separation (Å)b �0.976 �1.177 �2.674 �2.281

Repeat Distance (Å) 10.324 10.554 5.992 4.779

Hydrogen Bonds No No No Yes

Hydrogen Bond Dimensionality – – – 0D, discrete

Rugosityc 1.293 1.287 1.580 1.396

Perpendicular Slip Planed No No No No

Second Smallest Slab separation (Å)e �2.096 �2.623 �2.770 (1–12) and (112) planes �3.283

aOffset in the normal direction with respect to the plane family specified as ‘‘Orientation’’.
bDistance of adjacent slabs through the slip planes (negative values indicate layer interpenetration).
cAs ratio of ‘‘real’’ (1.2 Å probe, 0.1 Å grid spacing) surface area to projected ‘‘geometrical’’ area.
dPresence of second perpendicular slip plane is of potential high interest for mechanical stress dissipation.
eSecond smallest interpenetration among further slip planes candidates (the highest the interpenetration, the more the en-

ergy required for slipping).
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Although complicated by the compresence of two non-equivalent anions, a view (Figure S3a) shows picrate

p-stacked columns developing in the two slabs separated by the slip plane.

Again, none of the relevant and directional interactions keeping together the dense slabs (salt bridges and

p-p stacking) needs to be broken to allow slipping along the selected plane. No O . O contacts below the

van der Waals contact distance are found, with those formed through the slip plane been quite long

(>Svdw radii +0.2 Å).

For what topology is concerned, although the global rugosity is comparable to the 1 case, we observe a

less trivial arrangement of grooves and ridges, probably offering more hindrance to slipping.

For crystals of 3 and 4 the analysis is presented, although the found planes clearly show that these crystals

are much more rigid and less prone to sliding.

For 3, the maximum slab distance is �2.674 Å, i.e., slabs are interpenetrated more than twice as much with

respect to 1 and 2 cases. Still, the crystal packing can be discussed from this plane point of view. The found

plane belongs to the (101) family. The a view (Figure S4a) is particularly descriptive, as it shows p-stacked

columns of picrate anions completely paneled by a diamond of salt-bridged ligands. Although salt bridges

run parallel to the plane, slipping requires breaking of p-p stacking contacts of picrate anions in one direc-

tion and breaking of picrate-s-tetrazine lone pair-p interactions in the other (Figure S4); it should be noted

that p-stacks of anions here are not freely displaceable due to the ligand diamonds surrounding them.

Beyond the breaking of stabilizing interactions upon slipping (a feature not observed for 1 and 2), the sig-

nificant slab interpenetration (2.674 Å, Table 4) also draws a complicated herringbone elevationmotif at the

proposed slip surface. A second set of two planes, featuring a similar slab separation with respect to the

one considered (both �2.770 vs. �2.67 Å, Table 4), were tentatively considered, although they do not

appear more promising than the evaluated one (a quick view of their unfavorable topology is shown in

Figure S5).

Packing of 4 has strong similarities with the one of 3, with ligand-defined diamonds hosting not a single

stack of picrate anions (cf. Figure S4a) but repeats of p-stacked pairs of anions piled upon each other

(cf. Figure S6b).

Topology would be somewhat better than in the case of 3 due to overall reduced rugosity and to a softer

repeat of grooves and crests, with a less complicated surface motif. Still, slip plane in 4 appears as the least

promising in terms of mechanical shock dissipation as salt bridges cross it. This means that the single most

intense intermolecular interaction type in the crystal structure must be broken to allow slipping on this

plane. No better slip plane alternatives were found (second shortest slab separation �3.283 Å, Table 4).

In brief, L1 and L2 complexes appear to possess desirable features in terms of alternating high-density

planes, necessary for high energy density, and low-density slip planes, which could help reducing shock

sensitivity. L3 and L4 instead feature a more homogeneous density in the three dimensions, with least

close-packed planes not spaced enough to allow a slipping behavior. It is also worth mentioning that

the shorter L1 and L2 ligands result in the similar 1/2 packings; the same is true for the longer L3 and L4,

originating similar 3/4 packing features. The origin of such different arrangements is probably to be found

in the match/mismatch of ligand/anion mutual size.

