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Factors influencing hydrogen peroxide versus water inclusion in molecular 

crystals  

Ren A. Wiscons,a Rahul Nikhar,b Krzysztof Szalewicz,b and Adam J. Matzger *a 

Hydrate formation is often unavoidable during crystallization, leading to performance degradation of pharmaceuticals and 

energetics. In some cases, water molecules trapped within crystal lattices can be substituted for hydrogen peroxide, 

improving the solubility of drugs and detonation performance of explosives. The present work compares hydrates and 

hydrogen peroxide solvates in two ways: 1) analyzing structural motifs present in crystal structures accessed from the 

Cambridge Structural Database and 2) developing potential energy surfaces for water and hydrogen peroxide interacting 

with functional groups of interest at geometries relevant to the solid state. By elucidating fundamental differences in local 

interactions that can be formed with molecules of hydrogen peroxide and/or water, the analyses presented here provide a 

foundation for the design and selection of candidate molecules for the formation of hydrogen peroxide solvates.

1. Introduction 

The formation of crystalline hydrates is a ubiquitous 

phenomenon in solid-state chemistry. Hydrates are crystalline 

materials in which molecules of water occupy defined positions 

within the crystal lattice, whether an isolated site or a channel.1 

Though the propensity to form hydrates can be exploited 

productively in salt-based desiccants, such as MgSO4 and CaCl2, 

the impact of hydrate formation on properties relevant to the 

performance of pharmaceuticals1 and energetic materials2,3 is 

almost always deleterious. Hydrates often show inferior 

aqueous solubility when compared to the corresponding 

anhydrate due to partial solvation in the hydrate form;1,4 the 

formation of hydrates is accompanied by an increase in 

hydrogen bonding interactions that can stabilize the undesired 

hydrate form and reduce bioavailability of active 

pharmaceutical ingredients. However, hydrate formation 

during manufacturing, production, and storage often cannot be 

avoided. Despite the well-precedented negative impact on 

bioavailability, ~20% of top drugs are crystalline hydrate forms.1 

Unintended hydrate formation also occurs in the area of 

explosives, where performance degradation is inevitable. In 

fact, we are aware of no hydrates of explosives that are fielded 

in any significant application. As an example, 5,5’-dinitro-

2H,2H’-3,3’-bi-1,2,4-triazole (DNBT) can exist in an 

unprecedented six hydration states and the performance of 

each of these forms is reduced by the decrease in crystal density 

imparted by hydrate formation;3 DNBT has yet to see use in 

commercial or military applications.  

Hydrates make up more than 28% of all multicomponent 

organic crystal structures published in the Cambridge Structural 

Database (CSD), only 10% less than all other solvate forms 

combined.5 The high occurrence of crystalline hydrates is due 

not only to the ubiquity of water during crystallization, but also 

the molecular structure of water itself, which offers both strong 

hydrogen bond donating and accepting sites in a compact 

molecule capable of occupying relatively small voids within a 

crystal. Recently, the detonation performance of the energetic 

2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazoisowurtzitane 

(CL-20) was improved through substitution of waters occupying 

structural cavities within α-CL-20 (CL-20 hydrate) for hydrogen 

peroxide, increasing the crystallographic density and improving 

the balance of fuel and oxidant.2,6 Similarly, the antifungal 

miconazole forms a hydrogen peroxide solvate with improved 

aqueous solubility relative to both the hydrate and anhydrate 

forms in citrate-phosphate buffer.7 However, the difficulty in 

applying hydrogen peroxide solvation as a general strategy to 

improve solid-state properties is that there is not yet a 

quantitative understanding of intermolecular interactions 

between hydrogen peroxide and functional groups to the 

extent that there is for water.  

One route towards identifying systems likely to form 

hydrogen peroxide solvates is to substitute molecules of water 

in known hydrate crystal structures for molecules of hydrogen 

peroxide to form a structurally similar hydrogen peroxide 

solvate (i.e., isomorphous/isostructural replacement).8 

Isomorphous substitution of water molecules for molecules of 

hydrogen peroxide has been investigated in depth for small 

molecules published in the CSD, leading to a list of conditions 

necessary to produce hydrogen peroxide solvates isomorphous 

to the parent hydrate crystal structure.8 However, while there 

are several examples in which molecules of water have been 
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substituted to produce structurally-related hydrogen peroxide 

