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ABSTRACT  

Self-assembly and on-surface synthesis are vital strategies used for fabricating surface-confined 

1D or 2D supramolecular nanoarchitectures with atomic precision. In many systems, the resulting 

structure is determined by kinetics of processes involved, i.e., reaction rate, on-surface diffusion, 

nucleation, and growth, all of which are typically governed by temperature. However, other 

external factors have been only scarcely harnessed to control the on-surface chemical reaction 

kinetics and self-assembly. Here, we show that a low-energy electron beam can be used to steer 

chemical reaction kinetics and induce the growth of molecular phases unattainable by thermal 

annealing. The electron beam provides a well-controlled means of promoting the elementary 

reaction step, i.e., deprotonation of carboxyl groups. The reaction rate linearly increases with 

increasing electron beam energy beyond the threshold energy of 6 eV. Our results offer the novel 

prospect of controlling the self-assembly, enhancing the rate of reaction steps selectively, and thus 

altering the kinetic rate hierarchy. 

 

 

KEYWORDS. Self-Assembly; Low-Energy Electron Microscopy; Surfaces; Kinetics; On-

Surface Reactions  
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INTRODUCTION 

Bottom-up approaches provide the possibility to synthesize nanoscale architectures with atomic 

precision, thus offering the extensive prospect of creating materials with finely tuned properties. 

Since the first studies on self-assembled monolayers (SAMs),1–3 multiple two-dimensional 

supramolecular assemblies on surfaces have been introduced,4–7 and a significant step in the on-

surface synthesis has followed.8–10 The desired functionality is implemented by carefully designing 

molecular precursors and selecting a proper substrate. Besides thermodynamics, which defines the 

equilibrium structure, the kinetics of the involved on-surface processes,11 i.e., reaction rate, on-

surface diffusion, nucleation, and growth, plays a crucial role. The self-assembled structure is often 

defined by a self-assembly pathway,12–14 rather than thermodynamic stability; metastable, 

thermodynamically inaccessible, self-assembled nanostructures can be obtained under kinetic 

control.14,15 Considering the kinetic rates, generally all the involved processes are thermally 

activated following the Boltzmann distribution and display a particular hierarchy of activation 

energies, as shown in Figure 1. With an increasing temperature, the rate of all the temperature-

activated processes increases exponentially, with activation energies being the defining parameter. 

The correct choice of temperature enables the adjustment of the rate of structural and chemical 

transformations to reach the desired product.10,16–19 However, this approach lacks spatial 

localization and does not selectively promote specific reaction steps because the hierarchy of 

activation energies cannot be easily rearranged.  
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Figure 1: Schematic representation of a ladder of activation energies for three processes in a 

complex reaction. Considering the thermal activation, process 3 with the highest activation energy 

is rate-limiting. The e-beam irradiation selectively enables process 3; hence, with e-beam 

irradiation, process 2 becomes rate-limiting.  

The non-thermal activation methods10 present an alternative that circumvents the limitations 

mentioned above. The activation induced by a scanning tunneling microscope (STM) tip provides 

ultimate control over the reaction kinetics, selectivity, and spatial localization20–23 but applies only 

to single-molecule modifications, preventing large-scale use and making it technologically 

irrelevant. Conversely, light and electron-beam (e-beam) probes generally encompass larger 

working areas and can excite specific vibrational modes, access many reaction channels, deliver 

much higher energies, and excite plasmons for plasmon-induced chemical reactions.10,24–29 E-

beam-induced reactions like crosslinking/breaking polymer chains in electron beam lithography30 

or precursor decomposition in electron-beam-induced deposition (EBID)31 are key technologies 

for nanofabrication. Despite the advantages mentioned above, the irradiation methods have 

drawbacks; in particular, the utilization of light makes spatial localization diffraction limited. The 

commonly used high-energy e-beams deliver too high energy densities, causing extensive damage 

to adsorbed molecular layers, which substantially reduces reaction selectivity.24 Even low-energy 

(< 20 eV) electrons are still considered rather more damaging than useful, especially for organic 
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adsorbates.24 The interaction of low-energy (< 20 eV) electrons with organic molecules is 

associated, e.g., with radiation damage of biomolecules (e.g., DNA), degradation of materials, 

astrochemistry relevant reactions, polymerization in the condensed phase, and formation of 

reactive molecules and fragments in plasmas.32,33 With respect to on-surface synthesis and self-

assembly, low-energy electrons have been employed so far to modify solution-processed 

carboxylic acid SAMs34, induce polymerization of boronic acid on a Ag(001) surface interpreted 

as partial desorption of precursors providing free space for a reaction.35 Indirectly, the e-beam-

induced surface reconstruction pushed down the temperature of surface-assisted polymerization of 

alkanes by 20 K.36 However, achieving reaction specificity and precise control of the reaction 

kinetics is still challenging. Here we show that a low-energy-electron beam provides excellent 

control over the kinetics of the dehydrogenation reaction and induces the growth of self-assembled 

molecular phases unattainable by conventionally used thermal annealing. 