In terms of nature of forces in play, the analysis of the crystal packings of these four picrate salts evidences

the homogeneity of the intermolecular interactions established. The main difference, again, appears to be

the number of methylenic groups in the linkers connecting the tetrazine and the morpholine moieties. It

changes from 1 (L1) to 4 (L4), while the cation:anion stoichiometry ratio is constantly equal to 1:2. This

means that the crystal density also varies continuously, and it assumes the minimum value of 1.509

g/cm3 in compound 4 (L4) and the maximum value of 1.601 g/cm3 in compound 1 (L1)

An interesting point in terms of material properties (cf. thermal analysis section) concerns the extent of pic-

rate-picrate contacts. In particular, it would be of interest to quantify them and estimate whether the

different architectures found in compounds 1–4 result in increased or decreased picrate-picrate

connectivity.
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To answer this question, we started from two simple observations.

First, the molecular surface of picrate is mainly composed of O and C.

Since we showed that picrate-picrate interaction is mainly of p-p stacking and dipolar type, and that there

are essentially no C.C or O.O contacts among Lx and picrate anions (most ligand-anion interactions are

CH.O, O.C/N, i.e., lone pair-p contacts, or NH.O, i.e., salt bridge), we can use the extent of C.C and

O . O contacts to estimate the extent of picrate-picrate contacts in our crystal structures. These quantities

are not biased due to ligand-picrate interactions (CH . O, C/N . O, NH . O, as said) and are expected to

be present as major components among picrate anions in contact with each other (a priori, because their

Hirshfeld surface, as their van der Waals one, will be primarily made of O and C, as said, as well as a pos-

teriori, because indeed O . O and C . C contacts are often observed as the most significant ones, cf.

earlier discussion and Figure 5).

Accordingly, the extent of picrate-picrate contacts is directly proportional to C . C and O . O contacts,

which can be computed simply by calculating Hirshfeld surface for all picrate anions (twice and averaging

for crystal structures containing 2 non-equivalent picrate anions) and computing ‘‘C . C contacts + O . O

contacts’’ percentages. These percentage quantities can eventually be re-translated into contact areas ex-

pressed in Å2 (small variability among picrate global Hirshfeld surface area among L1-L4 crystal structures is

both expected and found: average 208 G 2 Å2, minimum 206.34 Å2 (2), maximum 209.70 Å2 (1)).

According to this procedure, data in Table 5 are obtained, which point out that extent of picrate-picrate

contact sensibly increases along the 1–4 series of compounds, namely by about 50% in moving from com-

pound 1 to 3 and remains almost constant from 3 to 4. This information will be instrumental in the following.

We notice that this microscopic (molecular) information is not manifest per se in the density descriptor,

which is a macroscopic (bulk) quantity and only changes by about 6% along the series. While importance

of material density for its explosive properties is well known, we will show in the following how molecular

contact details can be exploited to expand structure-properties correlations to thermal properties.

Thermal analysis of compounds 1–4

Thermal analysis was used to assess the thermal stability and to calculate the thermokinetics parameters of

the compounds. The TGA and DTG profiles of the L1-L4 ligands, together with those of picric acid, for com-

parison, are shown in the supplemental information (Figure S7). The thermal stability (i.e., the highest tem-

perature at which no weight loss occurs) does not increase proportionally with the length of the spacers

groups: instead, it varies in the order L4>L1>L3>L2>PA.

The thermal decomposition process of compounds 1–4 takes place through a two-step process. Figure 12

shows the TGA and the DTG profiles acquired at four rates (5, 10, 20�C, and 50�C). It is evident that for 1 the

first step is the most ‘‘intense’’, especially at high heating rates, producing a sudden weight loss of about

Table 5. Computed picrate-picrate extent of contact quantities together with experimental DSC-determined kinetic parameters (see dedicated

section below)

Sample C . C contacts (%) O . O contacts (%)

Contact

Extent (%)

Hirshfeld

Surface (Å2)

Contact

Extent (Å2) Ea (kJ/mol) A (min�1) R2c

1 2.8 7.9 10.7 209.7 22.4 517 1.8 $ 1052 0.9936d

2a 4.3 9.1 13.9b 206.77 28.7b 336 4.80 $ 1032 0.9957

4.3 10.1 206.34

3 8.3 7.8 16.1 207.84 33.5 164 1.60 $ 1013 0.988

4a 4.1 12.1 16.0b 208.54 33.3b 153 1.40 $ 1012 0.9932

4.1 11.7 208.15

aTwo non-equivalent picrate anions present in the crystal.
bAverage mediated on the two different anions.
cCorrelation coefficients of the linear fitting of the plots ln

b

T2
p

vs.
1

Tp
for the obtainment of Ea and A according to the Kissinger model.

