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Experimental

Materials and Methods
PVP K-25, PVP K-90, PVP XL-10, PEX K-30, PEX K-90, PEX XL-10 and bisVP were supplied by

Ashland LLC. Hydrogen peroxide 30 wt% was purchased from Sigma. All other reagents and
solvents were purchased from standard commercial sources and used without further
purification. Hydrogen peroxide was handled with care following strict procedures to limit

the risk of explosion. 2

Fourier transform infrared spectra were recorded using a PerkinElmer Spectrum 100 from

4000 — 600 cm™* with an HATR attachment with a resolution of 4 cm™. Solid-state NMR

spectra were recorded at 100.63 MHz using a Bruker Avance Ill HD spectrometer and a 4
mm magic-angle spinning probe. Spectra were obtained using cross-polarisation with a 3s
recycle delay with 1 ms contact time at ambient probe temperature (approx. 25 °C) at a
sample spin rate of 10 kHz with 400 repetitions. Spectral referencing was with respect to an

external sample of neat tetramethylsilane. Elemental analysis was performed by the

University of Durham service using an Exeter CE-440 Elemental Analyser.

Single crystal X-ray crystallography data were collected at 120.0(2) (cocrystals

bisVP-H,0,-H,0 and bisVP-1.7H,0,:0.3H,0) and 100.0(2)K (cocrystal bisVP-2H,0,) on Bruker
D8Venture diffractometers (PHOTON IIl C7 CPAD detector, IuS microsource (bisVP-H,0,-H,0
and bisVP-1.7H,0,:0.3H,0); PHOTON IIl C14 CPAD detector, IuS 3.0 microsource (cocrystal
bisVP-2H,0,); focusing mirrors, AMoKa, A = 0.71073 A) equipped with Cryostream (Oxford
Cryostreams) open-flow nitrogen cryostats, and processed using Bruker APEX-IIl software.

The structures were solved using direct methods and refined by full-matrix least squares on



F2 for all data using SHELXL? and OLEX2 software.* All non-hydrogen atoms in all structures
were refined in anisotropic approximation, hydrogen atoms in structures of bisVP-2H,0, and
bisVP-H,0,-H,0 were located in the difference Fourier maps and refined isotropically. The
i.d.p. of hydrogen atoms of water molecule in latter structure were restrained to be
identical. Hydrogen atoms in structure bisVP-1.7H,0,-0.3H,0 were placed into calculated
positions and refined in riding mode. OH-distances in this structure were constrained to be
the same. The site occupancy factors of disordered atoms in bisVP-1.7H,0,-0.3H,0 structure
were refined but then were rounded to one decimal place and fixed at these values at the
final stages of refinement. The final Flack and Hooft parameters in all structures did not
allow to establish the absolute structures reliably. X-seed was used to produce an image of
the crystal structures for publication.®> Crystallographic data for the structures have been
deposited with the Cambridge Crystallographic Data Centre as supplementary publications
CCDC-2088109-2088111.

Titration
Potassium permanganate (3g) was dissolved in distilled water (250 mL) by heating at 100 °C

for 1 hour. The solution was filtered, and the volume was made up to 500 mL with distilled
water. Oxalic acid (0.05 g) was dissolved in 50 mL distilled water with pure sulfuric acid (0.25
mL) at 60-70 °C. The oxalic acid solution was titrated with the potassium permanganate

solution to determine the concentration of the potassium permanganate solution.

The concentration of hydrogen peroxide was increased by storing hydrogen peroxide (20
mL, 30 wt%) in an open beaker in a desiccator (not under vacuum).® The desiccant was
refreshed weekly. The hydrogen peroxide was left in the desiccator for 55 days with a final
concentration of 80 wt%. The concentration was increased further by taking 0.5 ml of the 80
wt % solution and adding ethyl acetate (50 ml x 2) and then removing the solvent under

vacuum, to give a final concentration of 85 wt %.

The hydrogen peroxide concentration of both the hydrogen peroxide solution and the PEX
samples were determined by dissolving the sample in distilled water (71.25 mL) with sulfuric
acid (3.75 mL). The amount of sample used for the hydrogen peroxide solution was 50 uL
and for the PEX sample 50 mg. The hydrogen peroxide solution was titrated with the

potassium permanganate solution until the solution no longer remained colourless.



BisVP H,0, cocrystal synthesis
The amorphous bisVP hydrogen peroxide complex was prepared by dissolving bisVP (200

mg) and hydrogen peroxide (80 wt%, 60 uL) in ethyl acetate (10 mL). The solvent was
removed under vacuum leaving an amorphous paste which was characterised by FTIR

spectroscopy.