In this work, we use 4,4’-biphenyl-dicarboxylic acid (BDA, Figure 2a) to build initial 

supramolecular phases on Ag(001) and Ag(111) surfaces (Figures 2b, c). The carboxyl groups 

form stable complementary hydrogen-bonded synthons, thus being excellent building blocks to 

create self-assembled molecular architectures.7,37 Moreover, carboxylic acids play a prominent 

role in metal-coordinated38,39 and covalent coupling40–42 on surfaces. We employ low-energy 

electron microscopy (LEEM) both as a source of low-energy electrons to induce chemical 

reactions and as a tool to measure their kinetics as a function of primary electron energy. To get a 

comprehensive picture of electron-induced chemical transformation, LEEM is complemented by 

STM, X-ray photoelectron spectroscopy (XPS), low-energy electron diffraction (LEED), and 

density-functional theory (DFT) calculations. Our results present novel prospects for driving self-

assembly with high selectivity and spatial resolution. 
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Figure 2. (a) Chemical structure of 4,4’ biphenyl dicarboxylic acid (BDA). (b, c) STM images of 

the BDA  phases on (b) Ag(001) and (c) Ag(111) surfaces. 

Results and Discussion 

The as-deposited  phase (Figure 2b,c; and the corresponding diffraction pattern shown in Figure 

3a) comprises an ordered network of hydrogen-bonded BDA molecules on both Ag(001)11,43,44 

and Ag(111) substrates. The e-beam irradiation leads to the formation of new molecular phases. 

Depending on the electron energy, we distinguish two situations for the Ag(001) substrate. The 

sequence of LEED patterns presented in Figure 3b reveals that an e-beam with an energy lower 

than 10 eV first induces the formation of the intermediate  phase,11 the structure of which is 

shown in Figure 3f. This is followed by further transformation to a molecular phase not observed 

in earlier works11,43,44 (denoted as the  phase in the following). The structure of the  phase is 

shown in Figure 3g). These transformations are a response to the chemical transformation of BDA, 

i.e., dehydrogenation (or deprotonation) of the carboxyl groups.11 The phase comprises 50 % of 

deprotonated groups,11 and the  phase is fully deprotonated (see Supporting Information, Section 

1 for a detailed description of the phase). Whereas the formation of the  phase can be induced 

both by irradiation and thermal annealing above 340 K, the phase is only reached by e-beam 

irradiation. If the full deprotonation is reached thermally (>400 K), a distinct molecular phase ( 
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phase) is formed instead.44 The e-beam with an energy higher than 10 eV directly induces the 

formation of the  phase, as documented in Figure 3c. This hints at a change in deprotonation- or 

growth kinetics when e-beam of a higher energy is used.   

The e-beam deprotonation is also observed on the other silver substrate, Ag(111). On the Ag(111), 

the fully deprotonated phase (see Supporting Information, Section 2, for a description) is formed 

upon irradiation directly without any intermediate phase for all employed energies. This makes the 

quantification of the nucleation and growth rate straightforward for all the employed energies. In 

Supporting Information, Section 3, we show that the experiments performed at Ag(001) 

demonstrate qualitatively the same results if the  phase grows directly. Figure 4 shows the 

evolution of the intensity of the diffraction spots associated with the fully deprotonated phase on 

Ag(001). Our data show that the higher the electron beam energy, the earlier the phase appears 

(black marks) and the faster it grows.  