dIn this case the plot was obtained by using the data acquired at three lower heating rate (5, 10 and 20�C/min) because the thermal process at high heating rate

(50�C/min) was so intense that no shift in the temperature of the peak was detected with respect to the curve registered at 20�C/min.
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25% (for 20�C and 50�C/min). Increasing the length of the ligand, the situation reverses, and compounds 3

and 4 show an accentuated second step (at high heating rates) while the first step occurs more gradually.

No accentuation with the increasing rate is observed for compound 2.

Acquiring the thermal scans at different heating rates enabled us to investigate the non-isothermal kinetic

of decomposition of 1–4. Kissinger model was used to calculate the kinetic parameters of thermal decom-

position of the compounds, i.e., the apparent activation energy (Ea) and the preexponential constant (A),

using the first DTG peaks.

Kissinger model can be expressed as follows:

ln
b

T2
p

= ln
AR

Ea
+

�
1

Tp

���Ea

R

�

where Ea is the apparent activation energy (kJ/mol), b is the heating rate, R is the gas constant (8.314 J/K

mol),A is the preexponential factor (1/min), and Tp is the peak temperature (K).49,50 From the linear fitting of

the ln b

T2
p
vs. 1

Tp
plot, the activation energy and the preexponential factor can be obtained for each system.

These values together with the correlation coefficients of the fittings are reported in Table 5. Data plots are

reported in the supplemental information, Figure S8.

The heat flow signal for all the decompositions was acquired simultaneously to the weight loss. The data

obtained for the four compounds at 10�C/min are shown in Figure 13 and can be compared to the DSC

data obtained for the ligands alone in the same figure (which also shows the picric acid thermogram).

It can be shown that the data in Table 5 show an interesting correlation.

In fact, if experimental activation energies or preexponential factors (in the latter case log values, since vari-

ability is extremely large) derived from Kissinger model are plotted versus extent of contact (either ex-

pressed as % or in Å2), a linear correlation is found (Figure 14).

It should be noted that the classical Arrhenius-like kinetic model, k = A eð�Ea
RT Þ, where all symbols

have the usual meaning, can be rearranged to show that the natural logarithm of the rate constant k,

Figure 12. Weight loss profiles of compunds 1–4

Weight loss profiles and correspondent derivative curves registered at four different rates for compounds 1 (A), 2 (B), 3

(C), and 4 (D).
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ln(k) = ln(A) – Ea/RT, depends linearly on both ln A and on -Ea. Since we showed that both log10(A) = ln(A)/

2.303f (-ppc) and Ea f (-ppc), where ppc are picrate-picrate contacts, also ln(k) as a whole is a linear func-

tion of pcc, which translates into stating that rate constant k depends exponentially on pcc.

This seems to indicate that, for a series of homologous ligands forming crystal structures with the same

principal interactions, the thermal sensitivity of the resulting energetic materials, expressed as the rate con-

stant of the thermal decomposition process, is an exponential function of the extent of picrate-picrate con-

tacts in the crystal. Namely, by increasing picrate-picrate contacts one decreases both the activation en-

ergy and the preexponential factor, while when picrate anions are more spaced out, a higher activation

energy needs to be provided, yet, when that happens, explosive discharge of energy is much faster (higher

preexponential factor).

In plain words, our exercise in supramolecular chemistry demonstrates that it is possible to tune the thermal

stability of high-energy materials (read ‘‘safety of explosive compounds’’) by crystal engineering.

This appears as a relevant and interesting result that might foster future development.

In silico characterization of explosive properties of compounds 1–4

Explosive properties of compounds 1–5 were calculated with the EXPLO5 software (version 6.06.01)51

(Table 6).

Figure 13. DSC curves of L1-L4 and PA and of compounds 1–4 acquired at 10�C/min

Curves are arbitrary offset for the sake of clarity.

Figure 14. Linear correlation among experimental thermokinetic parameters from DTG and picrate-picrate contact extent
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The software employs crystal experimental density, formulas and heats of formation of crystalline

compounds. The latter have been calculated via DFT formation enthalpies obtained through a series of

isodesmic reactions and estimation of reticular energies as described in the experimental section (cf.

