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Experimental Section.

Materials.
Aqueous 50 wt% hydrogen peroxide was purchased from Sigma-Aldrich. 96 wt% hydrogen 
peroxide was prepared from serine peroxosolvate.1 The concentration of hydrogen peroxide was 
determined by permanganometry.
Safety note. Caution! Concentrating hydrogen peroxide solutions and working with them require 
safety precautions.2

Glassware for peroxide rich solutions: All glassware were treated by filling with 1M NaOH for 1 
day, then with 1M nitric acid for an additional day, and finally with 10 wt.% hydrogen peroxide 
for an further day. Chromosulfuric acid or permanganate treatment should be avoided.

Synthesis.
Bis(haloacetyl)-containing bispidines (Scheme S1) were obtained according with previously 
reported procedures.3,4 Briefly, bromine and chlorine containing compounds were obtained by 
bridge opening in 5,7-dimethyl-1,3-diazadamantanes with the corresponding haloacetyl halides.4 
The corresponding iodo derivatives were prepared from chlorides by the Finkelstein halogen 
exchange.5

N N

Hal Hal

O O

MeMe

X

1': Hal=I, X=2H
2': Hal=Br, X=2H
2'': Hal=Cl, X=2H

3': Hal=I, X=O
4': Hal=Br, X=O
5': Hal=Cl, X=O

Scheme S1. The structures of title organic compounds 1’-5’.

Synthesis of C13H20I2N2O2ꞏH2O2 (1). 20 mg of bispidine C13H20I2N2O2 (1’, Scheme 1) was 
dissolved in 0.3 mL of 96% H2O2 at 0°C. The colourless crystals were obtained from the mother 
liquor after cooling at -20°C for 12 h.

Synthesis of C13H20I2N2O2ꞏH2O2 (2). 30 mg of bispidine C13H20Br2N2O2 (2’) was dissolved in 0.3 
mL of 96% H2O2 at 0°C. The colourless crystals were obtained from the mother liquor after 
cooling at -20°C for 12 h.

Synthesis of C13H20I2N2O5ꞏ0.5H2O2 (3). 30 mg of bispidine C13H18I2N2O3 (3’) was dissolved in 
0.3 mL of 96% H2O2 at 0°C. The colourless crystals were obtained from the mother liquor after 
cooling at -20°C for 12 h.

Synthesis of C13H20Br2N2O5ꞏH2O2 (4). 30 mg of bispidine C13H18Br2N2O3 (4’) was dissolved in 
0.3 mL of 96% H2O2 at 0°C. The colourless crystals were obtained from the mother liquor after 
cooling at -20°C for 12 h.
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Synthesis of C13H20Cl2N2O5ꞏH2O2 (5). 40 mg of bispidine C13H18Cl2N2O3 (4’) was dissolved in 
0.3 mL of 96% H2O2 at 0°C. The colourless crystals were obtained from the mother liquor after 
cooling at -20°C for 12 h.

Characterization.

SCXRD. Single crystal X-ray diffraction. Single crystals of 2-5 suitable for X-ray analysis were 
collected from the corresponding solutions of 1’-5’, respectively, in 96 wt.% hydrogen peroxide 
cooled to -20°C without further recrystallization. Experimental intensities were measured on a 
Bruker D8 Venture diffractometer at 100 K and Bruker SMART APEX II at 100 K (graphite 
monochromatized MoKα radiation, λ = 0.71073 Å) using ω-scan mode. Absorption corrections 
based on measurements of equivalent reflections were applied.6 The structures were solved by 
direct methods and refined by full matrix least-squares on F2 with anisotropic thermal 
parameters for all non-hydrogen atoms.7 Hydrogen atoms of alkyl fragments in 2-5, minor 
component of disordered H2O2 molecule in 2, hydroperoxo/hydroxo fragments in 3  were placed 
in calculated positions and refined using a riding model. Hydrogen atoms of hydrogen peroxide 
molecules in 2-5 and hydroperoxo/hydroxo fragments in 4, 5 were localized objectively, and 
their positional parameters were refined with restrained O–H distances (DFIX).
X-ray diffraction studies were performed at the Centre of Shared Equipment of IGIC RAS. 
Selected crystallographic data are provided in Table S9. The crystallographic data for 2-5 have 
been deposited with the Cambridge Crystallographic Data Centre as supplementary publications 
under the CCDC numbers 2289223-2289226, respectively.