solvates, not all peroxide solvates are crystallographically 

isomorphous to their parent hydrates. Hydrogen peroxide 

solvates that are not isomorphous to the hydrate form of the 

parent compounds can better exclude water as the conversion 

to the corresponding hydrate would require reorganization of 

the crystal lattice. As a result, hydrogen peroxide solvates that 

are not isomorphous to the hydrate form of the parent 

compound are predicted to provide solubility advantages for 

pharmaceuticals, lowered hygroscopicity of salt solvates, and 

improved detonation performance for energetics. Additionally, 

compounds that produce hydrogen peroxide solvates that lack 

isomorphous hydrates, such as urea and melamine, may be 

crystallized selectively from dilute hydrogen peroxide solutions 

with minimal incorporation of water.8 These advantages further 

motivate the development of hydrogen peroxide solvate design 

criteria that do not rely on crystallographic isomorphism.  

Here we present strategies towards designing hydrogen 

peroxide solvates grounded in interaction energy differences 

between water or hydrogen peroxide and functional groups of 

interest. This is achieved by determining interaction enthalpies 

between water or hydrogen peroxide and various functional 

groups at points on potential energy surfaces (PESs) 

representing crystallographically-relevant interaction 

geometries. From these interaction enthalpy differences, we 

have developed actionable strategies to filter and target 

coformers with a high probability of forming hydrogen peroxide 

solvates selectively. This study is organized in the following 

sections: Section 2.1 compares interaction geometries between 

hydrogen peroxide or water and various functional groups 

extracted from representative crystal structures obtained from 

the CSD and Section 2.2 compares interaction energies between 

water or hydrogen peroxide with several model molecules 

(methanol,  formamide, pyridine-N-oxide, nitromethane, 

methylamine, and imidazole) at  dimer configurations selected 

to represent the experimental crystallographic geometries. The 

results of these studies include actionable recommendations of 

functional groups likely to favor hydrogen peroxide solvate 

formation. 

2. Results and Discussion 

2.1 Crystallographic interaction geometries  

Interaction selectivities in crystals arise mainly from 

differences in interaction energies. For example, a difference in 

interaction energy of 1.36 kcal mol-1 leads to a 10:1 selectivity 

advantage in favor of the more thermodynamically stable 

interaction. For this reason, calculating the interaction energies 

of water or hydrogen peroxide with specific functional groups 

can provide a prediction for whether a compound is more or 

less selective for interaction with hydrogen peroxide over 

water. However, interaction energies are sensitive to the 

interaction geometry and relatively small changes in geometry 

can lead to energy differences on the order of a few kcal mol-1, 

necessitating careful selection of interaction geometries for 

comparison. The interaction geometries present in crystal 

structures represent a compromise between several 

thermodynamic contributions, such as competing local 

interactions, steric constraints, and long-range packing forces. 

Due to the additional interaction sites offered by a molecule of 

hydrogen peroxide compared to a molecule of water, the 

interactions involving hydrogen peroxide in the solid state are 

subject to competition with a greater number of local 

interactions, leading to individual interaction geometries that 

are expected to be further from gas-phase geometries than 

those observed for water in the solid state. For these reasons, 

computational determination of interaction enthalpies for 

water or hydrogen peroxide with model molecules at gas-phase 

global minimum geometries yields values which may not be 

appropriate estimates of interaction selectivities in the solid 

state. A more relevant approach is to compute interaction 

energies between water or hydrogen peroxide and model 

compounds at dimer configurations that represent average 

crystallographic geometries. These configurations are not, in 

general, minima on the PESs. 

In order to develop design principles for the discovery of 

hydrogen peroxide solvates based on interaction selectivities, 

hydrogen bonding enthalpies at crystallographically relevant 

geometries must be determined. Such geometries were found 

by measuring average intermolecular interaction distances and 

approach angles between molecules of water or hydrogen 

peroxide and select functional group classes from crystal 

structures deposited in the CSD (November 2018, v.5.40) and 

filtered using a combination of IsoStar (2018, v2.3) and 

substructure similarity searches using ConQuest (v2.0.0) 

offered through the Cambridge Crystallographic Data Centre. 

The statistics presented in this study are based on 179 

interaction geometries in 136 crystal structures (see Supporting 

Information, SI). Each crystal structure was inspected for 

structure quality and disorder prior to measurement. Given the 

uncertainty associated with locating hydrogen atoms by single-

crystal X-ray diffraction (SCXRD), all hydrogen bonding distances 

were measured as donating heteroatom⋯accepting 

heteroatom, d(O⋯O/N). Specific geometric parameters were 

measured to describe the interaction approach angle and 

direction with the goal of determining an average interaction 

geometry between water or hydrogen peroxide and target 

functional groups in the solid state. Discussion of measured 

functional groups is divided into two sections: oxygen-

containing (Section 2.1(a)) and nitrogen-containing (Section 

2.1(b)) hydrogen bond accepting groups. Following these two 

sections is a brief discussion comparing the relative hydrogen 

bond accepting strengths of water and hydrogen peroxide 

(Section 2.1(c)). 