Scheme 1 and related discussion). Thermodynamic data obtained for the H2Lx
2+ cations (x = 1–4) and of

the resulting 1–4 picrate salts are reported in Table S3.

Among the products of detonation at the CJ state, there are significant amounts of H2O, C, N2, CO, CO2,

CH2O2, minor amounts of NH3 and CH4, and trace amounts of other species.

The 1–4 series behaves as expected: compounds are found more explosive in the 4 to 1 order.

This is both in agreement with experimental densities and mirrors the trend of DSC-determined preexpo-

nential factors (increasing in the 4 to 1 direction, cf. earlier text). The trend of activation free energies is

instead reversed: this means that the most explosive compound, 1, is also the safest to handle in terms

of thermal decomposition activation energy, a fact now explained in view of picrate-picrate contact extent.

For comparison, a common high explosive TNT is also shown in Table 6.

All the examined compounds are slightly inferior to TNT in view of detonation parameters except the deto-

nation heat. This is mostly because of their highly negative oxygen balances and lower densities.

The results obtained for the four examined compounds are all relatively similar to each other, and they all

can be considered high explosives.

Closing remarks

Herein we provided a triple proof of concept.

First, one is free to decide which moiety of a substrate, among its anionic site, aromatic surface or lone pair-

bearing substituents will interact with the aromatic portion of a receptor (s-tetrazine in our case) in the solid

state. This can be done through an appropriate choice of stereoelectronic features. Since this intended to

be a demonstrative example, stereoelectronic features of the guest were engineered, in a sort of ‘‘reverse

crystal engineering’’. We have no doubts that this can be applied also in the standard direction, i.e., on the

design and molecular engineering of a host for a predetermined target guest.

Table 6. EXPLO5-calculated explosion parameters for compounds 1–4 (TNT as reference), including oxygen

balance (OB), steady state detonation velocity (DCJ), pressure (PCJ), and temperature (TCJ), heat of detonation

(DHd), and Gurney velocity (G)

Compound OB DCJ (km/s) PCJ (GPa) TCJ (K) DHd (kJ/mol) G (km/s)

1 �97.5 6.894 17.3 2975 4.821 2.326

2 �106.4 6.761 16.3 2827 4.700 2.279

3 �114.8 6.556 14.9 2713 4.688 2.180

4 �122.5 6.493 14.3 2600 4.665 2.104

TNT �74.0 6.941 18.8 3227 4.576 2.368

Discrepancy among calculated and experimental properties are <1% (<3% for G) for the TNT reference compound.

Scheme 1. Born-Haber cycle employed for calculating the heat of formation of the H2L1(picrate)2 salt
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In second instance, under the right conditions, not only lone pair-p interactions manifest themselves, but

they are, for all intents and purposes, supramolecular forces we can rely on, in combination with all others,

to stabilize supramolecular adducts and orient the three-dimensional organization of solid phases. We un-

derline that the ‘‘under the right conditions’’ clarification does not diminish the relevance of this statement

in the slightest: this simple note is true for most instances of nowadays popular interactions (for instance, all

‘‘name of periodic table’s group-bonding’’-type, e.g., halogen, chalcogen, pnictogen, etc., interactions,

all require at least an atom of the specified type, among other conditions).

Lastly, not only high explosives were obtained, but we managed to elucidate an intimate (linear for what

concerns Ea and logA, exponential for k) relationship among molecular extent of picrate-picrate contacts

and thermal stability of 1–4 high-energy compounds. This level of detail, to the best of our knowledge, is

unprecedented, and probably made possible through the use of structurally closely related (homologous)

ligands. We hope that this piece of information will be of use in the development and engineering of ‘‘safe

to handle’’, so to speak, detonating materials.

Limitations of the study

This study reports an experimental correlation between structural and thermokinetical parameters. Any

correlation between explosive sensitivity and its structure is clearly of high pragmatic interest to strike a

balance between energy content and safety of use of high-energy material. The present case is plainly a

case study involving only 4 solid state complexes: this is an obvious limitation to its generality. Still, it is

also the first time that such a clear correlation is drawn.

We suspect that full appreciation of found existing trend has been made possible by working with a series

of homologous ligands forming same stoichiometry complexes with an overall homogeneity of interactions

and for which both complete structural and thermochemical data are available: this is not a frequent case.