Infrared spectroscopy. Fourier-transform infrared spectroscopy (FTIR) spectra were recorded 
on a JASCO FT/IR-4600 spectrometer equipped with ATR PRO ONE Single-reflection ATR 
accessory (Figs. S7-S11).

Differential scanning calorimetry (DSC) measurements were performed on differential 
scanning calorimeter, DSC-60 Plus (Shimadzu) under argon flow at a heating rate of 5 °C/min 
(Figs. S2-S6).

Computational details

Hirshfeld Surface Analysis

The Hirshfeld surface analysis8 of the hydrogen peroxide and organic hydroperoxide and 
peroxide molecules in 1-3, 6 was performed in the CrystalExplorer program (ver. 21.5)9 at 
“high” quality of surface resolution using the corresponding crystallographic information files. 
The distances from the Hirshfeld surface to the nearest nucleus outside and inside the surface (de 
and di, respectively) were plotted into a 2D fingerprint map, and the contributions from the 
contacts between different atom pairs were evaluated.

Periodic (Solid-State) DFT calculations 
Density functional theory computations with periodic boundary conditions (solid-state DFT) were 
performed by the Crystal17 software package10 using B3LYP functional in the localized basis set 
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6-31G** for C, H, N, O atoms and pob-TZVP for I and Br atoms.11 the use of long-range corrected 
CAM-B3LYP and dispersion corrected PBE-D3 with Becke–Jones damping function developed 
by Grimme et al.12,13 results in imaginary frequencies.
The space groups and unit cell parameters of the considered two-component crystals (1-3, 6) 
obtained in the single-crystal X-ray studies are fixed and structural relaxations are limited to the 
positional parameters of atoms (ATOMONLY). The atomic positions from experiment are used 
as the starting point in the solid-state DFT computations. The model structure of 1, 2 and 6 were 
obtained from the crystal structure, which has one crystallographically independent hydrogen 
peroxide molecule disordered over two sites and disordered peroxide group in 6. Only the higher 
occupancy was considered in our computations. The B3LYP/6-31G** approximation provides 
reliable and consistent results in studying the intermolecular interactions in crystals. The mixing 
coefficient of Hartree-Fock/Kohn-Sham matrices is set to 25%. Tolerance on energy controlling 
the self-consistent field convergence for geometry optimizations and frequencies computations is 
set to 10-10 and 10-11 hartree respectively. The shrinking factor of the reciprocal space net is set to 
3. All the optimized structures are found to correspond to the minimum point on the potential 
energy surface.

Identification of non-covalent interactions through reduced density gradient (RDG)

The optimized structures were used in B3LYP/6-31G** computations of the periodic electronic 
density. Electron density ρ, Laplacian of the electron density ∇2ρ and magnitude of the gradient 
of electron density |∇ρ| three-dimensional grid files were prepared by Topond14.14 The functions 
are plotted in a volume corresponding to the conventional unit cell as a set of CUBE format files 
(3DRHOO, 3DLAPP, 3DGRHO).
The CUBE files were post processed by the NCIMilano public code15 and the quantities of 
reduced density gradient (RDG) and ρ*sign(λ2) (i.e. the electron density multiplied by the sign 
second greatest eigenvalue of the electron density Hessian matrix) were calculated (RDG  and 
rhosign keywords, respectively). The RDG was calculated in a range of ρ(r) values from -0.05 to 
0.05. The RDG isosurfaces have been drawn with the VMD software16 using the calculated 
CUBE files. 

Evaluation of non-covalent interaction energies
The quantum theory of atoms in molecules and crystals (Bader) analysis of the crystalline 
electron density17,18 is performed with TOPOND14.14 The calculation methodology is presented 
elsewhere.19,20 The energy of the considered non-covalent interaction, energy Eint, is evaluated 
according to several procedures. Namely, according to ref. 21 as:

Eint [a.u.] = -1/2·Vb [a.u.], (Eq. S1)
  refs. 22,23 as:

Eint [a.u.] = 0.429·Gb [a.u.], (Eq. S2)
ref. 24 as:

Eint [a.u.] = -β·Vb [a.u.], (Eq. S3)
and

Eint [a.u.] = -γ·Gb [a.u.], (Eq. S4)
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where Vb and Gb are the local electronic potential and kinetic energy densities, respectively, at 
the O-H…O and C-Hal…O bond critical point, where Hal=Br, I; the coefficients of 
proportionality β and γ are equal to 0.58 and 0.57 for bromine atom and 0.68 and 0.67 for iodine 
atom. Eqs. S1 and S2 was initially developed for hydrogen bonding, while Eqs. S3 and S4 was 
specifically developed for non-covalent interactions involving halogen atoms. Eqs. S3 and S4 
overestimate Eint values (Table S8) in comparison with published data.25

Gas phase calculations
FTIR spectra of diacetone diperoxide (DADP) and diacetone diperoxide -triodotrinitrobenzene 
(DADP·TITNB) 1:1 and 1:2 halogen bonded complexes were calculated with Gaussian09 
software26 using B3LYP functional and 6-311++G** basis set for C, H, N, O atoms and Def2-
TZVP basis set for I atoms
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Crystal structure of peroxosolvates without halogen bonding.

Peroxosolvates of bromo- and chloro-containing hydroperoxo/hydroxo bispidines, 
C13H20Br2N2O5·H2O2 (4) and C13H20Cl2N2O5·H2O2 (5), respectively, are isomorphous and 
crystallizes in C2/c space group. The asymmetric unit contains one centrosymmetric organic 
coformer and hydrogen peroxide (Fig. S1). The O=C–C–Hal fragments of coformer are planar 
with torsion angle less than 5°. As in 3, hydroperoxo and hydroxo groups are disordered with 0.5 
occupancy ratio. The O(2) oxygen atom is shared between hydroxo and hydroperoxo groups. 
Both fragments act as a hydrogen donor in H-bond with hydrogen peroxide in 4 and 5 (Fig. S1, 
Table S4). The H2O2 molecule forms four hydrogen bonds, two of them as donors of proton with 
carbonyl oxygen atom as in 1-3. The detailed analysis of the crystal data did not reveal the 
formation of any kind of halogen bonding in 4 and 5. The conformation of O=C–C–Hal 
fragments in 4 and 5 does not promote halogen bond formation with hydrogen peroxide 
molecules in comparison with the structures of 1-3 with O=C–C–Hal torsion angles close to 90°. 
It should be noted that 4 and 5 are the examples of crystalline hydrogen peroxide adducts of 
compounds containing organic hydroperoxide fragments (C-OOH) with intermolecular hydrogen 
bonds between hydroperoxo groups and H2O2 molecules.

Supplementary Figures

Fig. S1. Molecular structure of 5. Hydrogen bonds are shown with dashed red lines. 
Displacement ellipsoids are drawn at 50% probability level. The second components of 
disordered hydroxo and hydroperoxo fragment is not shown for clarity. i: -X+1, Y, -Z+1/2; ii: X-
1/2, Y+1/2, Z; iii: -X+1/2, Y+1/2, -Z+1/2.
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Fig. S2. DSC curves of bispidine 1’ and peroxosolvate 1.

Fig. S3. DSC curves of bispidine 2’ and peroxosolvate 2.

Fig. S4. DSC curves of bispidine 3’ and peroxosolvate 3.
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Fig. S5. DSC curves of bispidine 4’ and peroxosolvate 4.

Fig. S6. DSC curves of bispidine 5’ and peroxosolvate 5.

Fig. S7. Hirshfield surfaces of hydrogen peroxide molecule mapped over a dnorm range in 1.
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Fig. S8. Hirshfield surfaces of hydrogen peroxide molecule mapped over a dnorm range in 2.

 (a) (b)
Fig. S9. Hirshfield surfaces of hydrogen peroxide molecule (a) and organic moiety (b) mapped 
over a dnorm range in 3.

Fig. S10. Hirshfield surfaces of diacetone diperoxide molecule mapped over a dnorm range in 2.
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Fig. S11. Fingerprint plots: full (a,d) and resolved into O…H/H…O (b,e) and O…I/I…O (c,f) 
contacts for two crystallographically independent hydrogen peroxide molecules (top and down 
rows, respectively) in 1.

