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6. References

1. Computational method and details

1.1 Initial selection and the molecular structures of energetic materials
Selection of energetic materials co-former needs multi-aspect consideration. High 

performance and low sensitivity usually are a standard of assessing energetic materials. Because 
of lack of research on hygroscopicity of energetic materials, some common explosives were 
selected as the co-formers, due to their relatively mature preparation technologies. 

Nine energetic materials (EMS) containing CL-20, BTF, HMX, TNT, ETN, RDX, TNB, MATNB 
and TNAZ were selected as co-crystal co-formers. Fig. 1 shows molecular structures of nine 
selected energetic materials, which can be classified as different types according to molecular 
structures. The selected molecular structure types include linear structure, cyclic structure and 
cage-like structure. A series of their properties including density, detonation velocity (Vd), 
detonation pressure (Pd), oxygen balance (OB), oxygen balance after 1:1 co-crystallization (OBAC) 
and gas formed by 1 g energetic materials at pressure of 1 bar (Vgas) are listed in Table S1.1-4 The 
OB and OBAC values can be calculated by Eq.1. 
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where a, b and c are the numbers of C, H and O atoms in one molecule, respectively, Mr 
represents the relative molecular mass. The details of calculating oxygen balance after forming 
1:1 co-crystallization are shown in Table S2 in the Supporting Information.

Some energetic materials like RDX and HMX have been used as components of 
propellants.5,6 Compared with these energetic materials, it is easy to find that ADN as a 
propellant component has advantages of higher OB and Vgas. However, how to improve ADN 
hygroscopicity and estimate water sorption capacity of energetic co-crystal materials are the 
highlights in this work.

1.2 Molecular electrostatic potential calculations of ADN and co-crystal guests.
The molecular electrostatic potential surfaces (MEPS) of the component molecules of 

interest are usually employed to understand the molecular packing in their co-crystals.7-9 In the 
rules of crystal packing, the place with positive electrostatic potential of one molecule combines 
with the place at where there is negative electrostatic potential of the other molecule. The 
electrostatic potential (V(r)) that the nuclei and electron in a molecule create at any point r in the 
surrounding space is given by Eq. 2.10
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where ZA is the charge on nucleus A, which is located at RA, ρ(r) is the electronic density of 

molecule. The surface which reflects the specific features of each molecule can be defined as the 
ρ(r) contours.10

By calculating the MEPS, intermolecular H-bonding sites and N-H…O supramolecular 
synthon can be found in ADN co-crystals. The functional GGA-BLYP and the basis set DNP-3.5 
were used for geometry optimization in Dmol3 module. The selected properties were electron 
density and electrostatics. At last, transparency of electrostatic potential was adjusted to make 



the presentation clearer.

1.3 Prediction of possible co-crystal lattice structure
The properties of a material depend very sensitively on its structure.11 The properties of 

crystal materials depend on not only molecular structure but also co-crystal lattice structure. The 
prediction calculations of co-crystals’ structures were based on Monte Carlo method.

First, intermolecular structure optimization needs multiple tentative calculations, in which 
relative position also changes. After multiple optimizations of co-crystal intermolecular structure, 
minimum lattice energy can be obtained. In this section, the mode of co-crystal interaction is 
mainly between NH4

+ of ADN and oxygen atoms of co-crystal guest, according to previous 
calculation results of molecular electrostatic potential.

Then, the polymorph predictive method was used to simulate co-crystal lattice structures 
and a large amount of crystal structures were obtained. The lattice energy and co-crystal density 
values were calculated by placing the relative positions of molecules in the crystal cell 
continuously. This method can well predict the crystal space group, and obtain the predictive 
crystal cell parameters, H-bonding energy, lattice energy and co-crystal density.

Since the Dreiding force field, as a generic force field, can well describe interaction between 
ADN and other energetic molecules,12,13 the Dreiding force field was used in the molecular 
structures and crystal structures optimization processes. Medium quality, clustering option and 
atom-based summation method was selected. Explore torsion degree of freedom and the Pre-
optimization were set to get accurate structures. Ten space groups including P-21/C, P-1, 
P212121, C2/C, P21, PBCA, PNA21, CC, PBCN and C2 were selected. The H-bond energy term in 
the Dreiding force field is given by Eq. 3. 
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Where θDHA is the bond angle between the hydrogen donor (D), the hydrogen (H), and the 
hydrogen acceptor (A), where RDA is the distance between the donor and acceptor atoms. The 
values of Dhb and Rhb depend on the convention for assigning charges.

Most researchers are inclined to think that the lowest crystal lattice energy is the rule of 
selecting crystal structure, and the crystals with the lowest lattice energy are thermodynamically 
most stable compared with crystals of other structures.14 In some cases, the maximum density of 
crystal structure is equal to the lowest energy of crystal structure.15 What needs to be 
emphasized is that the selected structure by crystal structure prediction may be inaccurate 
compared with the experimental values. The experimental structure is hidden generally amongst 
the 100 or so lowest-energy structures.16,17 However, it is convenience to build and select one co-
crystal structure from more than two thousand structures for one kind of co-crystals.

