A W NP

o Ol

10

11
12

13

14
15

Supplementary Information
Efficient catalyst-free N: fixation by water radical cations under ambient
conditions

Xiaoping Zhang!, Rui Su??, Jingling Li*, Liping Huang? Wenwen Yang?, Konstantin Chingin?, Roman
Balabin?, Jingjing Wang?, Xinglei Zhang', Weifeng Zhu?, Keke Huang®, Shouhua Feng® Huanwen
Chent2*

Liangxi Key Laboratory for Mass Spectrometry and Instrumentation, East China University of
Technology, Nanchang, 330013, P. R. China

2School of Pharmacy, Jiangxi University of Chinese Medicine, Nanchang, 330004, P. R. China

3State Key Laboratory of Inorganic Synthesis and Preparative Chemistry, College of Chemistry,
Jilin University, Changchun 130012, P. R. China

Email: chw8868@gmail.com


https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Chingin%2C+Konstantin

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

Table of Contents
1. Supplementary Note 1: Theoretical calculations..................coooiiiiiiiiiiiiii s 3-6
2. Supplementary Note 2: Calculation resultsin Table 1.................ooooiiiiiis. 6-7
3. Supplementary Note 3: Calculation of N2 conversion rate...............coevviiiineiinennennn.. 7
4. Supplementary Note 4: Calculation resultsin Table 2., 7-8
Supplementary FIQUIE L. .. ... 9
SupplemMeENtary FIQUIE 2. . ... e 10
Supplementary FIQUIE 3. ... 11
Supplementary FIQUIE 4. .. ... e e 12
Supplementary FIQUIE . ... e e 13
Supplementary FIQUIE B. ... ... e e 14
SUPPIEMENtArY FIQUIE 7. .. e e e 15
Supplementary FIQUIE 8. .. ..o e 16
Supplementary FIQUIE O. .. ..o e e 17
Supplementary FIQUIe L10. ..., 18
Supplementary FIQUIE Ld. .. ... e, 19
Supplementary FIQUIE 12, ... .. .o 20
Supplementary FIQUIE L3, ... ..o 21
Supplementary FIQUIE L. ... ..o 22
Supplementary FIQUIe 15, . ... 23
Supplementary referenCe. ... ... e 24



38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

1. Supplementary Note 1: Theoretical calculations

Most theoretical calculations were performed using the Gaussian 16 electronic structure
programs 1. ORCA quantum chemistry program package (v5.0.4) was used for fractional
occupation number weighted electron density (FOD) analysis 2.

The geometries of reactants, intermediates and products were optimized at dispersion-
corrected density functional theory level (DFT-D) with closed- and open-shell virtual orbital-
dependent functional as introduced by Grimme (B2PLYP, commonly referred to as B2-PLYP),
which uses more than half of exact exchange energy % We used the modification of this
functional by Martin (B2GP-PLYP) that is expected to be capable of 2 kcal mol? quality
thermochemistry and to be robust toward non-dynamical electron correlation °. To estimate the
practical uncertainty of our electronic energy differences, we also used the revised version of

6 relative

DSD-PBEP86 functional with Grimme’s GD3BJ empirical dispersion correction
energy differences = 0.12 eV were observed during this comparison.

Complex Dunning's correlation consistent basis sets of triple and quadruple quality were
used to build molecular orbitals: one of Truhlar’s triple-zeta “calendar” basis sets (may-cc-pVTZ)
was applied for a preliminary optimization /, while Weigend’s modification of Ahlrichs and
coworkers quadruple-zeta basis set (def2-QZVPP) was used for the final geometry optimization
and vibrational analysis *. Fully augmented Dunning's correlation consistent quadruple-zeta basis
set (aug-cc-pVQZ) was also used for geometry optimization to test whether basis set limit (BSL)
was practically reached ®°: negligible differences in B2GP-PLYP and DSD-PBEP86 geometries
were observed.

Force constants and the resulting vibrational frequencies were obtained at “very tightly”

converged geometries with RMS force threshold of 10 Hartree Bohr™. Pruned “ultra-fine” grids
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with 99 radial shells and 590 angular points per shell were used for all calculations. Vibrational
frequencies of all the key species were calculated at the same level of theory to obtain the Gibbs
free energies corrections to their electronic energies at 298.15 K in rigid rotor — harmonic
oscillator (RRHO) approximation.

Final electronic energies of B2GP-PLYP geometries were calculated at CCSD(T)/CBS level.
Valence focal-point analysis of Schaefer %! was applied to reach the complete basis set limit
(CBS): Hartree-Fock (HF) energies were extrapolated to BSL by exponential formula, while a
two-parameter polynomial formula (X?®) was used for extrapolation of electron correlation
corrections (6CCSD(T)). As expected from numerous recent benchmark studies, a difference of
~ 0.10 eV was observed between CCSD(T)/CBS and B2GP-PLYP/aug-cc-pVQZ data with the
exception of (H20)." conformations (see below). Because our systems included only period two
elements, core correlation shifts and relativistic corrections were estimated to be negligible 2.