Fig. S12. Fingerprint plots: full (a,d) and resolved into O…H/H…O (b,e) and O…Br/Br…O 
(c,f) contacts for two crystallographically independent hydrogen peroxide molecules (top and 
down rows, respectively) in 2.
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Fig. S13. Fingerprint plots: full (a,d) and resolved into O…H/H…O (b,e) and O…I/I…O (c,f) 
contacts for hydrogen peroxide (top) and bispidine (down) in 3.

Fig. S14. Fingerprint plots: full (a) and resolved into O…H/H…O (b) and O…I/I…O (c) 
contacts for diacetone diperoxide molecule in 6.
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Fig. S15. RDG-based NCI isosurfaces in 1 (RDG isovalue 0.5). The isosurfaces representing 
halogen bonds are indicated using black arrows. The color scale for ρ(r)ꞏsignλ2 (au) is shown on 
the left. The I, O, N, C and H atoms are represented by ochre, red, blue, cyan and white spheres, 
respectively.

Fig. S16. RDG-based NCI isosurfaces in 2 (RDG isovalue 0.5). The isosurfaces representing 
halogen bonds are indicated using black arrows. The color scale for ρ(r)ꞏsignλ2 (au) is shown on 
the left. The Br, O, N, C and H atoms are represented by ochre, red, blue, cyan and white 
spheres, respectively.
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Fig. S17. RDG-based NCI isosurfaces in 3 (RDG isovalue 0.5). The isosurfaces representing 
halogen bonds are indicated using black arrows. The color scale for ρ(r)ꞏsignλ2 (au) is shown on 
the left. The I, O, N, C and H atoms are represented by ochre, red, blue, cyan and white spheres, 
respectively.

Fig. S18. RDG-based NCI isosurfaces in 6 (RDG isovalue 0.5). The isosurfaces representing 
halogen bonds are indicated using black arrows. The color scale for ρ(r)ꞏsignλ2 (au) is shown on 
the left. The I, O, N, C and H atoms are represented by ochre, red, blue, cyan and white spheres, 
respectively.
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Fig. S19. FTIR spectra of bispidine 1’ and peroxosolvate 1.

Fig. S20. FTIR spectra of bispidine 2’ and peroxosolvate 2.

Fig. S21. FTIR spectra of bispidine 3’ and peroxosolvate 3.
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Fig. S22. FTIR spectra of bispidine 4’ and peroxosolvate 4.

Fig. S23. FTIR spectra of bispidine 5’ and peroxosolvate 5.
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Supplementary Tables.

Table S1. Experimental and optimized parameters of the H-O-O-H…O H-bonds and C-I…O-O 
intermolecular non-covalent interactions (1) at the B3LYP/6-31G** level of theory.

d(O…O), Å ∠(О-H…О), °
Fragmentа)

Exp Calcd Exp Calcd
O(1)-H(1)…O(11) 2.724(4) 2.669 164(5) 169.9
O(2)-H(2)…O(12)i 2.777(4) 2.755 171(5) 176.7
O(3)-H(3)…O(21) 2.667(5) 2.683 153(8) 164.8
O(5)-H(5)…O(21) 2.881(9) - b) 157(15) -
O(4)-H(4)…O(22)ii 2.788(7) 2.742 141(10) 168.1
O(6)-H(6)…O(22)ii 2.743(8) - 166(7) -

d(I…O), Å ∠(C-I…О), °
Exp Calcd Exp Calcd

I(11)…O(2)iii 3.152(3) 3.005 162.3(1) 165.7
I(21)…O(3)iii 3.034(5) 2.896b) 175.6(1) 177.8
I(21)…O(6)iii 2.995(9) - 157.8(2) -

a) See Figs. 1a,b; b) Only the major component of disorder was considered for periodic 
calculations; Symmetry operations i: -X, 1-Y, 2-Z; ii: 1-X, 2-Y, 1-Z; iii: 1+X, Y, Z;

Table S2. Experimental and optimized parameters of the H-O-O-H…O H-bonds and C-Br…O-O 
intermolecular non-covalent interactions (2) at the B3LYP/6-31G** level of theory.