1.4 Water sorption capacity on co-crystal surface
In our previous work,18 water sorption capacity of ADN crystal has been studied, and the 

computational results were in good agreement with the experimental ones. The calculation 
parameters as well as the calculation method of this section are as same as those reported in our 
previous work. Water sorption capacity calculations have its origins in “adsorbed phase” defined 
by Gibbs.19 Gibbs defined the “adsorbed phase” as the actual amount of gas minus the amount 
of gas which would be presented in the same space at the prevailing bulk density of the gas to 
avoid the question: how close to the surface must a molecule be in order to be classified as 
adsorbed. Saturated adsorption capacity was calculated by Eq.4

                               (4)ex ab g an n V 
where nex is the saturated adsorption capacity, nab is called as the absolute adsorption 

capacity, ρg is the density of the equilibrium gas phase, and Va is the volume of adsorbed phase. 
The 2 × 2 × 2 ADN or co-crystals supercell was cleaved with 1.0 factional thickness to create 



the required surfaces. The (100), (010) and (001) crystal faces, which are called basic crystal faces, 
are common and simple crystal surfaces. Basic crystal faces are with low indices of crystal face 
and important parts of crystal surfaces. To avoid the additional free boundary effect, a 10 Å 
vacuum slab and repetitive unit were added by constructing 1 × 1 × 2 supercell. At last, excessive 
vacuum slabs were removed by adjusting crystal lattice parameters. The middle part of the 
model is vacuum slab on behalf of the region of wet air, which is shown in Figure S10-S18 in the 
Supporting Information. The water sorption capacity of ADN increases with the increase of 
temperature and propellants are sometimes used under harsh conditions. Therefore, the 
condition was set as 308.15 K and 50% relative humidity to compare performance of resisting 
water sorption. The ensemble was μVT, in which the chemical potential μ, volume V, and 
temperature T are constant in the simulation process. The Dreiding force field with the Gasteiger 
charges, Ewald and atom-based summation methods for electrostatic and van der Waals 
interactions, respectively, were employed to calculate water sorption heat. 

Since the hygroscopicity of crystal is dominated by the crystal surface, the hygroscopicity of 
co-crystal must be different from pure crystal. Comparing water sorption capacity and water 
sorption heat of different co-crystals, the hygroscopicity of different co-crystals can be 
estimated.18,20 The model and calculation parameters can be used to predict other ADN-based 
energetic co-crystal materials. It is convenient and quick to predict crystal hygroscopicity without 
experiment, which can speed up the research and development of new energetic co-crystal 
materials for tuning physical properties.

1.5 The interaction between water molecule and crystal surface
The interaction between water molecule and crystal surface can be investigated by 

molecular mechanics simulations.21 Based on computational results of water sorption capacity, 
the co-crystals with low water sorption capacity such as CL-20/ADN, HMX/ADN,18C6/ADN are 
used to investigate the interaction between water molecule and crystal surface and verify the 
reliability of water sorption capacity calculations. The calculation method is as follow. Create 
2×2×2 supercell, cleave (1 0 0), (0 1 0) and (0 0 1) crystal surface, and add a vacuum layer of 30 
Angstroms, add one water molecule in the vacuum layer, constrain the crystal plane. Forcite 
optimization is used to optimize the structure of the model. use Dreiding force field and 
Gasteiger calculation method. For the electrostatic force, the Ewald statistical accuracy is 
0.00001 kcal/mol and 0.5 Angstrom is as the edge width. For the van der Waals force, a statistical 
method based on atoms is used, the truncation radius is set as 18.5 Angstroms, the total energy 
convergence is set to 1.0e-4 kcal/mol, and the force convergence is set to 0.005 kcal/mol/A. Due 
to the uneven surface of the crystal, the Eint may have different forces in different surface 
location. Therefore, the place on adding water molecule is set randomly in three time. Then take 
the average of Eint. The energy formula of the surface of the material and the water molecules is 
given by Eq. 5. 

                       (5)int= surf water surf waterE E E E  
The Eint, Esurf+water, Esurf and Ewater refer to the interaction between water molecule and crystal 

surface, the energy of crystal surface, the energy of crystal surface, the energy of water molecule 
respectively.

1.6 Virtual co-crystal screening calculations
Although many possible co-formers may have a good effect on reducing the water sorption 

capacity of ADN crystal, an important question has been proposed: “Whether all possible co-
crystals can be formed experimental successfully?”. Virtual co-crystal screening as a prediction 
tool is used to understand co-crystal formation and molecular interaction, which has been 
experimentally verified. 22,23 The virtual co-crystal which assume some rules of co-crystal 
formation is a promising tool for focusing experimental efforts on the most promising crystal 
formers candidates. Firstly, Etters’ rule assumes two most polar interaction sites can be paired 
very likely. 24,25 Secondly, the energy between co-formers of co-crystal determines probability of 



co-crystal formation. Thirdly, without attention for details of crystal packing, the potential 
interaction sites of two-dimensional structures are major consideration.