This does not reduce the importance of having appreciated a correlation, as we made progress toward

identifying and quantifying structure-properties relationship for high-energy materials.

Extension of herein-developed concepts to further experimental cases seems a strong suggestion, in the-

ory. In practice, this requires the synthesis, crystallization, and structural determination of novel picrate-

based classes of high explosives, verification of homogeneousness of the nature of packing interactions

among chosen class (to tune down other potentially interfering factors), and determination of their thermo-

kinetic properties (please read: heating high explosives).

Considering regulations and inherent hazards, we consider already a feat to have managed to show struc-

ture-properties correlation in our, arguably small, dataset.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact, Matteo Savastano (matteo.savastano@uniroma5.it).

Materials availability

All materials generated in this study can be obtained according to the described methods. Direct availabil-

ity of [H2L(picrate)2] complexes (L = L1-L4) from the authors is limited due to intrinsic explosion hazard.

Data and code availability

d The accession number for the crystal structures reported in this paper is CCDC: 2252946-2252949.

d This paper does not report original code.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

L1 (3,6-bis(morpholinomethyl)-1,2,4,5-

tetrazine)

M. Melguizo et al.25 N/A

L2 (3,6-bis(2-morpholinoethyl)-1,2,4,5-

tetrazine)

M. Melguizo et al.25 N/A

L3 (3,6-bis(3-morpholinopropyl)-1,2,4,5-

tetrazine)

M. Melguizo et al.26 N/A

L4 (3,6-bis(4-morpholinobutyl)-1,2,4,5-

tetrazine)

M. Melguizo et al.26 N/A

Picric Acid solution Sigma-Aldrich CAS 88-89-1

NMe4Cl Sigma-Aldrich CAS 75-57-0

Compounds 1-4 This paper N/A

Deposited data

Compounds 1–4.cif files This paper CCDC: 2252946-2252949

Software and algorithms

SAINT Bruker52 https://www.bruker.com/en/products-and-

solutions/diffractometers-and-x-ray-

microscopes/single-crystal-x-ray-

diffractometers/sc-xrd-software/apex.html

SHELXS-97 G. M. Sheldrick53 https://doi.org/10.1107/S0108767307043930

SHELXL Version 2014/7. G. M. Sheldrick54 https://doi.org/10.1107/S2053229614024218

PASAT M. Fontanelli, M. Micheloni56 N/A – Please contact original authors

HYPERQUAD Gans, P. et al. http://www.hyperquad.co.uk/HQ2013.htm

Gaussian 09 M. J. Frisch et al.72 https://gaussian.com

CrystalExplorer21 P. R. Spackman et al.76 https://crystalexplorer.net/

CCDC Mercury C. F. Macrae et al.48 https://www.ccdc.cam.ac.uk/solutions/

software/mercury/

EXPLO5 M. Suceska, OZM research51 https://www.ozm.cz/explosives-performance-

tests/thermochemical-computer-code-

explo5/
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d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

METHOD DETAILS

Caution statement

Caution! Picric acid is explosive and should be handled safely and in small quantities. Aqueous solutions

are relatively safe. Contamination with metals should be avoided. Derivatives of s-tetrazinemight be explo-

sive and should be handled carefully in small quantities. Synthesis of explosive substances or their mixing

with further potentially explosive substances should also be done safely and in very small quantities. Heat-

ing of explosive/potentially explosive materials is dangerous and generally not advisable. No issues were

encountered during this study.

Materials

L1-L4 were synthetized as previously described.25,26 Employed water was of MilliQ grade. NMe4Cl, em-

ployed as ionic strength in potentiometric measurements, was purchased as solid salt from Sigma Aldrich.

Picric acid was purchased as its saturated aqueous solution from the same supplier. When solid samples of

it were needed, they were obtained by cooling a small volume of its saturated solution and then recovering

picric acid crystals from it.

Synthesis of H2Lx(Picr)2

H2Lx(Picr)2 salts can be obtained quantitatively by mixing L1-L4 ligands (pink) with excess picric acid (as

saturated picric acid solution) (yellow) in water in small volume: fast precipitation of orange H2Lx(Picr)2 is

observed: the process is quantitative and signaled by the solution regaining the yellow tone of free picric

acid. Precipitation can instead be avoided/postponed by working in dilute conditions and/or sub-stoichio-

metric L:Picr ratio (see potentiometric measurements section).