The crystalline bisVP-1.7H,0,-:0.3H,0 was prepared by mixing bisVP (50 pL) with hydrogen
peroxide (80 wt%, 10 pL) (1:1.36 ratio of bisVP:H,0,) and storing at —28 °C. After 2 weeks
solid crystalline material formed and was analysed by FTIR spectroscopy. The same
guantities of bisVP and hydrogen peroxide were dissolved in different amounts of ethanol
(25, 50, 100 pL) and the solid crystalline material was used as a seed crystal. After two hours
small colourless block crystals formed. Crystal data: C;,H,4N,057 M = 287.53 g molt, 0.22 x
0.05 x 0.016 mm3, monoclinic, space group P2;, a = 6.9035(8) A, b = 15.0032(17) A, c =
7.0706(8) A, 6 = 105.825(4)°, V = 704.58(14) A3, Z=2, D.= 1.355 g cm3, Fooo = 311.0, 11274
reflections collected, 3733 unique (R;,: = 0.0440). Final GooF = 1.035, R; = 0.0456 (3158
reflections with 1 > 20(l)), wR, = 0.1028 (all data); 205 parameters, 22 restraints, u = 0.107

mm-1.

An alternative non-disordered structure refinement was attempted in which the mixed H,0,
site was treated as being occupied only by H,0,. This refinement resulted in unusually large
a.d.p of oxygen atoms of peroxide molecule on the disordered site and an unfeasibly short
0-0 bond length of 1.315(6) A and final R; = 0.0573. DFT calculations confirmed that such a
short bond length is less stable than the equilibrium geometry by 9 kcal mol™? at the
MP2/aug-cc-pvdz level. For these reasons the disordered model was adopted. This mixed

model is also consistent with the isolation of the non-disordered bisVP-H,0,-H,0.

The crystalline bisVP-H,0,-H,0 was prepared by mixing bisVP (100 pL) with hydrogen
peroxide (80 wt%, 10 pL) (1:0.68 ratio of bisVP:H,0,), a single strand of hair was added to
act a seed and the solution was stored at —28 °C. After 1 week solid crystalline material
formed and was analysed by FTIR spectroscopy. The same quantities of bisVP and hydrogen
peroxide were dissolved in different amounts of ethanol (25, 50, 100 uL) and the solid
crystalline material was used as a seed crystal. After two hours small colourless plate
crystals formed. Crystal data: C;,H,4N,05 M = 276.33 g mol™2, 0.19 x 0.13 x 0.09 mm?3,
monoclinic, space group P2, a = 6.9359(3) A, b = 14.9061(7) A, c =6.9555(3) A, 8 =



105.7571(17)°, V=692.12(5) /3\3, Z=2,D.=1.326 g cm3, Fypo = 300.0, 11754 reflections
collected, 4014 unique (R;,; = 0.0346). Final GooF = 1.026, R; = 0.0448, (3711 reflections with
12 20(l)) wR, = 0.1136 (all data);267 parameters, 1 restraint, u=0.102 mm~2,

The crystalline bisVP-2H,0, was prepared by mixing bisVP (25 uL) with hydrogen peroxide
(85wt%, 10.2 L) (1:3.17 ratio of bisVP:H,0,) and storing at —28 °C. The solution was seeded
using small crystals of bisVP-1.7H,0,:0.3H,0, causing the solution to crystallise. The solid
crystalline material formed was analysed by FTIR spectroscopy. The same quantities of bisVP
and hydrogen peroxide were dissolved in different amounts of ethanol (25, 50 pL) and the
solid crystalline material was used as a seed crystal. After two hours small colourless plate
crystals formed. Crystal data: C1,H,4N,06 M = 292.33 g mol=2, 0.21 x 0.09 x 0.04 mm?3,
monoclinic, space group P2, a = 6.8700(2) A, b = 15.0114(4) A, c =7.1364(2) A, 8 =
105.8830(10)°, V = 707.87(3) A3, Z=2, D.= 1.372 g cm=3, Fooo = 316.0, 16854 reflections
collected, 4085 unique (R;,; = 0.0322). Final GooF = 1.056, R; = 0.0352, (3901 reflections with
I > 20(l)), wR, = 0.0858 (all data); 277 parameters, 1 restraint, = 0.109 mm™,