Based on molecular electrostatic potential surfaces of two-dimensional structures which is 
used to identify a discrete set of surface site interaction points, the value of the interaction site 
pairing energy difference △E as an important sign gives a good prediction result. Large surveys 
of co-crystals demonstrate that the co-crystals which can be formed must be more stable than 
the pure crystals. The high △E leads to the strong interactions between the two different 
components and formation of co-crystals is a high probability event.

                                  (6)i j
ij
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Where  is the interaction site pairing energy, and are the H-bond donor parameters, E i

and  are the H-bond acceptor parameters, and the sum represents the sum over all j
appropriately paired interaction sites.

                (7)2
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where  and  are local minima and maxima on the MEPS in kJ/mol.minMEP maxMEP
                        (9)cc 1 2nEE E mE   

where is the interaction site pairing energy of the pure form of component 1,  is the 1E 2E
interaction site pairing energy of the pure form of component 2,  is the interaction site ccE
pairing energy of the co-crystal of stoichiometry 1n2m .As our research assumed, ADN and 
formers can be formed as the stoichiometry 1:1. Therefore, the parameters n, m in Eq.9 are set 
as 1.
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The Eq.10 is fitted from the caffeine and carbamazepine co-crystal data. When the -△E of 

co-crystals are more than 11kJ/mol, it is 50% probability that the co-crystals can be formed.22 
When △E are less than 0 kJ/mol, the co-crystals are inaccessible formed from the view of 
stability and thermodynamics. The larger -△E is, the more likely possibility of co-crystal 
formation is. Owe to uncertain experimental formation stoichiometry, the positive-negative 
judgment is used to evaluate the possibility of co-crystals and the P value is not given in the text.



2. Figure captions

2.1 Scatter diagrams of lattice energy and density of co-crystal
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Figure S1. Scatter diagrams of lattice energy and density of co-crystal of ADN/CL-20
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Figure S2. Scatter diagrams of lattice energy and density of co-crystal of ADN/BTF
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Figure S3. Scatter diagrams of lattice energy and density of co-crystal of ADN/HMX
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Figure S4. Scatter diagrams of lattice energy and density of co-crystal of ADN/TNT
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Figure S5. Scatter diagrams of lattice energy and density of co-crystal of ADN/ETN
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Figure S6. Scatter diagrams of lattice energy and density of co-crystal of ADN/RDX
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Figure S7. Scatter diagrams of lattice energy and density of co-crystal of ADN/TNB
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Figure S8. Scatter diagrams of lattice energy and density of co-crystal of ADN/MATNB
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Figure S9. Scatter diagrams of lattice energy and density of co-crystal of ADN/TNAZ 



2.2 Predictive packing diagrams of co-crystals

Figure S10. Predictive packing diagrams of ADN/CL-20 co-crystal

Figure S11. Predictive packing diagrams of ADN/BTF co-crystal

Figure S12. Predictive packing diagrams of ADN/HMX co-crystal



Figure S13. Predictive packing diagrams of ADN/TNT co-crystal

Figure S14. Predictive packing diagrams of ADN/ETN co-crystal

Figure S15. Predictive packing diagrams of ADN/RDX co-crystal



Figure S16. Predictive packing diagrams of ADN/TNB co-crystal

Figure S17. Predictive packing diagrams of ADN/MATNB co-crystal

Figure S18. Predictive packing diagrams of ADN/TNAZ co-crystal



2.3 The lowest energy water sorption frames of co-crystal surfaces

Figure S19. The lowest energy water sorption frames of (1 0 0), (0 1 0), (0 0 1) ADN/CL-20 co-

crystal surfaces 

Figure S20. The lowest energy water sorption frames of (1 0 0), (0 1 0), (0 0 1) ADN/BTF co-crystal 

surfaces

Figure S21. The lowest energy water sorption frames of (1 0 0), (0 1 0), (0 0 1) ADN/HMX co-



crystal surfaces

Figure S22. The lowest energy water sorption frames of (1 0 0), (0 1 0), (0 0 1) ADN/TNT co-

crystal surfaces

Figure S23. The lowest energy water sorption frames of (1 0 0), (0 1 0), (0 0 1) ADN/ETN co-

crystal surfaces

Figure S24. The lowest energy water sorption frames of (1 0 0), (0 1 0), (0 0 1) ADN/RDX co-

crystal surfaces



Figure S25. The lowest energy water sorption frames of (1 0 0), (0 1 0), (0 0 1) ADN/TNB co-

crystal surfaces

Figure S26. The lowest energy water sorption frames of (1 0 0), (0 1 0), (0 0 1) ADN/MATNB co-

crystal surfaces

Figure S27. The lowest energy water sorption frames of (1 0 0), (0 1 0), (0 0 1) ADN/TNAZ co-

crystal surfaces



3. Table captions

Table S1. ADN and selected guests’ detonation properties1-4

Energetic 
Materials

Density
(g/cm3) Vd (km/s) Pd (GPa)

