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Calculated x-ray absorption and emission spectra
Complementary to the spectrum sampling in CP2K (Fig. 1 of the main paper) and the 

molecular dynamics simulations of NH3 in aqueous solution (Fig. 6 of the main paper), we also 
simulated x-ray absorption (XAS) and x-ray emission (XES) spectra for a series of NH3(H2O)n = 
0, 4, 5, and 6 clusters in distinct hydrogen bonding configurations, as presented in Figure S1. The 
clusters were optimized within density functional theory in Gaussian 091 using the B3LYP 
functional2 and the aug-cc-pVTZ basis set3.

Subsequent spectrum calculations were performed in StoBe4 using the Becke Perdew 
gradient-corrected exchange and correlation functionals5–7. For the core-excited nitrogen atom, a 
flexible IGLO basis set8 was used. The oxygen atoms were described using effective core 
potentials (ECPs)9, in conjunction with a 311/211 basis set for the valence electrons. The 
hydrogen atoms were described by a double-zeta basis set10. The auxiliary basis sets for nitrogen 
and oxygen were comprised of five s and two spd functions to fit both, the Coulomb and 
exchange correlation potentials. For hydrogen, the GENA4 procedure in StoBe was used to 
generate an auxiliary basis set.

The x-ray emission spectra were simulated based on the ground state Kohn-Sham eigenstates, 
whereas for the x-ray absorption spectra the half core-hole transition potential method11 was used 
in combination with a double-basis set procedure in which, after convergence, the basis set was 
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FIG. S1. Simulated N K XAS and XES spectra (without core-hole dynamics) for NH3 in 
different H-bond environments, obtained from optimization of NH3(H2O)n=0,4,5,6 clusters. The 
simulations were performed in StoBe, using the electronic ground state for XES and the half-
core-hole transition potential method for XAS. The configurations for isolated NH3 and for NH3 
with one accepting and two donating H-bonds are the same as used in Fig. 6. Donor-acceptor 
configurations are denoted as, e.g., 3Don1Acc for a three-donor, one-acceptor configuration.



augmented with a large, diffuse basis set12. 
The calculated spectra were shifted in energy 
for approximate alignment to the 
experimental data.

To include dynamical effects in the x-ray 
emission spectra, we sampled the 
configurations from dynamics in the core-
excited state and core-ionized state, 
respectively. Trajectories of 20 fs were 
obtained from Born-Oppenheimer ab initio 
molecular dynamics with a time-step of 0.5 
fs. The geometric changes in the core-ionized 
state (not shown) are small, whereas the 
ammonia molecule undergoes N-H 
dissociation in the lowest N1s core-excited 
state. As seen in Figure S2a, the dissociation 
is ultra-fast and exhibits a solvation 
dependence. There is a considerable energy 
release during the N-H dissociation (Figure 
S2b), which gives rise to the inelastic tail 
(labeled V) in the "elastic" peak in Figure 5 
of the main paper. The differences in 
geometric response between core-ionization 
and core-excitation for both, the isolated and 
solvated ammonia molecule, are responsible 
for the spectral differences displayed in 
Figure 6 in the main paper.

Calculated Spectator Shifts
To analyze trends and deviations between different computational setups (and compare with 

experiments), Table S1 presents the full set of calculated N K-edge absorption (top) and valence 
transition (center) energies of NH3(g). Furthermore, the resulting emission energies (i.e., the 
difference between core absorption and valence transition energy) are also shown (bottom). The 
latter correspond to the values shown in Table 1 of the main paper for two of the different 
computational setups (A and E, see discussion below). 

The results are obtained with scalar relativistic effects and spin-orbit coupling CASPT2 
calculations 13 within the Douglas-Kroll-Hess formulation 14,15, using the state-interaction scheme 
in MOLCAS 8.016. As in the main paper, we use the ANO-RCC-VTZP basis set and ten electrons 
distributed in 13 active orbitals. The core 1s orbital was placed in RAS3 and the remaining 12 
orbitals were in placed in RAS2. The ground state and valence-excited state orbitals are generated 
from optimized ground state orbitals and the core excited state orbitals from optimization of the 
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FIG. S2 a) Nuclear response in the lowest 
core-excited state, as simulated using StoBe. 
The configurations for isolated NH3 and for NH3 
with one accepting and two donating H-bonds 
are the same as used in Fig. 6. b) Evolution of 
the energy loss at the Rayleigh line for 
excitation in the lowest core-excited state. The 
simulations were performed in StoBe. The 
configurations for isolated NH3 and for NH3 
with one accepting and two donating H-bonds 
are the same as used in Fig. 6.



core ionized orbitals. The 1s orbital is then frozen throughout the subsequent RASPT2 
calculations.