Computations
Geometry optimisations were carried out with the Gaussian 16 package.” Ground state (So)

geometries were fully optimised from starting geometries generated from the initial X-ray
structure of BisVP.2H,0, without symmetry constraints at the hybrid-DFT functional B3LYP®
% with the 6-31(d) basis set!® 11 and the Grimme dispersion factor, GD3BJ.12 All fully
optimised geometries were confirmed as true minima based on no imaginary frequencies
found from frequency calculations. Simulated IR spectra were generated from frequency
calculations using a scaling factor®? of 0.95 to compare with experimental IR data. Carbon-13
NMR chemical shifts in ppm (8) were converted'* from sigma (o) values within the
calculated GIAO-NMR data for the optimised geometries at B3LYP/6-31G(d)/GD3BJ using
the equation §(13C) = 196-(0(*3C)/0.95) with tetramethylsilane (TMS) as external reference
at 0.0 ppm. 13C NMR chemical shifts for CO groups were averaged from the inner non-
equivalent CO groups of the geometries.

Limitations of multimolecular models.

PVP/bisVP solids contain many (hundreds) molecules where most molecules are in a very
similar environment. Few molecules occupy the edges/surfaces of the solid particle/lattice.

In the multimolecular models a proportionally high number of molecules are at the edges of



the ‘sheet’. This means the simulated IR spectra and NMR shifts can vary between those
molecules in the ‘centre’ i.e. in the appropriate environment in solids and those on the
edges. The simulated IR spectra of bisVP/PVP:H,0,/H,0 complexes contain unusual O-H
bands which can be due to dangling/edge H,0,/H,0 molecules rather than be considered as

representative of the solids.

Both hydrogens in a H,0, (and water) molecule are expected to be involved in
intermolecular hydrogen bond interactions in the solids of bisVP/PVP:H,0,/H,0 complexes.
However, in these multimolecular models, several dangling H,0, (H,0) edge molecules exist
where only one hydrogen bond interaction is present per molecule initially and some of
these molecules will rearrange to form a second H-bond interaction. The AB motifs have
more dangling/edge H,0,/H,0 molecules thus less intermolecular hydrogen bond
interactions overall and the overall total energy of the model would be higher than the A
motifs where there are less dangling/edge molecules initially. So even though the A motifs
are more stable energetically than AB motifs based on these models, the energy differences

may be attributed to the different edge molecules within.
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Figure S1. (a) FTIR spectra of PVP K-25 (black) and PEX K-30 (red). (b) FTIR spectra of
PVP K-90 (black) and PEX K-90 (red).
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Figure S2. (a) FTIR spectrum of bisVP (black), amorphous bisVP hydrogen peroxide
complex (red), bisVP-H,0,-H,0 (green) bisVP-1.7H,0,:0.3H,0 (purple) and
bisVP-2H,0, complex (blue). (b) The FTIR spectra of PVP XL-10 (black) and PEX XL-10
(red).
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Figure S3. (a) The MAS solid state NMR spectra of PVP K-25 (black) and PEX K-30 (red)
(b) The MAS solid state NMR of PVP K-90 (black) and PEX K-90 (red).
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Figure S4. The MAS solid state NMR of PVP XL-10 (black) and XL-10 (red).

Stretching band (cm™1)

sample vOH vCO

PVP K-25 3458 1667
PEX K-30 3226 1638
PVP K-90 3460 1659
PEX K-90 3238 1642
PVP XL-10 3460 1663
PEX XL-10 3206 1637
BisVP 3448 1668
BisVP-H,0, amorphous 3309 1623
BisVP-H,0,-H,0 3241 1639
BisVP-1.7H,0,-0.3H,0 3247 1627
BisVP-2H,0, 3253 1625

Table S1. FTIR vOH and vCO stretching bands for PVP K-25, K-90 XL-10, PEX K-30, K-
90, XL-10, bisVP, amorphous bisVP-H,0, and crystalline bisVP-2H,0,.



Mass of sample/ Conc. of potassium wit% Ratio of H,0, (x) to

Sample g volume/mL permanganate H,0, VP (1)

PEX K-30 0.0515 4.4 2.58E-05 18.73 0.75
PEX K-30 0.0510 5.2 2.58E-05 22.35 0.94
PEX K-30 0.0497 4.8 2.58E-05 21.17 0.88
average 20.75 0.86

PEX K-90 0.0509 4 2.58E-05 17.22 0.68
PEX K-90 0.0512 4 2.58E-05 17.12 0.68
PEX K-90 0.0505 4 2.58E-05 17.36 0.69
average 17.24 0.68

PEX XL-10 0.0514 4.6 2.58E-05 19.61 0.80
PEX XL-10 0.0504 4.2 2.58E-05 18.26 0.73
PEX XL-10 0.0511 4.4 2.58E-05 18.87 0.76
average 18.92 0.76

Table S2. Table of all titration results including calculated weight percentage of
hydrogen peroxide and calculated ratio of hydrogen peroxide to VP (assuming no

water present in peroxydone).