OB
(%)

OBAC
(%)

Vgas

(cm3/g)

ADN 1.811 8.07c1 23.72c1 25.81 9871

CL-20(ε) 2.041 9.66e1 42.0c2 -11.01 -2.85 8271

BTF 1.862 8.5e2 36.0e2 -38.12 -17.02 3602

HMX 1.911 9.32c1 39.63c1 -21.61 -7.62 8861

TNT 1.651 6.88e1 19.53e1 -74.01 -38.73 7381

ETN 1.703 8.03e3 - 5.34 11.26 7043

RDX 1.821 8.98c1 35.17c1 -21.61 -4.62 9031

TNB 1.692 7.42e4 26.03e4 -56.34 -26.10 6004

MATNB 1.684 - - -72.684 -39.32 -

TNAZ 1.841 9.01c1 36.37c1 -16.71 -12.69 8771

Notes: Vd：detonation velocity. Pd：detonation pressure, OB：oxygen balance. OBAC: oxygen 
balance after 1:1 cocrystallization. Vgas: gas formed by 1 g energetic materials at pressure of 1 bar.
The c represents the computational values. The e represents experimental values.



Table S2. The computational details of oxygen balance after 1:1 cocrystallization

co-crystal materials a b c N Mr oxygen balance

ADN/CL-20 6 10 16 17 562.06 -2.85

ADN/BTF 6 4 10 11 376.06 -17.02

ADN/HMX 4 12 12 13 420.21 -7.62

ADN/TNT 7 9 10 8 351.19 -38.73

ADN/ETN 4 10 16 9 426.16 11.26

ADN/RDX 3 10 10 11 346.17 -4.62

ADN/TNB 6 7 10 8 337.16 -26.10

ADN/MATNB 7 10 10 9 366.20 -39.32

ADN/TNAZ 4 9 10 8 315.16 -12.69

Notes: a, b, c, N are the numbers of C, H, O, N atoms in one molecule, respectively. Mr represents 

the relative molecular mass.



Table S3. The computational details of water sorption capacity and sorption heat on ADN basic crystal faces and co-crystal faces

ADN and ADN-based 

co-crystals

vacuum slab 

(nm)

a

(Å)

b

(Å)

c

(Å)

α 

(°)

β 

(°)

γ

(°)

surface 

area

(nm2)

model 

density

(g/cm3)

model 

volume

(Å)

mass

(g)

adsorbed 

phase

volume 

(cm3/g)

number of adsorbed 

water molecules

nab

(mol/g)

nex

(mol/g)

water sorption 

capacity

(%)

wet air 

density

(g/cm3)

average adsorption 

heat（kcal/mol）

adsorption heat 
distribution

（kcal/mol）

ADN 1 0 0 1 23.574 11.228 36.584 90 90 90 2.65 1.36 9683.28 1.318*10-20 0.200 66 8.315*10-3 8.088*10-3 14.56 1.13*10-3 21.846 3.412-35.712

ADN 0 1 0 1 11.228 13.828 54.734 90 90 100.4 1.55 1.07 12330.20 1.318*10-20 0.105 31 3.906*10-3 3.787*10-3 6.82 1.13*10-3 19.315 1.012-25.812

ADN 0 0 1 1 13.828 23.574 37.911 90 90 90 3.26 1.07 12358.30 1.318*10-20 0.405 102 1.285*10-2 1.239*10-2 22.3 1.13*10-3 20.771 1.912-36.912

CL-20ADN 1 0 0 1 29.37 20.45 42.31 90 90 93.12 6.01 1.18 25367.00 2.986*10-20 0.347 37 2.058*10-3 1.666*10-3 3.00 1.13*10-3 11.66 -0.088-16.632

CL-20ADN 0 1 0 1 20.45 17.05 55.97 90 90 95.55 3.49 1.54 19419.30 2.986*10-20 0.132 16 8.898*10-4 7.406*10-4 1.33 1.13*10-3 11.719 -1.288-16.712

CL-20ADN 0 0 1 1 29.37 20.45 42.31 90 90 93.12 6.01 1.38 21585.40 2.986*10-20 0.203 25 1.390*10-3 1.161*10-3 2.09 1.13*10-3 11.876 -0.888-18.212

BTF ADN 1 0 0 1 6.95 36.07 100.82 90 90 90 2.51 1.58 25278.00 3.996*10-20 0.118 132 5.485*10-3 5.352*10-3 9.63 1.13*10-3 40.461 3.912-79.112