The formation of a new phase inherently relies on three physical processes: dehydrogenation 

(deprotonation) of the carboxylic groups, on surface transport and nucleation of deprotonated 

molecules, and subsequent growth of the phase itself, which, in turn, is defined by attachment and 

detachment of the constituents to the formed nuclei. The nucleation and growth of a new phase 

require supersaturation and a steady supply of its components, respectively. Hence, the shorter 

time needed for the nucleation of a new phase and its faster growth at higher energies suggests that 

the rate of BDA deprotonation increases with an increasing e-beam energy. However, these 

diffraction measurements include all three processes merged, making it challenging to prove that 

the e-beam influences only the deprotonation rate. Moreover, we have observed a slightly higher 

nucleation rate at an elevated temperature, as shown in the inset in Figure 4, which also complicates 

the unambiguous determination of the deprotonation rate independently on nucleation and growth. 
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Figure 3. Phase evolution during e-beam irradiation. (a) Diffraction pattern of the initial  phase. 

(b, c) Diffraction-pattern sequences measured during e-beam irradiation at 6 eV(b) and 16 eV (c), 
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respectively. (d, e) The reference diffraction patterns of pure  phase (d) and  phase (e). The 

arrows mark the positions of characteristic diffraction spots for each of the phases. (f, g) STM 

images of the  (f) and  (g) phases. 

 

 

Figure 4. Time evolution of the intensity of diffraction spots associated with the fully deprotonated 

phase on Ag (111) for the energy of incident electron beam 5 – 20 eV. The black and red vertical 

lines mark the phase nucleation and maximum of the spot intensity, respectively. The inset 

summarizes the nucleation rate (inverse time necessary to nucleate the fully deprotonated phase) 

as a function of e-beam energy for temperatures 300 and 340 K.   

 

Therefore, the measurements of the e-beam effect on the sample independent of nucleation and 

growth would be highly desirable. Recently, we have shown43 that the temperature-induced 

transformation of the BDA phase that form full layer on the Ag(001) surface fulfills this 
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condition. For a full monolayer coverage, the phase transformation proceeds differently than for 

submonolayer coverages: instead of the  phase, the so-called α�  phase is formed.43 The 

transformation to the α�  phase proceeds internally and features the formation of a carboxylate-

substrate bond, which requires only minor vertical and horizontal shifts of BDA within the existing 

structure. We found that similar transformation occurs within the BDA islands upon their e-beam 

irradiation. There are two possibilities for determining the deprotonation kinetics: the change in 

the intensity of diffraction spots associated with the α�  phase, and the change in the reflected 

electron beam intensity (further referred to as intensity) of BDA islands in the bright field images 

presented in Figure 5. 

First, we consider the intensity of the diffraction spots associated with the α�  phase, marked by the 

red arrows in Figures 5e, f. The intensity of these spots gradually increases upon the e-beam 

irradiation and reaches the maximum at a certain point, beyond which the growing fraction of 

deprotonated carboxyl groups start to induce instabilities in the molecular phase, e.g., by 

deprotonation of the second carboxyl within a previously formed carboxyl-carboxylate synthon. 

These instabilities cause the rearrangement of BDA and lead to the decrease of intensity of 

diffraction spots associated with the α�  phase. We have determined the deprotonation rate as the 

inverse time from the beginning of the irradiation until the intensity of diffraction spots reaches its 

maximum (see Supporting Information, Section 4 for details). The results are given in Figure 5g: 

the growth rate of the α�  phase linearly increases with an e-beam energy above the energy of 6 eV. 

The presence of the low-energy offset and linear increase in deprotonation rate with the e-beam 

energy is consistent with the rates obtained from the nucleation of the fully deprotonated phase 

given in Figure 4. 
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Figure 5. Changes in the bright-field images and diffraction patterns during irradiation by 12 eV 

e-beam. The upper series of the images (a-c) depicts the time evolution of contrast in bright-field 

LEEM (the scalebar is 0.3 μm). The green and blue circles indicate adsorbed BDA molecular 

islands and the Ag(001) substrate, respectively. The lower series (d-f) represents the time-

dependent formation and intensity change of the diffraction spots associated with the α�  phase 

marked by red arrows. The insets show an enlarged vicinity of the main α phase diffraction spots. 

(g) The inverse-time value taken at the time when the maximum intensity of the diffraction spots 

affiliated with the α�  phase is reached depending on different e-beam energies. The error bars 

indicate one standard deviation. The dashed line is a linear fit of the experimental data in the range 

from 7 to 30 eV (reduced �� ≈ 0.826). 