To gain an understanding of how the basis set and the number of states included in the state-
averaging affect the calculated emission energies, we performed a series of calculation where the 
computational setup was altered by variation in the number of excitations (valence and/or core) 
used for the state averaging as well as the determination of the spin-orbit coupling and the 
oscillator strengths. Furthermore, in some cases, we added a basis set consisting of one s, one p, 
and one d diffuse function to account for the Rydberg states. 

In setup (A), we included 21 valence excitations and 20 core excitations and accounted for 
the Rydberg states (labeled “21/20 R” in Tab. S1). In contrast, setup (B), while 20 core-
excitations were included in the state-averaging calculation, only a part of these were used in the 
spin-orbit coupling and the oscillator strengths calculations (3 instead of 20 – labeled “21/3(20) 
R” in Tab. S1). In setup (C), we also reduced the number of core excitations in the state-
averaging calculations (i.e., from 20 to 3 – “21/3 R” in Tab. S1). Setup (D) was the same as setup 
(C), but without account for the Rydberg states in the basis set (“21/3”). In setup (E), we 
calculated the transitions without state-averaging, but did account for the Rydberg states in the 
basis set (“NoSA R”). Due to convergence issues, we did not manage to calculate values for 
excitation into the 5a1 absorption resonance for this computational setup. For setups (B), (C), and 
(D), no values for 5a1 excitation could be calculated since only 3 core excited states were 
included in the state interaction calculation.
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Table S1: Calculated x-ray emission, x-ray absorption, and transition energies of NH3(g) using 
different computational setups. Experimental absorption energies from Ref. [13]. Calculations 
have an accuracy of ±0.02 eV.

(A)
21/20 R
E(eV)

(B)
21/3(20) R

E(eV)

(C)
21/3 R
E(eV)

(D)
21/3

E(eV)

(E)
NoSA R
E(eV)

Exp
E(eV)

Absorption energies
1s-14a1

1 401.29 401.04 400.77 400.89 401.07 400.71
1s-12e1 402.93 402.68 402.40 402.54 402.57 402.33
1s-15a1

1 403.50 - - - - 402.91
Transition energies
3a1 → 4a1 6.45 6.32 6.31 6.56 6.83
3a1 → 2e 8.24 8.12 8.09 8.18 8.18
3a1 → 5a1 8.64 8.54 - - -
1e → 4a1 12.06 11.84 11.80 12.03 -
1e → 2e 13.87 13.62 13.59 12.06 -
1e → 5a1 14.30 - - - -

X-ray emission energies
3a1

-14a1
1 394.84 394.72 394.47 394.34 394.24 394.1

3a1
-12e1 394.69 394.57 394.31 394.36 394.39 394.5

3a1
-15a1

1 394.87 - - - - 394.6
1e1

-14a1
1 389.23 389.21 388.97 388.84 - 388.6

1e1
-12e1 389.06 389.06 388.81 388.82 - 388.5

1e1
-15a1

1 389.20 - - - - 388.6



The comparison of experimental and calculated emission energy shifts as a function of 
absorption resonance (i.e., spectator shifts) in connection with Table 1 of the main paper shows a 
good agreement when state-specific calculations (i.e., without state-averaging) are performed. In 
contrast, the state-averaged values show a small shift in the opposite direction. Close inspection 
of the values in Table S1 shows that the difference between the 4a1 and 2e absorption energies is 
largely independent of the different calculation setups used. In contrast, all state-averaged 3a1 → 
4a1 transition energies are significantly lowered as compared to the state-specific values and thus 
predict a spectator shift of opposite sign compared to the experiment (note that the effect is 
amplified by taking the Rydberg states into account). In contrast, the 3a1 → 2e transition energies 
are very similar between state-averaged and state-specific calculations. 
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