BTF ADN 0 1 0 1 36.07 42.00 26.25 90 90 90 15.15 1.01 39756.20 3.996*10-20 0.485 408 1.695*10-2 1.640*10-2 29.52 1.13*10-3 20.442 1.312-36.912

BTF ADN 0 0 1 1 42.00 6.95 86.32 90 90 90 2.92 1.59 25205.60 3.996*10-20 0.112 131 5.444*10-3 5.317*10-3 9.57 1.13*10-3 35.02 4.412-62.212

HMX ADN 1 0 0 1 27.54 15.94 41.94 90 90 93.91 4.39 1.22 18369.90 2.232*10-20 0.268 24 1.786*10-3 1.483*10-3 2.67 1.13*10-3 11.01 0.112-15.712

HMX ADN 0 1 0 1 15.94 15.97 62.08 90 90 75.34 2.55 1.46 15294.20 2.232*10-20 0.127 3 2.232*10-4 7.969*10-5 0.14 1.13*10-3 8.53 0.012-11.612

HMX ADN 0 0 1 1 15.97 27.54 40.68 90 90 100.78 4.40 1.27 17576.90 2.232*10-20 0.243 21 1.562*10-3 1.287*10-3 2.32 1.13*10-3 10.99 -0.588-15.012

TNT ADN 1 0 0 1 27.24 22.71 37.29 90 90 72.61 6.19 0.85 22006.50 1.866*10-20 0.624 63 5.606*10-3 4.901*10-3 8.82 1.13*10-3 13.115 -0.288-20.512

TNT ADN 0 1 0 1 22.71 9.38 67.69 90 90 88.86 2.13 1.29 14410.30 1.866*10-20 0.2 34 3.026*10-3 2.800*10-3 5.04 1.13*10-3 14.846 -0.512-20.712

TNT ADN 0 0 1 1 9.38 27.24 53.56 90 90 83.19 2.56 1.37 13583.30 1.866*10-20 0.147 18 1.602*10-3 1.436*10-3 2.58 1.13*10-3 12.614 -0.512-19.412

ETN ADN 1 0 0 1 17.157 16.41 58.55 90 90 101.64 2.82 1.4 16141.80 2.265*10-20 0.15 77 5.645*10-3 5.476*10-3 9.86 1.13*10-3 20.88 1.312-33.512

ETN ADN 0 1 0 1 16.41 25.96 44.39 90 90 72.06 4.26 1.26 17987.50 2.265*10-20 0.246 111 8.138*10-3 7.860*10-3 14.15 1.13*10-3 18.40 1.512-33.012

ETN ADN 0 0 1 1 25.96 17.16 51.78 90 90 102.85 4.45 1.01 22488.50 2.265*10-20 0.452 164 1.202*10-2 1.151*10-2 20.72 1.13*10-3 17.93 1.512-34.812

RDX ADN 1 0 0 1 20.617 16.666 45.562 90 90 85.04 3.44 1.18 15597.10 1.840*10-20 0.293 39 3.520*10-3 3.189*10-3 5.74 1.13*10-3 12.991 0.412-18.712

RDX ADN 0 1 0 1 16.666 17.226 51.17 90 90 79.497 2.87 1.27 14444.40 1.840*10-20 0.238 20 1.805*10-3 1.536*10-3 2.76 1.13*10-3 11.563 -0.188-18.212

RDX ADN 0 0 1 1 17.226 24.04 38.188 90 90 73.79 4.14 1.21 15185.40 1.840*10-20 0.264 22 1.985*10-3 1.687*10-3 3.04 1.13*10-3 11.956 0.112-17.612



TNB ADN 1 0 0 1 30.45 17.49 46.96 90 90 90 5.33 1.43 25007.40 3.584*10-20 0.162 35 1.622*10-3 1.439*10-3 2.59 1.13*10-3 10.74 1.012-14.612

TNB ADN 0 1 0 1 17.49 18.94 76.33 90 90 73.84 3.31 1.48 24285.20 3.584*10-20 0.144 47 2.178*10-3 2.015*10-3 3.63 1.13*10-3 14.915 1.312-23.412

TNB ADN 0 0 1 1 18.94 30.45 47.31 90 90 90 5.77 1.31 27280.10 3.584*10-20 0.233 65 3.012*10-3 2.749*10-3 4.95 1.13*10-3 14.269 1.212-22.212

MATNB ADN 1 0 0 1 34.866 14.259 56.375 90 90 90 4.97 1.39 28026.38 1.946*10-20 0.285 44 3.755*10-3 3.433*10-3 6.18 1.13*10-3 12.861 0.112-17.912

MATNB ADN 0 1 0 1 14.259 23.487 81.241 90 90 90 3.35 1.46 26714.60 1.946*10-20 0.195 25 2.133*10-3 1.913*10-3 3.44 1.13*10-3 15.257 0.012-22.612

MATNB ADN 0 0 1 1 25.059 34.866 43.084 90 90 90 8.74 1.03 37643.60 1.946*10-20 0.797 69 5.888*10-3 4.987*10-3 8.98 1.13*10-3 12.164 -0.988-19.012