 

2.1(a). Oxygen-containing hydrogen bond accepting groups. The 

most diverse class of functional groups measured for this study 

is comprised of oxygen atom-containing hydrogen bond 

accepting groups. This class includes aliphatic and aromatic 

alcohol (as a hydrogen bond acceptor), carbonyl, N-oxide, and 

nitro groups. The results of this study are listed in Tables S2-S8 

and summarized in Table S13. In addition, Table S1 shows 
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results for alcohols interacting as donors with water (these 

results will not be discussed in what follows). On average, 

hydrogen peroxide shows shorter d(O⋯O) contacts than does 

water, with the exception of the nitro group, for which the 

respective distances are 2.889(8) and 3.037 Å. Because there is 

only one ordered interaction example between nitro groups 

and hydrogen peroxide in the CSD, no average is involved in this 

case (a quantitative geometric description of this structure is 

given in Table S13 of the SI). As a hydrogen bond donor, 

hydrogen peroxide shows an average interaction distance 

(standard errors of the mean are given in parentheses) to 

alcohol, carbonyl, and N-oxide groups of 2.75(8), 2.72(5), and 

2.70(1) Å, while the corresponding distances for water are 

2.775(2), 2.808(9), and 2.752(2) Å. The shorter distances for 

hydrogen bonds donated by hydrogen peroxide relative to 

water are consistent with the increase in acidity of hydrogen 

peroxide (pKa = 11.6)9 relative to water (pKa = 14.0)10 and is 

predictive of larger interaction enthalpies. 

 In addition to interaction distances, the approach angles and 

dihedrals defining the interaction geometries between water or 

hydrogen peroxide and the various functional groups were also 

measured. The geometric measurements are consolidated into 

three angular/dihedral parameters (Figure 1) in 3D space to 

illustrate the dispersity of approach geometries tabulated from 

crystal structures for each functional group with water and 

hydrogen peroxide. The degree of clustering of data points on 

the 3D plots is indicative of the specificity along the measured 

angular and/or torsional parameters used to define the 

approach of water or hydrogen peroxide to each functional 

group. For example, the 3D interaction plot summarizing the 

approach geometries of water and hydrogen peroxide to 

alcohol functional groups shows that the ∠(C-O⋯O) approach 

angle exhibits relatively tight clustering, whereas the ∠(C-C-

O⋯O) dihedrals can vary substantially across the crystal 

structures (Figure 1A). This observation is interpreted as the 

water or hydrogen peroxide approach angle being restricted to 

an angle of 120(10)° with respect to the alcohol oxygen atom, 

but the approach direction is otherwise unspecific. 

Comparatively, geometries measured from crystal structures 

featuring interaction of water or hydrogen peroxide with N-

oxide groups (Figure 1B) show unspecific approach angles and 

approach dihedrals as shown by the scatter of the data along 

the ∠(N-O⋯O) angle and the ∠(C-N-O⋯O)short dihedral, 

indicating that the approach geometry is less selective than that 

measured for interaction with alcohol functional groups. 

 

2.1(b). Nitrogen-containing hydrogen bond accepting groups. The 

interaction geometries between water or hydrogen peroxide 

and sp3 amine groups or sp2 hybridized nitrogen atoms 

(primarily nitrogen-containing heterocycles) were investigated 

by measuring the interaction distances, angles, and dihedrals 

present in X-ray crystal structures accessed from the CSD. The 

results are listed in Tables S9-S12 and summarized in Table S14. 

On average, hydrogen bonds donated from water or hydrogen 

peroxide to nitrogen-centered acceptors are approximately 0.1 

Å longer than those donated to oxygen-centered acceptors, 

which is consistent with the increase in van der Waals radius 

from oxygen to nitrogen. Similarly to the oxygen-containing 

hydrogen bond accepting groups, hydrogen peroxide shows 

shorter average d(O⋯N) than water with hydrogen bonding 

distances to sp3 hybridized nitrogen atoms of 2.78(7) Å and to 

sp2 hybridized nitrogen atoms of 2.76(3) Å, while the 

corresponding distances for interaction with water are 2.908(6) 