d(O…O), Å ∠(О-H…О), °Fragmentа)
Exp Calcd Exp Calcd

O(5)-H(5)…O(4)ii 2.748(5) 2.725 163(6) 167.0
O(6)-H(6)…O(3) 2.708(4) 2.680 165(6) 176.3
O(7)-H(7)…O(2)iii 2.738(5) 2.718 167(7) 171.2
O(8)-H(8)…O(1) 2.719(6) 2.667 156(7) 170.6
O(9)-H(9)…O(2) 2.87(2) -b) 179.8 -
O(10)-H(10)…O(1) 2.58(2) - 179(9) -

d(Br…O), Å ∠(C-Br…О), °
Exp Calcd Exp Calcd

Br(1)…O(8)i 3.172(5) 3.029 161.8(2) 167.4
a) See Fig. 2; i: X, -1+Y, +Z; ii: -X+1, Y-1/2, -Z+ 3/2; iii: -X+2, -Y, -Z+1; b) Only the major 
component of disorder was considered for periodic calculations.
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Table S3. Experimental and optimized parameters of the H-O-O-H…O H-bonds and C-
I…O-O intermolecular non-covalent interactions (3) at the B3LYP/6-31G** level of theory.

d(O…O), Å ∠(О-H…О), °Fragmentа)
Exp Calcd Exp Calcd

O(7)-H(7)…O(1) 2.620(8) 2.549 171.7 176.1
O(4)-H(4)…O(2)v b) 2.74(2) - 157.3 -
O(6)-H(6)…O(2)v 2.695(9) 2.672 176.4 168.8
O(3)-H(3)…O(7)v 2.798(8) 2.744 150.1 147.8

d(I…O), Å ∠(C-I…О), °
Exp Calcd Exp Calcd

I(1)…O(7)ii 3.127(5) 3.125 166.1(2) 162.8
I(2)…O(6)i 3.296(7) 3.159b) 164.9(2) 167.7

a) See Fig. 3; i: -X+2, -Y+1, -Z+1; ii: -X+1, Y+1/2, -Z+3/2; v: X, Y+1, Z; b) Only the major 
component of disorder was considered for periodic calculations.

Table S4. Geometric parameters of the O-H…O H-bonds in 4 and 5.

d(H…O), Å d(O…O), Å ∠(О-H…О), ° d(H…O), Å d(O…O), Å ∠(О-H…О), 
°Fragmentа)

4 5
O(2)-H(2)…O(4) 2.22(7) 3.002(5) 152(14) 2.22(4) 3.015(2) 152(4)
O(3)-H(3)…O(4) 1.80(4) 2.610(7) 160(11) 1.73(5) 2.597(3) 164(5)
O(4)ii-H(4)ii…O(1) 1.85(2) 2.672(4) 162(6) 1.88(2) 2.656(2) 155(3)

a) See Fig. S1; ii: X-1/2, Y+1/2, Z.

Table S5. Computed values of the electron density, ρb, the local electronic kinetic energy 
density, Gb, potential energy density, Vb at the O…O interaction critical point and the H-bond 
energy values EHB evaluated using Eqs. S1, S2 in 1.

Eint
b) Eint

c)H-bonded/O2XB
fragmenta) ρb (a.u.) Vb (a.u.) Gb (a.u.)

(kJ mol-1)

O(1)-H(1)…O(11) 0.0439 -0.0341 0.0344 44.7 38.7
O(2)-H(2)…O(12)i 0.0372 -0.0270 0.0274 35.4 30.8
O(3)-H(3)…O(21) 0.0390 -0.0298 0.0315 39.1 35.4
O(4)-H(4)…O(22)ii 0.0386 -0.0284 0.0281 37.2 31.6

a) See Fig. 1; b) see Eq. S1; c) see Eq. S2; Symmetry operations i: -X, 1-Y, 2-Z; ii: 1-X, 2-Y, 1-Z; 
iii: 1+X, Y, Z; 
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Table S6. Computed values of the electron density, ρb, the local electronic kinetic energy 
density, Gb, potential energy density, Vb at the O…O interaction critical point and the H-bond 
energy values EHB evaluated using Eqs. S1, S2 in 2.

Eint
b) Eint

c)H-bonded/O2XB
fragmenta) ρb (a.u.) Vb (a.u.) Gb (a.u.) (kJ mol-1)

O(5)-H(5)…O(4)ii 0.0366 -0.0274 0.0286 35.9 32.2
O(6)-H(6)…O(3) 0.0458 -0.0349 0.0344 45.8 38.7
O(7)-H(7)…O(2)iii 0.0408 -0.0306 0.0304 40.1 34.2
O(8)-H(8)…O(1) 0.0439 -0.0341 0.0348 44.7 39.1

a) See Fig. 2; b) see Eq. S1; c) see Eq. S2; Symmetry operations i: X, -1+Y, +Z; ii: -X+1, Y-1/2, -
Z+ 3/2; iii: -X+2, -Y, -Z+1.