TNAZ ADN 1 0 0 1 17.31 13.76 54.68 90 90 72.92 2.38 1.35 12447.20 1.675*10-20 0.155 22 2.181*10-3 2.006*10-3 3.61 1.13*10-3 13.71 0.512-18.512

TNAZ ADN 0 1 0 1 13.76 22.68 43.13 90 90 95.51 3.12 1.25 13394.50 1.675*10-20 0.224 27 2.677*10-3 2.424*10-3 4.36 1.13*10-3 13.24 0.012-17.712

TNAZ ADN 0 0 1 1 22.68 18.68 44.41 90 90 97.29 4.24 0.92 18246.40 1.675*10-20 0.531 49 4.858*10-3 4.258*10-3 7.66 1.13*10-3 12.84 -0.788-20.712

Notes: 
1. a, b, c, α, β, γ, vaccum slab, model volume, model density are model parameters, and the surface area was calculated as a b. The mass was calculated ×
according to the number of molecules in the model and avogadro's constant.
2. Wet air density was calculated by a simple empirical equation , where ρ is the density of air (g/cm3), φ is the relative humidity  =0.0034843 0.3779 /SP P T 
(%), Ps is the partial pressure of saturated vapor (Pa), T is the temperature(K), P is the total pressure of wet air(Pa). The equation was obtained from a Chinese 
reference published in Mining Safety & Environmental Protection, 2005, 32(4), 49-51. The authors constructed a math model and calculated wet air densities which 
were compared with the densities of real wet air.



Table S4. The computational details of the interaction between water molecule and crystal 
surface

Crystal surface

Total 
energy 

(kcal/mol
)

Water 
energy 

(kcal/mol)

Crystal 
surface 
energy 

(kcal/mol)
Eint

(kcal/mol)
Average Eint

 (kcal/mol)
11401.69 4.46 11456.65 -59.41
11401.69 4.46 11456.65 -59.41100
11401.69 4.46 11456.65 -59.41

-59.41

14118.47 6.36 14182.07 -69.96
14118.47 6.36 14182.07 -69.96010
14117.34 6.09 14182.07 -70.82

-70.25

9887.15 3.02 9932.09 -47.96
9889.18 2.55 9932.09 -45.46

ADN

001
9889.18 2.55 9932.09 -45.46

-46.30

-1591.78 0.28 -1574.08 -17.98
-1592.20 0.37 -1574.08 -18.49100
-1593.25 0.42 -1574.08 -19.59

-18.69

-1210.70 0.59 -1192.46 -18.84
-1210.70 0.59 -1192.46 -18.83010
-1211.46 0.63 -1192.46 -19.64

-19.10

-1621.52 0.24 -1604.84 -16.92
-1624.88 0.36 -1604.84 -20.41

ADN/HMX 

001
-1620.85 0.39 -1604.84 -16.41

-17.91

-2351.67 0.19 -2339.16 -12.70
-2356.00 0.33 -2339.16 -17.17100
-2357.91 0.30 -2339.16 -19.06

-16.31

-2658.94 0.58 -2638.65 -20.87
-2656.68 0.40 -2638.65 -18.43010
-2656.29 0.44 -2638.65 -18.08

-19.13

-2457.69 0.42 -2438.54 -19.57
-2454.84 0.38 -2438.54 -16.69

ADN/CL-
20 

001
-2458.64 0.32 -2438.54 -20.42

-18.89



Table S5. The parameters and value of the interaction site pairing energy difference of ADN/DPO 
based on virtual co-crystal screening method

E Ecc △EEnergetic 
Material

s

Vs,max 
(kcal/mol

) α

Vs,min

(kcal/mol
) β （kJ/mol）

Molar 
stoichiometr

y （kJ/mol） （kJ/mol）

1:1 -24.23 -0.93
DPO 41.13 2.14 -36.11 4.74 -10.12

2:1 -48.45 -11.97

Notes: Vs,max :the maximum of  molecular electrostatic potential. Vs,min: the minimum of 
molecular electrostatic potential. α:H-bond donor parameters. β: H-bond acceptor parameters. 
Ecc：the interaction site pairing energy of the co-crystal of stoichiometry 1n2m. △E: the value of 
the interaction site pairing energy difference.