 

The experiments performed in real space could provide spatially resolved reaction rates and 

involve lower e-beam energies (down to 1 eV) compared to diffraction. We observe that the 

measured intensity of the molecular phase irradiated with the e-beam decreases with irradiation 
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time (cf. Figures 5a–c and see Supporting Information, Section 5 for details). During the α→α�  

transformation, a carboxylate-oxygen–surface bond is formed, and the BDA molecule is pulled 

closer to the substrate, which decreases work function by ~0.2 eV due to the formation of interface 

dipole and push-back effect (see DFT calculations, Supporting Information, Section 6). As the 

difference in work function is one of the contrast mechanisms in LEEM, 45,46 the observed contrast 

could be, in principle, proportional to the BDA deprotonation. We have experimentally confirmed 

that the dependence between the observed intensity and fraction of deprotonated carboxyl groups 

is linear up to at least 22 % of deprotonated carboxyl groups (Supporting Information, Section 7). 

However, according to the experimental calibration, the intensity should increase with a fraction 

of deprotonated molecules, i.e., should be the opposite in respect to behavior observed during the 

irradiation. This contradiction points to a distinct mechanism of the contrast change, e.g., the 

defocus of an electron beam image47 induced by the charging of the BDA layer. Hence, the 

resemblance of the deprotonation rate dependence derived from bright field imaging (Figure S5.2 

in Supporting Information, Section 5) with those measured by diffraction for energies up to 10 eV 

is somewhat of a coincidence, because a different physical quantity than the density of 

deprotonated carboxyl groups is measured. Hence, further research is required for a deeper 

understanding of the exact relationship between reaction rate and the observed intensity.  

Based on the experiments presented above, we conclude that the growth of either the  or  phase, 

depending on e-beam energy, is a direct consequence of the increased deprotonation rate of BDA 

molecules. Depending on its competition/cooperation with the nucleation rate, either the 

intermediate  phase or directly the final  phase is formed. Regulation of the deprotonation rate 

thus allows a chane of the limiting factor from the rate of supply of the deprotonated molecules to 

nucleation of the molecular phase. Hence, we show that rearranging the ladder of activation 
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energies defining the deprotonation-nucleation-growth kinetics can be employed to obtain 

different products.  

However, the deprotonation reaction is also composed of several steps, i.e., O-H bond dissociation, 

detachment of a H atom from the reaction site, its on-surface diffusion, and associative desorption. 

At room temperature (RT), the electron beam dissociation is the rate-limiting step, and the 

remaining processes are active. Lowering the temperature should thus allow one to address 

whether the hydrogen dissociation is thermally assisted or solely induced by the e-beam. We have 

employed the XPS both to induce and follow the reaction. X-ray irradiation excites a significant 

number of secondary electrons, which may cause the deprotonation of carboxyl groups.48 Figure 

6a documents a gradual increase in the fraction of deprotonated carboxyl groups during the 

irradiation of the complete BDA layer on the Ag(001) substrate. A component at 531 eV 

highlighted by dotted vertical line is associated with the carboxyl–carboxylate bonding within the 

α�  phase. This component increases in intensity with continuous X-ray irradiation. The ratio of the 

intensity of this component to the original one can be employed to determine the fraction of 

deprotonated carboxyl groups, as detailed in Supporting information, Section 8. The evolution in 

the fraction of the deprotonated groups measured at several temperatures is given in Figures 6b, c, 

and d. The thermal contribution to deprotonation is negligible: as shown in Figure 6b, when we 

irradiated the sample only for 10-minute intervals within each hour, ~8 % of carboxyl groups was 

deprotonated during the 30-hour experiment; the total irradiation time was 300 min. The same 

fraction of deprotonated molecules was observed after 300 minutes of continuous irradiation. 

Hence, the observed change is solely induced by X-ray irradiation. 
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Figure 6. (a) Evolution of O 1s spectra during continuous X-ray irradiation at 100 K (marked by 

the cyan bar), during the heating-up, and finally at 290 K (red bar); irradiation time is given for 

each spectrum in minutes. Supporting information, Section 8 provides fitting of the spectra. (b) 

Evolution of the fraction of deprotonated carboxyl groups for continuous and pulsed (10 minutes 

in each hour) irradiation. (c, d) Evolution of the fraction of deprotonated carboxyl groups at 100 

K (c) and 90 K (d) compared with room temperature (295 K). (e) Arrhenius-like plot showing the 

initial deprotonation rate (black); red points are the deprotonation rates measured at the same 

samples after sample heating to room temperature. We note that the deprotonation is faster for sub-

monolayer coverages;43 hence, the final deprotonation fraction is higher in Figure 6b and d 

(coverage ~0.95 ML) than Figure 6c (~1.05 ML). 
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The e-beam-induced deprotonation at lower temperatures, 90 and 100 K, is presented in Figures 

6c and d. Irradiations below 200 K give two times lower deprotonation rates compared to the RT. 