Single crystals of H2Lx(Picr)2 compounds were instead obtained by diffusion-type experiments.

In a typical experiment, 20 mg of Lx (x = 1–4) are put on one side of an H-shaped tube (z10 mL volume)

together with a few drops of HCl 0.1 M (to promote ligand dissolution and diffusion). On the other side

of the tube, saturated picric acid solution is placed. The tube is then filled with water so that diffusing Lx

and picric acid may come in contact. Single crystals are then slowly formed over days or weeks, depending

on the solubility of the complexes, which also affects global yields. Under our conditions, experimental

yields are: H2L1(Picr)2(1): 76.2%; H2L2(Picr)2(2): 39.9%; H2L3(Picr)2 (3): 82.2%; H2L4(Picr)2 (4): 42.3%.

X-Ray structure analyses

Orange crystals of H2L(picrate)2 (L = L1 (1), L2 (2) and L3(3)) and red crystals of H2L4(picrate)2 (4) were used

for X-ray diffraction analysis. A summary of the crystallographic data is reported in Table S1. The integrated

intensities were corrected for Lorentz and polarization effects and an empirical absorption correction was

applied.52 The structures were solved by direct methods (SHELXS-97).53 Refinements were performed by

means of full-matrix least-squares using SHELXL Version 2014/7.54 All the non-hydrogen atoms were aniso-

tropically refined. Hydrogen atoms were usually introduced in calculated position and their coordinates

were refined according to the linked atoms. The acidic hydrogens in (1), (2) and (3) were localized in the

corresponding Fourier difference maps, introduced in the calculation and freely refined.

Potentiometric measurements

Potentiometric (pH-metric) titrations, for the determination of the equilibrium constants were performed in

0.1 M Me4NCl at 298.1 G 0.1 K using an automated apparatus and a procedure that has been previously

described (Supplementary materials of ref. 55). The acquisition of the emf data was performed with the

computer program PASAT.56,57 A combined electrode (Metrohm 6.0262.100, Metrohm, Herisau,

Switzerland) was calibrated as a hydrogen-ion concentration probe through the titration of standardized

HCl solutions with standardized CO2-free NaOH solutions and by determining the equivalent point using

Gran’s method,58 which furnishes the standard potential (E�) and the ionic product of water (pKw = 13.83(1)

in 0.1 MMe4NCl at 298.1 K). The HYPERQUAD59 computer programwas employed to calculate the stability

constants from potentiometric data.
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Stable L:picrate solutions, i.e., not affected by precipitation phenomena over the time frame required for

potentiometric titrations, must be obtained. Concentrations should also be in an accessible range for the

technique. This is not possible for L1 and L3, due to high insolubility of H2L(Picr)2. L2 and L4 can instead be

titrated with [L] = 1 mM and [Picr]/[L] up to 2.0.

Thermal analysis

The analysis was conducted with a TA Instruments SDT Q650 (TA Instruments, New Castle, DE, USA), which

allows for the simultaneous monitoring of the weight loss signal (TGA curve and its derivative, i.e., DTG

curve) and the heat flow profile (DSC curve). Samples were placed in an alumina pan and measured in

N2 atmosphere (flow rate 100 mL/min) from room temperature to 600�C. Thermal profiles of ligands

(L1/L4) and picric acid (PA) were acquired at 10�C/min, while those of compounds 1–4 were recorded at

5�C/min, 10 �C/min, 20 �C/min and 50 �C/min. The use of a simultaneous TGA/DSC apparatus enabled

to test the materials in a safe mode, using little amounts of materials, with short analyses, which give simul-

taneously two significant information (weight loss and heat flow).

Calculated heats of formation

The heat of formation for the H2L1(picrate)2 salt was calculated based on the following Born-Haber cycle

(Scheme 1).