The same cannot be said about multi-reference character of our systems with TS being the
most problematic case. A set of methods — spin contamination at the UHF level as estimated by
the relative deviation from the expected (S?) value, the low speed of SCF convergence, T:
diagnostics (>0.035) and FOD analysis (see Supplementary Figure 3) with different density
functionals — agrees that our proposed TS for double proton transfer has a large contribution
from static (non-dynamical) electron correlation, as regularly happens with biradicals or certain
classes of transition-metal complexes !4 So, appearance of many equally important
determinants in electronic wave functions is expected. While CCSD(T) with large basis set
usually provides reliable reaction energies (accuracy better than 1 kcal mol™) for single-reference
molecules, we cannot reasonably conjecture the same accuracy for this particular molecular

system.
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This precludes us from drawing a precise conclusion about TS position on the energy
diagram.

Highly parameterized Minnesota global hybrid functional from Truhlar with 54% of HF
exchange (M06-2X) and t-dependent meta-gradient-corrected (meta-GGA) functional of Tao,
Perdew, Staroverov, and Scuseria (TPSS, commonly referred to as TPSSTPSS) were used to

15 Modification of

further estimate the uncertainty of quantum chemical calculations
PBEO/PBE1PBE density functional by setting its exact exchange energy to 7.5% was also tested.

Our choice of virtual orbital-dependent functionals was determined by a comparison with
available experimental data in literature 6. Dinitrogen (N.) represents an example of complicated
electronic system with large static electron correlation (also known as “strongly correlated
system” 1), Therefore, popular DFT functionals (B3LYP, PBEO, TPSS, ®B97X, etc.) are not
applicable to N2, while B2PLYP and its analogues are able to precisely reproduce the

experimental data. For example, the bond length and harmonic frequency (we) oOf the ground-

state singlet N, (X 13 ¢*) calculated by B2PLYP are 109.78 pm and 2346 cm™, accordingly.

These numbers are highly consistent with the experimental values of 109.77 pm and 2359 cm™.
For comparison, the same results for B3LYP functional are less accurate: 109.01 pm and 2448
cm™. The dispersion-corrected functional from Head-Gordon (0B97XD/wB97XD) is even less
accurate: 108.72 pm and 2490 cm™. The same conclusion holds for the triplet N, (A 3Z,* and B
311, states) as well as for the ground doublet state of N2* (X 2Zg").

To further test our selection of quantum chemical methodology we have compared our
results for HNO (X~ A’) with the recent best single-reference WFT estimations available in
literature. Due to low stability of HNO molecules, experimental data are not as reliable as needed

for a direct comparison 2. The same trend as with N, was confirmed: while B2GP-PLYP/DSD-
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PBEP86 geometries were found to be almost indistinguishable (0.1-0.4 pm, 12-15 cm™) from
CCSD(T)/cc-pCVQZ structures of Schaefer, B3LYP/PBE0/M06-2X geometries were not that
accurate (1.0-1.3 pm, 56-64 cm™). The same conclusion holds for a triplet HNO state (a~ 2A”) as
well as for a doublet NO (X 2IT) where comparison with exact experimental data is possible.
Water dimer radical cation was also studied at CCSD(T)/aug-cc-pVQZ level by Schaefer
and colleagues *8. We used these values as a reference point. In case of (H20)." hemibonded
structure only O..0O distance was found to be sensitive to density functional choice: virtual
orbital-dependent functionals show 2.6-3.2 pm deviation from the WFT value, while
B3LYP/PBEO/wB97XD/PW6B95D3/M06-2X geometries are too loose by 6.0-9.4 pm. Other
geometrical parameters are hardly distinguishable for all the methods tested and are close to
WFT ones. Unfortunately, inclusion of virtual orbitals into DFT paradigm does not help to
reproduce the CCSD(T) relative energies of different (H.0)." conformations: B2GP-PLY P/def2-
QZVPP value of 0.64 eV for energy difference between hemibonded and H-bonded structures is

hardly comparable with our value of 0.33 eV at CCSD(T)/CBS level or 0.31 eV from Schaefer.

2. Supplementary Note 3: Calculation results in Table 1

Note that the dimensions of the plate for the discharge needle array were measured as ~ 3.5
cm % 5.5 cm, and thus the given area for the plate was about 19.25 cm?2. However, the effective
discharge occurred only at the tip of the needles, which were evenly distributed on the total
surface of the plate, i.e., 19.25 cm?.