Elemental percentage

Calculated H,0 content

Sample Sample no.
%C %H %N %C %H %N  Average

PVP K-25 1 60.10 8.24 11.24 049 0.16 0.75

2 6046 7.79 11.83 045 0.68 0.40

3 60.01 7.68 11.73 050 0.85 0.46

Av 60.19 790 11.60 048 -045 0.54 0.19
PVP K-90 1 61.51 818 11.56 0.33 0.04 0.56

2 61.65 783 1196 0.32 0.61 0.33

3 60.78 7.75 11.79 041 0.74 043

Av 6131 792 11.77 0.36 -0.44 0.44 0.12
PVP XL-10 1 60.91 821 1143 040 0.10 0.63

2 60.20 7.65 11.63 048 0.89 0.52

3 59.68 7.55 11.54 0.53 1.04 0.57

Av 60.26 780 11.53 047 -0.61 0.57 0.14

Table S3. Table of the elemental analysis results for PVP K-25, K-90 and XL-10
including average result and calculated water content based on the elemental
percentages for carbon, hydrogen, and nitrogen.



Expected

Sample %C %H %N
PVP 6484  8.16 12.6
PVP+0.5H,0  59.98 839 11.66
PVP+0.25H,0 6231 828 12.11

Table S4. Table of the expected elemental analysis values with of PVP with two
different ratios of PVP monomer to water molecule.

Sample sample no. Elemental percentage Calculated H,0,
%C %H %N content
PEX K30 1 51.76 7.81 9.63 0.83
2 50.73 7.43 9.88 0.91
3 50.30 7.30 9.80 0.94
Av 50.93 7.51 9.77 0.89
PEX K90 1 52.39 7.92 9.87 0.78
2 52.41 7.43 10.19 0.77
3 52.44 7.41 10.19 0.77
Av 52.41 7.59 10.08 0.77
PEX XL10 1 50.54 7.77 9.45 0.92
50.69 7.34 9.80 0.91
50.69 7.33 9.79 0.91
Av 50.64 7.48 9.68 0.92

Table S5. Table of the elemental analysis results for PEX K-30, K-90 and XL-10 including
average result and calculated hydrogen peroxide content per monomer unit based on
the elemental percentages for carbon (assuming no water is present).

Ratio (H,0, Expected
Sample
to C=0) %C %H %N
PEX (1 H,0,) (1:1) 49.64 764  9.65
PEX (0.5 H,0,) (1:2) 56.23 7.87  10.93
PEX (0.75 H,0,) (3:4) 5273 7.75  10.25

Table S6. Table of the expected elemental analysis values with of PEX with three
different ratios of PVP monomer to hydrogen peroxide molecule.
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Figure S5. Crystal structure of BisVP-1.7H,0,-0.3H,0 showing the disorder in one of
the hydrogen peroxide molecules.

Figure S6. Extended crystal structure of BisVP-2H,0,.



Figure S7. Extended crystal structure of BisVP-H,0,-H,0.



Electronic Energy  Gibbs Free Energy  v(OH)  v(CO)  §(*3C) CO
a.u. a.u. cm? cmt ppm