DHf
��H2L1

�
picrate

�
2
;298 K

�
= DH0

f

�
H2L1

2þ; 298 K
�þ 2DH0

f

�
picrate;298 K

� � DHL

where DHf
�(picrate, 298 K) was taken from Table 2 (DHf anion column) of ref.,60 DHL depends on the lattice-

potential energy and DHf
0(H2L1

2+) can be calculated by the isodesmic reaction method.61,62

The suitable isodesmic reaction is:

H2L1
2þ þ 2NH3 þ 2CH4 / 2Hmorfolineþ þ tetrazineþ 2CH3 � CH2 � NH2

The DHreaz
� for the isodesmic reaction can be calculated by each one of the following equations:

DHreaz
� ð298 KÞ = S ðE0þHcorrÞproducts�S ðE0þHcorrÞreactants (Equation 1)

and

DHreaz
� ð298 KÞ =S DHf

�
products � S DHf

�
reactant (Equation 2)

In Equation 1, E0 are the M062X/cc-pVTZ gas phase energy at 0 K,63,64 added of the zero-point energy and

thermal factors up to 298 K (all reactants and products were optimized and characterized as true local

minima on the potential-energy surface by frequence analysis; input coordinates for H2L1
2+ taken from

the HEquation 2L1(picrate)2 crystal structure).

In 2 all data are known from literature with the exception of DHreaz
0 and the heat of formation of the dipro-

tonated ligand L1. Thus, by equating Equations 1 and 2, the unknown DHf
0(H2L1

2+) can be calculated.

Used reference values are as follows: Ethylamine: �57.7 kJ/mol,65; s-tetrazine: 482.62 kJ/mol,66; NH3:-45.9

kJ/mol,67; CH4:-74.9 kJ/mol,68; protonated morpholine: 461 kJ/mol.69

Concerning the DHL value, as stated above it depends on the lattice-potential energy. Actually, as both

anion and cation in H2L1(picrate)2 are non-linear polyatomic species, DHL is given by the Equation 3.

DHL ðkJ mol� 1� = Upot
�
kJ mol� 1Þþ½ð6 = 2 � 2Þþ 2ð6 =2 � 2Þ�RT (Equation 3)

and Upot can be calculated from the density of the crystalline material by using Equation 4.

Upot
�
kJ mol� 1Þ = g½ðrcalc=1:66Þ=Mw�1=3þd (Equation 4)

where rcalc is the calculated density (g/cm3) of the crystal structure, Mw is the compound’s molar mass

(g/mol) and g and d are tabulated parameters depending on the cation/anion stoichiometry ratio

(g = 6764.3 kJ and d = 365.4 kJ for MX2 salts).
70
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Once the heat of formation has been obtained for the first member of the series H2L1(picrate)2, the same

quantity was obtained for all other members (L2, L3 and L4) by incremental method, adding the enthalpic

contribution of two CH2 groups.
71

All calculated values are reported in Table S3.

Density functional theory calculation

Density functional theory (DFT) calculations have been carried out with Gaussian 09 suite of programs72 at

M06-2x/cc-pVTZ level of theory.63,64 All the molecular structures have been optimized with very tight crite-

rium, using an ultrafine grid; vibrational frequencies have been computed to assert that a trueminimum has

been located and it has been verified that all the vibrational frequencies were real. This first result is partic-

ularly important for subsequent thermodynamic analysis.

Hirshfeld surface analysis

Hirshfeld surface can be defined as enclosing the region of space where the electron density of the mole-

cule under consideration (or more correctly of its promolecule) dominates the electron density of the crys-

tal. The mathematical definition, properties and usefulness of the Hirshfeld surface are found in dedicated

literature.73,74 The same treatment allows for the visualization of a crystal structure through the lens of so-

called fingerprint plots.75 These are complete maps of external distance (de) (i.e., the point-by-point dis-

tance of the nearest atom belonging to another molecule to the Hirshfeld surface of considered species)

vs. internal distance (di) (i.e., the point-by-point distance from a molecule’s Hirshfeld surface and the

nearest atom belonging to the molecule itself) from the Hirshfeld surface under consideration, are

colour-coded to show relative abundance (from blue: few contacts, to red: many contacts) of intermolecular

contacts occupying dixde square bins of 0.01 3 0.01 Å2.

Hirshfeld surface and fingerprint plots were calculated using the Crystalexplorer21 software.76

Relevance of Hirshfeld approach to elucidation of high-energy material properties has been discussed

elsewhere.39,40

QUANTIFICATION AND STATISTICAL ANALYSIS

Linear regression was used to extrapolate thermokinetics parameters from DSC data.

Used equation (Kissinger model) is described in the ‘‘thermal analysis of compounds 1–4’’ section.

Results of the fitting, including correlation coefficients are given in Table 5.

Plots of experimental data and resulting fit are given in Figure S8.
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