Consequently, it could be expected that the water cluster radical cations (H20)2" would be
mainly produced right at the tip of the needle, which was roughly estimated as a small ball °
with a sharp tip. Using a high-magnification electron microscope, the tip of the tungsten needle
observed was spherically shaped, and the diameter of the needle tip was measured to be < 0.06
mm. Take the max value of the diameter (0.06 mm, i.e., (6 <10~ cm) for estimation of the
surface area, and then according to the ball area (zD?), the tip surface area was less than 3.14 x

6
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62x 107%cm? =113.04 = 10%cm?. Note that only about half area of the tip was exposed to the
water vapor for reaction, thus the S was estimated as 0.5 x113.04 <10 cm?=5.65 <10 cm?.
Accordingly, the total effective area surface of the 76 needles in the array was about 4.29 <103
cm?.

Thus, the actual yield achieved for NH2OH should be between the yieldmax = 5.10 x10° ug
cm~2h (calculated based on the total effective area of 76 needles) and yieldmin~ 1.14 pg cm2h-
! (calculated based on total plate area). Accordingly, the yield achieved for HNO should be
between the yieldmax =~ 1.53x10° pg ecm2h (calculated based on the total effective area of 76
needles) and yieldmin~ 0.37 ug cm2h* (calculated based on the total plate area).

The product prices are calculated according to the quotation on Sigma-Aldrich official
website. For example, the product price of NHz H2O (~30%) is 30 $ per 500 mL, that is 0.06 $ g
1. The product price of NH2OH is about 10 $ g. The product price of Angeli’s (AS) salt (a
source to generate HNO) is 30 $ mg. As the molar mass ratio of HNO and AS is 1:5 and 1 mol
AS salt can release 1 mol HNO in theory, thus, the estimated product price of HNO is about 150
$ mg.

3. Supplementary Note 2: Calculation of N2 conversion rate

C(NH5+NH,0H+NO3 +NO3+HNO) mol/L 6 mL
10 min 1000 mL/L

Conversion rate = X 24.5 L/mol X

1
FR L/min

x 100%, where FR is the flow rate of the gas with 0.1 L min*. This is based on the

assumption that all N> fixation products are converted to NH2OH, HNO, NHs, NO>™ and
NOs". In detail, C(NH20H) = 0.019 mmol L, C(HNO) = 0.018 mmol L1, C(NHs) = 0.02
mmol L1, C(NO2) = 0.004 mmol L%, C(NO3z) = 0.007 mmol L.

4. Supplementary Note 4: Calculation results in Table 2

The energy cost is calculated according to the equations: the power W = UxI>t (1) and the
energy cost = W/n (2), where W is the power, U is the discharge voltage, | is the ion current, t is
the reaction time, n is the molar mass of the product. For example, at U =4.2 kV, I =0.031 mA, t

= 10 min the amount of produced NH>OH is ca. 3.372 pg (about 0.102 umol). The power
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consumed over 10 min is about 4.2 kV>0.031 mAx1/6 h = 78.12 J. The energy cost is about
78.12 J/0.102 pmol = 770 MJ mol .

The product prices are calculated according to the quotation on Sigma-Aldrich official
website. For example, the product price of NHz H20 (~30%) is 30 $ per 500 mL, that is 0.06 $ g
1. The product price of NH20H is about 10 $ g*. The product price of Angeli’s (AS) salt (a
source to generate HNO) is 30 $ mg?. As the molar mass ratio of HNO and AS is 1:5 and 1 mol
AS salt can release 1 mol HNO in theory, thus, the estimated product price of HNO is about 150
$ mg*. The product price of HNOs is about 3 $ per 500g, that is ~0.006 $ g*. Note that the