BisVP Geometries
6 BisVP molecules -4376.494854 -4374.723144 1682 172.6
6 BisP molecules, 12 H,0 5293.759649  -5291.703330 3441 1643  176.9
molecules, 2 AB-ribbons
6 BisVP molecules, 6 H,O molecules
at B, 6 H,0, molecules at A, 2 AB- -5744.551433 -5742.479169 3405 1633 177.9
ribbons
6 BisVP molecules, 6 H,O molecules
at A, 6 H,0, molecules at B, 2 AB- -5744.529388 -5742.463241 3253 1641 176.8
ribbons
6 BisVP molecules, 12 H,0, 6195318765 -6193.232706 3311 1637  178.4
molecules, 2 AB-ribbons
6 BisVP molecules, 12 H,0, -6195.328817 -6193.239362 3191 1652 177.2
molecules, 2 A-ribbons
© BisVP molecules, 12 H,0, 6195328154 -6193.240773 3243 1644 1763
molecules, 3 A-ribbons
2 BisVP molecules, 4 H,0, molecules, | 5065072806 -2064.395689 3316 1655  177.1
1 A-ribbon
3 BisVP molecules, 6 H,0; molecules, | 3097 632697 -3096.603071 3234 1655  178.1
1 A-ribbon
PVP Tetramer Geometries
3 PVP4 molecules -4372.869170 -4371.149970 1690 173.7
3 PVP4 molecules, 12 H,0 molecules, | g1 113963 5288109508 3471 1655  176.5
2 AB-ribbons
3 PVP4 molecules, 6 H,0 molecules
at B, 6 H,0, molecules at A, 2 AB- -5740.953063 -5738.918928 3220 1650 175.4
ribbons
3 PVP4 molecules, 6 H,O molecules
at A, 6 H,0, molecules at B, 2 AB- -5740.936069 -5738.915407 3132 1645 176.6
ribbons
3 PVP4 molecules, 12 1,0, 6191.678206  -6180.644835 3293 1643  177.8
molecules, 2 AB-ribbons
3 PVP4 molecules, 12 H,0, -6191.702085 -6189.667176 3149 1649 1781
molecules, 2 A-ribbons
3 PVP4 molecules, 12 H;0; -6191.710058 -6189.670600 3190 1647 177.7
molecules, 3 A-ribbons
PVP Hexamer Geometries
2 PVP6 molecules -4371.498830 -4369.784722 1688 174.4
2 PVPG molecules, 12 H.0, 6190481146 -6188.460352 3300 1652  179.0
molecules, 2A-ribbons
1 PVP6 molecule -2185.818454 -2184.977586 1698 174.1
1 PVPE molecule, 6 H;0; molecules, | 309527374 3004220528 3200 1654  178.9

1A-ribbon

Table S7. Table of calculated total energies, predicted OH and CO stretching IR bands
and 3C NMR chemical shifts of CO for the optimised geometries in this study.
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Figure S8. Simulated IR spectra for models with 6 bisVP molecules. Pure bisVP is
shown in black, bisVP-2H,0 in red, bisVP-H,0-H,0, in green and bisVP-2H,0, in blue.
The H,0, and water complexes contain the AB hydrogen bonding motifs.
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Figure S9. Simulated IR spectra for models with 6 bisVP molecules and 12 H,0,
molecules with different hydrogen bonding motifs. The AB motif is shown in black, the
A motif with two ribbons is shown red and the A motif with three ribbons is shown in
green.
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Figure S10. Simulated IR spectra for models with PVP tetramer (PVP4) molecules. Pure
PVP4 is shown in black, 3PVP4-12H,0 with two AB ribbons is shown in red,
3PVP4-6H,0-6H,0, with two AB ribbons is shown in green, 3PVP4-12H,0, with two AB
ribbons in blue and 3PVP4-12H,0, with 2 A ribbons in orange.
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Figure S11. Simulated IR spectra for models with PVP hexamer (PVP6) molecules. Pure
PVP6 is shown in black and 2PVP6:-12H,0, with two A ribbons is shown in red.



Figure S13. The DFT calculated structure of six bisVP molecules with twelve water
molecules forming two AB-ribbons.



Figure S14. The DFT calculated structure of six bisVP molecules with six water
molecules at position B and six H,0, molecules at position A, forming two AB-ribbons.

Figure S15. The DFT calculated structure of six bisVP molecules with six water
molecules at position A and six H,0, molecules at position B, forming two AB-ribbons.



Figure S16. The DFT calculated structure of six bisVP molecules with twelve H,0,
molecules, forming two AB-ribbons.

Figure S17. The DFT calculated structure of six bisVP molecules with twelve H,0,
molecules, forming two all-A ribbons.



Figure S18. The DFT calculated structure of six bisVP molecules with twelve H,0,
molecules, forming three all-A ribbons.

Figure S19. The DFT calculated structure of two bisVP molecules with four H,0,
molecules, forming one all-A ribbons.



Figure S20. The DFT calculated structure of three bisVP molecules with six H,0,
molecules, forming one all-A ribbons.

Figure S21. The DFT calculated structure of three PVP tetramer molecules.



Figure S22. The DFT calculated structure of three PVP tetramer molecules with twelve
water molecules, forming two AB ribbons.
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Figure S23. The DFT calculated structure of three PVP tetramer molecules with six
water molecules at position B and six H,O, molecules at A, forming two AB ribbons.



Figure S24. The DFT calculated structure of three PVP tetramer molecules with six
water molecules at position A and six H,0, molecules at B, forming two AB ribbons.

Figure S25. The DFT calculated structure of three PVP tetramer molecules with twelve
H,0O, molecules, forming three all-A ribbons.
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Figure S27. The DFT calculated structure of two PVP hexamer molecules.



Figure S28. The DFT calculated structure of two PVP hexamer molecules with twelve
H,0O, molecules, forming two all-A ribbons.
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