Å and 2.884(8) Å. These data again suggest stronger interaction 

in the hydrogen peroxide-containing heterodimers. The 3D 

interaction plots generated from the interaction angle 

parameters for the amine and aromatic nitrogen-containing 

functional groups (Figure 1C and 1D) demonstrate tight 

clustering of the data points, suggesting that the interaction 

approach angles and directions for these functional groups with 

water or hydrogen peroxide are more predictable than those 

measured for oxygen-centered functional groups, likely due to 

the well-defined positions and/or localization of electron 

density present on sp3 and sp2 hybridized nitrogen functional 

groups when compared to the oxygen-containing hydrogen 

bond accepting groups measured in the previous subsection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 3D Interaction plots describing the distribution of approach 

angles of water (light blue) and hydrogen peroxide (dark blue) 

towards (A) alcohol, (B) N-oxide, (C) sp3 nitrogen, and (D) sp2 nitrogen 

functional groups measured from crystal structures. The absolute 

values of all geometric parameters are shown. Definitions for 

geometric parameters are given in the SI. 

 

2.1(c). Water versus hydrogen peroxide as hydrogen bond 

acceptors. It is well-established that, at the global energy 

minima for interaction between identical hydrogen bond 

acceptors, hydrogen peroxide is a stronger hydrogen bond 

donor than is water. The data presented here supports that this 

trend persists in the crystallographically relevant geometries. 

That said, the relative strength of water and hydrogen peroxide 

serving as hydrogen bond acceptors is less well explored. Two 

crystal structures (GADOXP10 and KELXAD) were selected to 
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Figure 2. PES global minimum geometries for heterodimers formed between water (A) or hydrogen peroxide (B) and the model small 

molecules methanol (1), formamide (2), pyridine oxide (3), nitromethane (4), methylamine (5), and imidazole (6). 

 

 
 

Figure 3. Interaction geometries of heterodimers between water or hydrogen peroxide and the small model molecules at the near-

experimental dimer configurations based on average interaction geometries extracted from crystal structures (see text). The color of the 

structure label indicates the functional group class represented by the model molecule: light blue text indicates alcohol functional groups, 

dark blue is carbonyl, light green is N-oxide, dark green is nitro, orange is sp3 nitrogen, and red is sp2 nitrogen. 

 

The PES geometries selected to represent the experimental 

geometries, Figure 3, are generally not expected to be the same as 

the geometries at the global minimum energies, Figure 2, due to 

competing local and long-range interactions. However, comparison 

of Figures 2 and 3 shows that in some cases the near-experimental 

geometries are reasonably close to the global minima geometries. In 

particular, all hydrogen bonds are in approximately the same 

locations except for heterodimers formed with formamide and 

nitromethane, where the global minimum structures are doubly 

hydrogen bonded, while the near-experimental ones are not.  The 

interaction geometries of four pairs of structures are nearly identical 

between the global minimum structures and the near-experimental 

geometries: water with methanol and hydrogen peroxide with 

pyridine-N-oxide, methylamine, and imidazole. 

 In general, the small model molecules were found to form more 

favorable hydrogen bonding interactions with hydrogen peroxide 

than with water in near-experimental geometries, as shown in Figure 

4A. Specifically, the dimers containing hydrogen peroxide have more 

favorable SAPT interaction energies by 0.9, 1.0, 1.1, 1.6, 0.7, and 2.1 

kcal mol-1 for methanol, formamide, pyridine-N-oxide, 

nitromethane, methylamine, and imidazole, respectively, than for 

the analogous heterodimers formed with water. These energy 

differences predict that sp2 nitrogen functional group will show the 

strongest selectivities for hydrogen peroxide over water interaction. 

The SAPT energy differences at PES minimum geometries show a 

similar trend (see SI), in particular the heterodimer containing the sp2 

nitrogen shows again the largest energy difference in favor of 

interaction with hydrogen peroxide, 3.3 kcal/mol. The trend in 

relative interaction strength between hydrogen peroxide and water-

containing heterodimers is consistent with the shorter average 

interaction distances between hydrogen peroxide and the various 

functional groups compared to the water counterparts measured 

from crystal structures (Figure 4B). In particular, the average d(O⋯N) 

for sp2 nitrogen has the second largest difference in hydrogen 

bonding distance (0.124 Å shorter with hydrogen peroxide) and was 

calculated to have the largest difference in total SAPT interaction 

energy (2.1 kcal mol-1). On the other hand, sp3 functional group has 

the largest difference in hydrogen bonding distance (0.128 Å shorter 

for hydrogen peroxide), but has the smallest SAPT energy difference 

(0.7 kcal mol-1). However, at PES minima, which are very similar to 

near-experimental minima for sp3, the energy difference is the 

second largest. The only significant exceptions are dimers involving 

nitro groups where the hydrogen bond is shorter for the dimer with 

water (but the interaction energy is still larger in magnitude for the 

interactions with hydrogen peroxide). At PES minima, however, 

these dimers are not outliers. The reason is that near-experimental 

geometry of a nitro group interaction with hydrogen peroxide is 

based only on one crystal structure.  