Table S7. Computed values of the electron density, ρb, the local electronic kinetic energy 
density, Gb, potential energy density, Vb at the O…O interaction critical point and the H-
bond/O2XB energy values EHB evaluated using Eqs. S1, S2 in 3.

Eint
b) Eint

c)H-bonded/O2XB
fragmenta) ρb (a.u.) Vb (a.u.) Gb (a.u.)

(kJ mol-1)
O(7)-H(7)…O(1) 0.0671 -0.061 0.0519 80.0 58.4
O(6)-H(6)…O(2)v 0.0463 -0.035 0.0342 45.9 38.5
O(3)-H(3)…O(7)v 0.0315 -0.024 0.0232 31.5 26.1

a) See Fig. 3; b) see Eq. S1; c) see Eq. S2; Symmetry operations i: -X+2, -Y+1, -Z+1; ii: -X+1, 
Y+1/2, -Z+3/2; v: X, Y+1, Z

Table S8. Computed values of the electron density, ρb, the local electronic kinetic energy density, 
Gb, potential energy density, Vb at the Hal…O interaction critical point and the Hal…O energy 
values Eint evaluated using Eqs. S1-S4.

ρb Vb Gb Eint
a) Eint

b) Eint
c)

Compound Fragment
a.u. kJ mol-1

I(11)…O(2) 0.0162 -0.0110 0.0113 14.4 19.6 19.91d)

I(21)…O(3) 0.0204 -0.0142 0.0142 18.6 25.3 25.0
2e) Br(1)…O(8) 0.0103 -0.0068 0.0081 8.9 10.3 12.1

I(1)…O(7) 0.0130 -0.0087 0.0090 11.4 15.5 15.83f)

I(2)…O(6) 0.0117 -0.0079 0.0084 10.4 14.1 14.8
6 I…O 0.0225 -0.0164 0.0171 21.5 28.8 30.0

a) see Eq. S1; b) see Eq. S3; c) see Eq. S4;d) See Fig. 1b; e) See Fig. 2; f) See Fig. 3.
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Table S9. X-ray structure determination summary.
Compound 2 3 4 5
Empirical 
formula

C13H20Br2N2O2·H2O2 C13H20I2N2O5·0.5H2O2 C13H20Br2N2O5·H2O2 C13H20Cl2N2O5·H2O2

Fw 430.14 555.12 478.14 389.26
Crystal 
system

Monoclinic Monoclinic Monoclinic Monoclinic

Space group P21/c P21/c C2/c C2/c
a/Å 15.8307(10) 13.6546(5) 7.1669(7) 7.1348(3)
b/Å 7.7891(5) 8.6106(3) 20.9465(16) 20.9560(8)
c/Å 26.3237(17) 15.3908(7) 11.2346(10) 11.0766(4)
α/º 90 90 90 90
β/º 90.248(2) 104.962(2) 93.934(4) 94.251(1)
γ/º 90 90 90 90
V/Å3 3245.9(4) 1748.21(12) 1682.6(3) 1651.58(11)
Z 8 4 4 4
F(000) 1728 1068 960 816
dcalc/g•cm-3 1.760 2.109 1.888 1.566
μ/mm-1 5.01 3.628 4.857 0.433
T/K 100 100 100 100
Data 
collected

35478 12198 6415 13470

Unique data 
(Rint)

5811 (0.058) 3075 (0.047) 1657 (0.064) 2199 (0.0293)

Reflections 
with I>2σ(I)

4704 2609 1366 1940

θ range/º 2.01-25.15 1.54-25.00 1.94-25.99 1.94-28.99
No of 
variables

405 220 123 128

R1 [I>2σ(I)] 0.041 0.050 0.039 0.037
wR2 (all 
data)

0.094 0.092 0.092 0.092

GOF 1.033 1.196 1.158 1.074
Δρmax,min/e 
Å-3

2.55 / -1.82 1.27 / -1.28 0.49 / -0.49 0.35 / -0.19

CCDC 2289223 2289224 2289225 2289226
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