However, when the sample is heated up to RT, the deprotonation rate first dramatically increases 

around 210 K (it is 2× higher than at RT) and then goes back to the RT value above 290 K. The 

final fraction of deprotonated carboxyl groups is the same regardless of the temperature history. 

The situation is even more pronounced at 90 K (Figure 6d); however, in this case, we observe the 

gradual increase of the O 1s signal probably associated with water adsorption49 as shown in 

Supplementary Information, Section 9. The Arrhenius-like plot given in Figure 6e shows that the 

deprotonation rate is temperature independent between 100 – 200 K; the rate is significantly 

reduced due to water adsorption for lower temperatures. For temperatures above 200 K, the 

deprotonation rate reaches the RT value. Therefore, a significant change should occur around 200 

K: there is an abrupt change in deprotonation rate both in the Arrhenius plot and during the heating 

up of the sample from low to RT during the continuous irradiation.  

The rapid increase in deprotonation rate cannot be explained by the change in the rate of any 

associated process (i.e., O-H bond dissociation, detachment of H atom from reaction site, its on-

surface diffusion, and associative desorption). The rates should be proportional to temperature but 

not to its derivative. We hypothesize that the hydrogen dissociation is induced by an electron beam 

and is temperature independent. Below 200 K, the hydrogen is not desorbed and remains near its 

parent carboxylate oxygen. As a result, the XPS spectra appear intact as no apparent change in the 

peak shape is visible. Above 200 K, the hydrogen desorption is thermally activated, and we observe 

pronounced changes in the O 1s spectra, as shown in Figure 6a. These changes can be associated 

with the rapid increase in the measured fraction deprotonated groups. In this respect, our DFT 

calculations detailed in Supporting Information, Section 10 show a stable intermediate state in 
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between the  and α�  phases in which the dissociated hydrogen is bound to its parent carboxyl 

oxygen (Figure 7a). The activation barrier for leaving this position is ~0.6 eV, which fits the 

hydrogen associative desorption temperature above 200 K (the desorption rate at 200 K equals 10-

3 s-1 taking the prefactor of 1013 s-1). In summary, the XPS experiments show that an electron beam 

can exclusively control the O–H bond dissociation, whereas the rate of other reaction steps remains 

controlled by temperature.  

 

Figure 7. (a) DFT based model of the intermediate structure: an α�  phase with H atom in the vicinity 

of its parent carboxyl oxygen (Ag: cyan, C: black, O: red, H: gray, the discussed H is blue). Full 

results are given in Supporting Information, Section 10. (b) Calculated enthalpies of several 

configurations referenced to the α�  phase (marked α� ). :  phase featuring the intact carboxyl 

group; α� +H: α�  phase with a hydrogen atom in the vicinity of its parent oxygen depicted in (a); α� , 

free H: α�  phase with hydrogen atom artificially moved outside the surface, giving the maximum 

activation barrier (0.6 eV) for its diffusion out of the α� +H configuration. The corresponding 
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minimum barrier (0.5 eV) is given by the difference of α�  and α� +H configurations. Finally, α� , 1/2 

H2, is associated with α�  phase and the hydrogen in H2 molecule in the gas phase.  

 

Finally, we will discuss the possible mechanism of e-beam-induced deprotonation. The main 

interaction mechanisms of low-energy electrons with molecular samples are electron impact 

ionization (EII), electron impact excitation (EIE), and electron attachment (EA). The EII and EIE 

are non-resonant processes starting above the molecule’s ionization potential (~10 eV) and above 

the excitation threshold (~6 eV), respectively, and gradually increasing with electron energy. In 

contrast, the EA is a resonant process typically occurring for electron energies below ~15eV.32 

The electron-stimulated desorption (ESD) experiments48,50,51 show a maximum hydrogen 

desorption rate from condensed carboxyl-containing organic molecules in the 10 – 15 eV range, 

which was assigned to the EA resonant process. For acetic acid, the O-H bonds were cleaved 

selectively over C-H bonds, and for electron energies < 15 eV, H is dissociated exclusively, i.e., 

no decarboxylation was observed.51 Contrary to these studies performed on molecular multilayers, 

we do not see any clear and ambiguous signatures of these, probably due to the proximity of the 

metallic substrate. Hence, we associate the monotonic increase of the reaction rate above 6 eV 

with the non-resonant electron impact excitation (EIE) process. 