The components of the SAPT interaction energies are shown in 

Figure 4C. As the intermolecular distance between monomers 

shortens, both the attractive and repulsive components increase in 

magnitude. This relationship explains the correlation between Figure 

4B and Figure 4C (i.e., shorter bonds roughly correlate with larger 

magnitudes of components). For all of the heterodimers containing 

the model molecules, the dominant attractive term is the 

electrostatic energy, as the contribution of the dispersive and 

induction energy terms are 2-3 times smaller in magnitude. However, 

the electrostatic contribution is almost completely cancelled by the 

exchange energy in each case. Consequently, the hydrogen bond is a 

combined effect of all the interaction energy components, and not 

just the electrostatic interactions of the permanent charge 

distributions. It is found that the relative contributions of the 

electrostatic, induction, and dispersion components are not 
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significantly different for hydrogen peroxide versus water containing 

dimers, but all these components are larger in magnitude in the 

former case, leading to the observed more attractive interaction 

energy in favor of hydrogen peroxide. Additional discussion of 

interaction energy components is provided in the SI. 

 

 

 
 

Figure 4. (A) SAPT interaction energy comparison for model molecules (defined in Figures 2 and 3) interacting with water (light blue) or 

hydrogen peroxide (dark blue) at near-experimental geometries; (B) average interaction distances between water or hydrogen peroxide and 

various functional groups measured from crystal structures with error bars representing the standard error of the mean; (C) analysis of the 

components of SAPT energies for the near-experimental geometries used for model molecules interacting with water or hydrogen peroxide. 

 

Conclusions 

Selective interaction with hydrogen peroxide over water at 
crystallographically relevant interaction geometries has been 
predicted for a variety of functional group classes. Based on 
PESs generated for these systems and SAPT interaction 
energies, dimers containing hydrogen peroxide were found to 
have larger magnitudes of interaction energy and shorter 
hydrogen bond lengths than the corresponding dimers with 
water, both at the global PES minima and at the near-
experimental geometries. Interactions involving the nitro 
groups are the only exceptions and is likely due to the limited 
number of experimental structures featuring hydrogen bonds 
between nitro groups and hydrogen peroxide; in fact, at PES 
minima the interactions involving the nitro groups are 
consistent with other functional groups considered. All the 
geometries exhibit hydrogen bonding interactions and all of the 

interaction energy components given by SAPT play a significant 
role in determining the strength of interactions, and not simply 
the electrostatic contribution to the interaction energies. 

 Several design strategies are proposed to improve the 
likelihood of forming hydrogen peroxide solvates. Consistent 
with previous experimental and computational work, hydrogen 
peroxide is a stronger hydrogen bond donor than water in both 
the PES minima and in the crystallographically-relevant 
geometries. We have also presented a set of crystal structures 
that suggests water is a stronger hydrogen bond acceptor than 
is hydrogen peroxide. For this reason, candidate molecules for 
hydrogen peroxide solvate formation should not simply be 
selected based on hydrogen bond formation, but whether the 
hydrogen bonds possibly donated by hydrogen peroxide are 
predicted to be stronger than those that can be accepted by 
water.  Overall, the sp2 nitrogen functional group showed the 
greatest selectivity for hydrogen peroxide over water at 
crystallographically relevant geometries, exhibiting greater 
than a 10:1 selectivity based on the total interaction energy. 



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7  

Please do not adjust margins 

Please do not adjust margins 

This group is the strongest candidate for hydrogen peroxide 
solvate formation because (1) it shows the largest interaction 
energy differences, on average, in favor of hydrogen peroxide 
in the crystallographic geometries; (2) there are structural 
analogues of these functional groups in which there is no 
competition with hydrogen bond donation by the candidate 
molecule (e.g., tertiary amines); and (3) there are strongly 
conserved interaction approach geometries for this functional 
group, as shown by the 3D interaction plots, suggesting that the 
computed selectivity advantages for hydrogen peroxide should 
be general across most crystal structures containing sp2 
nitrogen functional group. 
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