economy efficiency for the catalytic methods does not account for the price of the catalyst.
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Supplementary Figure 1. Reference experiments with regard to the reaction between N2
and water radical cations shown in Fig. 1la. a Schematic illustration of the experiment in
which N2 in Fig. 1la was replaced by Ar. The figure is adapted with permission from
Supplementary refs. 20-22. b Mass spectrum recorded in the experiments shown in
Supplementary Fig. la was replaced by Ar. ¢ Experimental two-channel setup to study the
interaction of neutral N2 with water radical cations by online mass spectrometry. The figure is
adapted with permission from Supplementary refs. 20-22. d Mass spectrum recorded in
Supplementary Fig. 1c. e Dissociation pathways of the HONH-HNOH™ intermediate m/z 64
formed under the conditions of Fig. 1a. f Mass spectrum recorded when H2O in the experiments
shown in Fig. 1a was replaced by D20, other experimental conditions being the same. g Tandem
mass spectra of the HONH-HNOH™-type intermediates revealed in the disproportionation
reaction of N2 with (H20)." using different isotopic substitutes: m/z 68 (DOND-DNOD™) and
m/z 66 (HOY®NH-H®NOH™). h Mass spectrum of N2™ (corresponding signal at m/z 28) in the
presence of neutral water vapor in the ion trap. No signals at m/z 64 (HONH-HNOH™), m/z 32
(HNOH") or m/z 33 (NH20H™) could be observed under any experimental conditions tested,
even by applying collision energy to the isolated N>" ions (isolation width of 5 Da; the activation
Q value of 0.4). i Isolation of ions at m/z 36 inside the ion trap with zero collisional activation
energy. Asterisks correspond to the products specific to the reaction between water (D20) vapor
plasma and No.
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Supplementary Figure 5. Quantification of NH20H and HNO by spectrophotometry. a UV-
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Calibration curve of NH>OH. ¢ Fluorescence emission spectra of P-CM solution reacted with
HNO at different concentrations. d Calibration curve of HNO. The error bars indicate the
standard deviation (n=3).
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Supplementary Figure 6. Validation of NH20OH and HNO products by spectral methods. a
Confirmation of indooxine formation in the reaction between the collected NH>OH and 8-
quinolinol by tandem MS. b Tandem MS characterization of P-CM-NH and P-CM-O products
formed by the reaction of P-CM with HNO in the collected reaction mixture. ¢ The synthetic
route of P-CM probe and reaction process between P-CM probe and HNO 2%, d *H NMR

spectrum of the synthesized P-CM probe, which is consistent with earlier report 23,
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Supplementary Figure 8. NMR spectroscopy of reaction products produced using N2 and
the N2 gas. a NHOH product. b NH4+* product. ¢ Reaction device with enclosure. In order to
increase the efficiency of product formation and reduce the cost of isotope °N; gas, the N, gas
was introduced into an enclosed container (Supplementary Figure 8c). For comparison, the
reference experiment with N, gas was done under the same conditions. The *H NMR spectrum
of NH4* product exhibited a typical triple peak with J = 52 Hz, which matched the peak
generated by a standard NH4Cl. When the mixture of ®N2/**N, or pure *N, was used as the
feeding gas, a double peak with J = 72 Hz was observed, which was assigned to the NH4*
product, similar to that reported by Hu et al. 2,
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Supplementary Figure 9. Electrochemical reduction of NH20H collected during N2
disproportionation and quantification of the NH3 product by UV-Vis spectrophotometry. a
The device for NH2OH reduction. b Determination of NHs produced by the reduction of
collected NH2OH using the indophenol blue method 2. The concentration of NH3 product was
determined by UV-Vis spectrophotometry of indophenol blue formed upon the reaction of the
produced NHs with salicylic acid. ¢ Reference UV-Vis spectra of indophenol blue formed by the
reaction of salicylic acid with aqueous NHs at different concentrations (weight per 10 mL of
solvent) of NH4CI. d Calibration curve built based on the data in c.
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Supplementary Figure 10. The effect of HNO on HT22 cell reducing capacity measured by
Cell Counting Kit-8 assay. a HT22 cell reducing capacity as a function of HNO concentration
from 0.008 uM to 0.125 uM. The ECso value of 0.016 uM corresponds to HNO concentration at
which 50% proliferative effect on HT22 cells is obtained. b HT22 cell reducing capacity as a
function of HNO concentration from 2 uM to 32 pM. The ICso value of 18.12 uM corresponds to
HNO concentration at which 50% damaging effect of HNO on HT22 cells is obtained. ¢ Effect
of H2O> concentration levels on the reducing capacity of HT22 cells measured by Cell Counting
Kit-8 assay. *P<0.05 and **P<0.01 versus control. d The reducing capacity of HT22 cells as a
function of H20> concentration levels varied from 50 uM to 400 uM; ICso = 166.9 uM. The error
bars indicate the standard deviation (n=3).
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different discharge voltages. The error bars indicate the standard deviation (n=3).
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Supplementary Figure 13. Characterization of NO2 and NOs products by mass
spectrometry (a-d) and ion chromatography (e-h): a online detection of produced species in
negative ion detection mode. b reference spectrum of standard compounds. ¢ blank reference
spectrum; d calibration curve for the quantitative evaluation of NO2~ and NOs™ products. e ion
chromatogram of the collected reaction gas. f ion chromatography of standard compounds. g
reference blank ion chromatogram. h calibration curve.
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Supplementary Figure 15. Characterization of NH4* by ion chromatography. According to
the detection of NH4* by ion chromatography, the concentration of NH4* is ~0.36 pg mL™. The
NH,* production rate was about 0.66 pg cm2 h™t, which was calculated by the formula: Yield =
(CXV)/(T>S), where C is the concentration, V is the solution volume, T is the reaction time, S is
the area of tip array. Because NH2OH can convert to NH3z with nearly 100% efficiency, the
ammonia production rate was estimated as ~1.8 pg cm= h2.
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