4. Calculations related to ADN/18C6 co-crystal

According to the computational method above, the 18C6 crown ether is used to investigate 
the hygroscopicity of co-crystals. Because 18C6 crown ether belong to non-energetic materials 
with bad detonation performance and the application of ADN/18C6 co-crystal is hard, this 
section is put into the Supporting information. However, it is great and accessible to study on the 
hygroscopicity of co-crystal and verify our calculation method. The ADN/18C6 co-crystal has been 
experimental prepared successfully, which is from the Chinese reference: Preparation and 
Characterization of ADN/18C6 co-crystal, Chinese Journal of energetic materials, 2018, 26, 545-
548. 
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Figure S28. Scatter diagrams of lattice energy and density of co-crystal of ADN/18C6

Figure S29. The predictive crystal structure of ADN/18C6



Table S6. The computational and experimental crystal parameters, density of ADN/18C6

Space 

group
V(Å3) A(Å) B(Å) C(Å) α(°) β(°) γ(°)

ρ

（g/cm3

）

Type

P-1 1019 11.03 10.88 10.82 66.21 60.99 87.87 1.27
Computation

al-Dreiding

C2/C 3869.3 23.94 8.63 20.32 90 112.87 90 1.33
experimenta

l

The predictive crystal structure is difference from the experimental crystal structure, and 
this difference could be caused by infeasible force field for 18C6 crown ether or caused by the 
hidden experimental structure. However, the predive density of 18C6/ADN co-crystal is 
1.27g/cm3 which is closed to the experimental density 1.33g/cm3. Additionally, the experimental 
interaction is similar to predicted interaction. Next, as the Figure S7 shows, the computational 
water capacity has verified that 18C6 crown ether as co-crystal co-former can tun the 
hygroscopicity effectively. As the Table S7 and Equation 11, 14 shows the water sorption capacity 
can be tuned from 18.32% to 0.54% under 35℃, 50% relative humidity.From the view of 
experiments, the formation of ADN/18C6 make water sorption capacity rate of ADN reduce from 
18% to 1.2% under 30℃, 80% relative humanity. The Y-axis data of Fig.5 is from Table S8 and 
Table S4. The X-axis data of Fig.5 is from BFDH crystal morphology prediction of co-crystal and 
water total sorption capacity calculations below. As the Table S9 shows, the △E of ADN/18C6 is -
24.45 kcal/mol, which reveals that the co-crystal of ADN/18C6 can be prepared very likely, and it 
has been prepared experimentally.

Table S7. Water sorption capacity and adsorption heat ADN/18C6 co-crystal basic faces

ADN and 
ADN-based 
Co-crystals

Index of 
crystal face

Number of 
adsorbed 

water 
molecules

Water 
sorption 

capacity (%)

Average 
sorption heat
（kcal/mol）

Sorption heat 
distribution
（kcal/mol）

18C6 (1 0 0) 9 0.62 9.6 -0.29-13.41
(0 1 0) 15 1.46 10.73 -0.19-14.81
(0 0 1) 4 0 8.49 -0.29-10.71



Table S8. The computational details of the interaction between water molecule and ADN/18C6 
co-crystal surface

Co-crystal surface

Total 
energy 

(kcal/mol
)

Water 
energy 

(kcal/mol)

Crystal 
surface 
energy 

(kcal/mol)
Eint

(kcal/mol)
Average Eint

 (kcal/mol)
367.65 0.25 379.84 -12.41
369.12 0.22 379.84 -10.94100
365.49 0.32 379.84 -14.68

-12.69

571.55 0.36 587.94 -16.76
576.78 0.20 587.94 -11.36010
572.22 0.23 587.94 -15.95

-14.69

-104.12 0.31 -87.44 -16.99
-97.89 0.19 -87.44 -10.64

ADN/18C6

001
-104.12 0.31 -87.44 -16.99

-14.87

Table S9. The parameters and value of the interaction site pairing energy difference of ADN/18C6 
based on virtual co-crystal screening method 

E Ecc △E
Co-crystal 
co-former

Vs,max 
(kcal/mol) α

Vs,min

(kcal/mol
) β （kJ/mol）

Stoichiometr
y （kJ/mol） （kJ/mol）

18C6 14.18 0.63 -61.05 11.90 -7.47 1:1 -42.10 -21.45

Notes: Vs,max :the maximum of  molecular electrostatic potential. Vs,min: the minimum of 
molecular electrostatic potential. α:H-bond donor parameters. β: H-bond acceptor parameters. 
Ecc：the interaction site pairing energy of the co-crystal of stoichiometry 1n2m. △E: the value of 
the interaction site pairing energy difference.



5. Predicted ADN/CL-20, ADN/HMX, ADN/18C6 co-crystal morphology by BFDH 

method and water total sorption capacity

After screening co-crystal co-formers, for evaluating the effect of reducing hygroscopicity 
accurately, a specify computational number is better than computational scope. Therefore, the 
problem related to water sorption capacity of co-crystal is simplified. First, BFDH method is used 
to predict crystal morphology. By the BFDH method, the co-crystal morphology can be predicted, 
the results of co-crystal is shown in the Table S10 and ADN crystal morphology prediction was 
listed in the reference 18.

Table S10. Results of ADN/CL-20, ADN/HMX, ADN/18C6 co-crystal morphology by the BFDH 
method.