In our experiments, we cannot exclude other reaction pathways or the formation of by-products, 

e.g., decarboxylation. However, the formation of long-range ordered phases resulting from the e-

beam irradiation suggests their low density, at least for employed electron doses, consistent with 

ESD studies.51 Future work should address the missing questions regarding the dissociation 

mechanism and the role of secondary electrons and plasmon excitations in on-surface reactions. 
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Another important piece of missing knowledge is to address the role of the substrate, i.e., the 

change in resonant energies for the dissociation of particular bonds and elucidate the presence or 

absence of quenching of electronic excitations occurring when molecules are electronically 

coupled with the metal substrate. With this knowledge, it would be possible to address individual 

reaction steps selectively and thus greatly enhance the control over on-surface synthesis and obtain 

new compounds not achievable otherwise.  

 

DISCUSSION 

In this work, we have investigated the transformation of BDA molecular phases on silver substrates 

induced by low-energy electrons at room temperature. Upon the irradiation by the primary electron 

beam, the BDA carboxyl groups deprotonate, leading to the growth of structurally different 

molecular phases. The deprotonation rate linearly increases with e-beam energy. Therefore, the 

electron energy can be used as a finely tunable tool to adjust the rate of the deprotonation reaction 

addressing only the dissociation step as revealed by XPS and DFT. Depending on the 

deprotonation rate, it is possible to form either the intermediate  phase for energies below 10 eV 

or the  phase for higher energies. This demonstrates the principle of kinetic structural control, i.e., 

the formation of distinct periodic structures as a function of the external parameter.  

Low-energy electron-beam irradiation is a promising reaction-activation tool for controlling self-

assembly and chemical synthesis on surfaces, offering utilization of extensive knowledge gathered 

for electron-induced reactions,32 and the prospect for chemical lithography with nanometer-scale 

resolution. 
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Methods 

The samples were prepared by the method described in refs. 11,43,44. In brief, the experiments were 

performed in the UHV system at the CEITEC Nano Research Infrastructure. Samples were 

prepared and analyzed in separate chambers, between which samples can be transferred via a 

transfer line under UHV conditions (base pressure 2×10-10 mbar). BDA molecules 

(Sigma−Aldrich, 97% purity) were thermally deposited on Ag(001) and Ag (111) single crystals 

(MaTecK or SPL) that were cleaned by several cycles of Ar+ sputtering and annealing. Samples 

we analyzed by STM (Aarhus 150, Specs), LEEM/LEED (Specs FE-LEEM P90), and XPS 

(Phoibos 150, Specs).  

LEEM. The transformation kinetics was followed in LEEM by measuring the evolution of bright-

field images and diffraction patterns separately for a given set of energies. The bright-field kinetics 

was determined from video sequences (500 frames, 1sec/frame) recorded in real space at RT in a 

range of 2 – 30 eV with a step 2 eV. For each energy, the average intensity of the pristine BDA 

islands was measured in every frame and normalized to the average intensity of the pre-irradiated 

BDA islands. The data were collected from the small rectangular regions to eliminate the 

inhomogeneity of the background level.  

XPS. XPS time series were acquired using non-monochromatized Mg K radiation in normal 

emission geometry (emission angle 0 °). During the measurement, the sample was cooled by liquid 

N2 flow to achieve the required temperature. Detailed O 1s spectra were acquired in a one-by-one 

sequence (medium magnification mode, 20 eV pass energy, acquisition time 10 min) during 

continuous sample irradiation by X-rays. After 500 – 800 minutes (depending on the experiment), 

we turned off the cooling, let the sample heat up to RT (300 – 400 min), and continued the 

measurements at RT with a total measurement time of ~1800 min. The spectra were fitted by Voigt 
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profiles after a Shirley or (Shirley + linear) background subtraction to determine the intensity ratios 

of the peak components.  

Theory. Global energy minimizations were carried out using the density functional theory (DFT) 

approach by Vienna ab initio Simulation Package (VASP) as described in Supporting Information, 

Section 4.  
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