Crystal Indices of 
crystal face

Multiplicity dhkl

(Å)
Distance

(Å)
Total facet area 

(%)
ADN/CL-20 (0 1 0) 2 11.73 8.53 35.57

(0 0 1) 2 10.08 9.93 27.36

(1 -1 0) 2 8.48 11.79 25.13

(0 1 -1) 2 8.23 12.15 6.58

(1 -2 0) 2 6.96 14.36 1.07

(1 -1 -1) 2 6.83 14.64 3.81

(1 0 -1) 2 6.10 16.39 0.47

ADN/HMX (0 1 0) 2 13.52 7.40 44.92

(0 0 1) 2 7.71 12.97 21.55

(1 0 0) 2 7.61 13.15 15.71

(1 -1 0) 2 7.19 13.91 7.44

(0 1 -1) 2 6.76 14.79 0.89

(1 0 1) 2 6.23 16.04 6.00

(1 -1 1) 2 6.04 16.54 3.50

ADN/18C6 (0 1 0) 1 19.52 5.12 11.69

(0 -1 0) 1 19.52 10.25 11.69

(1 0 0) 1 9.46 10.57 10.67

(-1 0 0) 1 9.46 10.57 10.67

(1 0 1) 1 9.04 11.07 9.03

(-1 0 -1) 1 9.04 11.07 9.03

(0 1 1) 1 8.54 11.71 7.295

(0 -1 -1) 1 8.54 11.71 7.295

(0 0 1) 1 8.49 11.77 5.63

(0 0 -1) 1 8.49 11.77 5.63

(1 1 1) 1 7.81 12.81 3.34

(-1 -1 -1) 1 7.81 12.81 3.34

(1 -1 0) 1 7.58 13.19 2.34

(-1 1 0) 1 7.58 13.19 2.34



Table S11. The computational water sorption capacity of ADN/CL-20, ADN/HMX, ADN/18C6 co-
crystal surface

Co-crystals Indices of 
crystal face

Number of 
adsorbed water 

molecules

Water sorption 
capacity（%）

Average 
adsorption heat
（kcal/mol） 

Adsorption heat 
distribution
（kcal/mol）

ADN/CL-20 (1 0 0) 37 3.00 11.66 -0.09-16.63
(0 1 0) 16 1.33 11.72 0.29-16.71

(0 0 1) 25 2.09 11.88 -0.89-18.21

(1 -1 0) 62 5.47 12.91 0.012-19.01

(0 1 -1) 41 3.42 11.80 0.91-17.61

(1 -2 0) 47 3.78 11.54 -0.39-16.51

(1 -1 -1) 50 4.05 11.89 0.41-17.91

(1 0 -1) 37 2.70 10.9 -1.39-15.91

ADN/HMX (1 0 0) 24 2.67 11.01 0.11-15.71

(0 1 0) 3 0.14 8.53 0.01-11.61

(0 0 1) 21 2.32 10.99 -0.58-15.01

(1 -1 0) 33 3.72 12.47 0.91-18.11

(0 1 -1) 34 3.87 12.50 0.81-17.31

(1 0 1) 17 1.61 10.82 0.41-15.41

(1 -1 1) 52 5.80 12.63 -0.09-21.41

ADN/18C6 (1 0 0) 10 0.76 9.53 -0.90-13.20

(0 1 0) 16 1.59 10.64 -0.40-14.60

(0 0 1) 5 0.06 8.43 -1.30-10.80

(1 0 1) 5 0.14 8.49 -0.10-12.00

(0 1 1) 8 0.51 7.57 -0.40-10.70

(1 1 1) 18 1.18 9.23 -0.80-14.20

(1 -1 0) 15 0.44 9.19 -0.70-13.20

Then, it is supposed that the hygroscopicity of crystal is originated from the hygroscopicity 
of different crystal surface. It can be express as Eq.11, where the ,  refers to the percent of i iW
crystal surface area and the computational water sorption capacity of crystal surface, 
respectively.

                               (11)i i( )W W 
The computational process of the water total sorption capacity of ADN, ADN/CL-20, 

ADN/HMX, ADN/18C6 co-crystal are expressed as respectively.
(12)

i i
21.53 14.56 20.10 11.82 20.61 21.26 29.50 21.46 8.26 25.33( ) 18.32%

100ADNW W         
   

 (13)
/ 20 i i

35.57 1.33 27.36 2.09 25.13 5.47 6.58 3.42 1.07 3.78 3.81 4.05 0.47 2.70( )= =2.85%
100ADN CLW W

            
 

 (14)
/ i i

44.92 0.14 21.55 2.32 15.71 2.67 7.44 3.72 0.89 3.87 6.00 1.61 3.50 5.80( )= =1.59%
100ADN HMXW W             

 

 (15)
/18 6 i i

11.69 2 1.46 10.67 2 0.62 9.03 2 0.01 7.295 2 0 5.63 2 0 3.34 2 0.92 2.34 2 0( )= =0.54%
100ADN CW W                    

 

The Y-axis data of Figure 5 is from this section.
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