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Via fluorescence vyield (FY) and resonant inelastic scattering spectroscopy in the soft X-ray range we find
that soft X-rays induce formation of Nmolecules in solid NECI and in related compounds. The nitrogen
molecules form weak bonds in NBI, so that a substantial fraction of the molecules remains in the sample.
From measurements of the FY as a function of exposure and temperature, the rates for the photochemical
processes are estimated. At elevated temperatures (363 K), several nitrogen atoms are removed from the
sample per incoming photon. At lower temperatures (233 K), the rate is reduced to around 0.02 nitrogen
atoms for each incoming photon. Virtually all these atoms fornmlecules which are bound in the sample.

The generality and implications of these results are briefly discussed.

Introduction and make up a substantial part of the exposed sample. A similar
behavior is found in NEPO,, demonstrating that such photo-
chemical N-forming reactions are not restricted to ionic NH
compounds and suggesting that such reactions may be common
in nitrogen-containing compounds.

The balance between nitrogen atoms in the form of inert N
and as a constituent in reactive amino molecules is crucial in
the development of planetary atmosphémasd in creating the
prerequisites for biological processe$oday, the production
of synthetic nitrogen fertilizer from atmospherig,\iecessary  Experimental Methods
to provide the population with protein food, has resulted in a .
significant anthropogenic influence on the global nitrogen  SOft X-ray fluorescence yield (FY) spectra were measured
cycle: the increased nitrogen fixation is an environmental at the nitrogerK edge using a GaAsP photodiode with 25 fnm
problem3 The understanding of processes where nitrogen in active area in the LIQUIDROM endstatitrat beamline UE41-
one form is transferred to the other has therefore special interest PGM* at BESSY, Berlin. The synchrotron radiation impinged

Radiation damage is a notorious problem both in X-ray on the sample in normal incidence, and the detector measured

crvstalloaraphy and spectroscoby. It i ally assumed thatradiatio_n in a_direction 350ff normal in the polarizatior) plane
ys grapny Spectroscopy. 1 IS usually assu &)f the incoming photons. For N&I, FY as a function of

radiation damage is nonspecific so that spectra are contaminate - o
9 b P exposure at various photon energies in the-18800 eV range

and diffraction patterns blurred. On the other hand, it has been . :
demonstrated that radiation in certain cases can induce new''2S measured at 233, 298, and 363 K. The average intensity of

. i oo u 5
specific structures which can be studied in X-ray crystal- the incoming beam varied |nthe_>5 10**to 1 x 10°® photons/
lography* and the influence on X-ray absorption spectra of s/cn? range, whereas due to the time structure of the synchrotron
particular photoinduced processes in liquids has recently at- radlgtlon the peakllntensny was around 50 times higher. No
tracted attentiofié nonlinear effects in the dose dependence were observed.
VUV and X-ra.l radiation are known to cause defects in Samples were prepared in the form of tablets, in the form of
ammonium halidé/s at low temoeratures and doses. laaNH powder pressed into indium foils, and in the form of crystals
formation of Ch- ions (Vi centerg’) and NHCI, color cén?er% grown from aqueous solutions. The various preparation methods
have been observed and defects initially ’assigned to anion32Ve consistent resul_ts. D_osg-dependent FY spectra were also
vacancies (F centefs)have been identified as interstitial &eﬁ S;g:)d Z)nr dﬁg‘gg?&gr?é&dgi‘()um ammonium phosphate
hydrazine (NH,*) ionst® occupying initial ammonium sites. o, O ) e .
Here we show that soft X-ray radiation efficiently induces Resonant inelastic soft X-ray scattering (RIXS) spectra of
7 . o ) NH4Cl were measured in a grazing incidence spectrorieder
Nz formation in NHCI. The Np molecules prevail in the solid o5 yline 15134 at MAX-II, Lund, where also FY spectra were
monitored using a multichannel plate detector.
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Figure 1. FY spectra of solid NELCI, for a pristine sample measured in a fast (3 min) scan (green), in a 12 min scan (red), and measured after

longer exposure to synchrotron radiation (black) at (a) 233 K, (b) 298 K, and (c) 363 K.

set and the generalized gradient approximafidrhe Monkhorst-
Pack special k-points scheffewas used with 7x 7 x 7
k-points sampling for the structure optimization, which were
performed for the ground and electronically excited states.
Soft X-ray absorption spectra ofNy species were calculated

using the gradient-correlated density-functional theory imple- |

mented in the DeMon codé.The iglo-iii basis set of Kut-
zelnigg, Fleischer, and Shindiis used for the excited nitrogen,
while a five-electron effective core potential (ECPYyas used

to describe the non-excited nitrogen atoms. A Gaussian function
(fwhm = 0.3 eV) is used for convoluting the spectra below the
ionization potential (IP), while a Stieltjes imaging approach is
used to describe the spectra above the IP in the continuum.

Results

Figure 1 shows the FY as a function of the energy of the
incoming photonsE;, of the NH,Cl crystal before and after
exposure to synchrotron radiation at various energies and
temperatures. All spectra show a sharp peak (A) with a
maximum at 401.05 eV and a broader structure (B) with a
maximum at 405.75 eV. In general, the A/B intensity ratio
increases with exposure, and it becomes largest at high exposur

and low temperature. Similar results were obtained independent; 5,,4%

of photon energies in the range from 190 eV, below the_Cl
absorption edge, to 1500 eV, far above th& Hdge. Excitation

at resonances just above thelCand NK edges did also not
appreciably influence the dose dependence of the spectra
Although the relative intensities of the A and B features are
dose- and temperature-dependent, their individual spectral shap

does not change, either as a function of exposure or as a functior

of temperature in the 233363 K range.

Figure 2. shows the FY signal as a function of the number
of incoming photonsn, at fixedE; = 405.75 eV (top), 401.05
eV (middle), and 395.75 eV (bottom), corresponding to the
features B, A, and the background level (BG), respectively. The
general trend is that the background is slightly increasing with
exposure at low temperatures, and that this increase become
much more dramatic at 363 K. The signal corresponding to the
A feature increases from the background value, and the rise
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Figure 2. The dependence of the FY signal excited at 395.75 eV

(bottom), 401.05 eV (middle), and 405.75 eV (top) on exposure to soft
X-ray photons, recorded at 233 and 298 K. The intensity dependence
®f the background is also shown at 363 K. See Discussion section for
an explanation of the (blue) fitted curves.

seems slightly temperature-dependent. The signal correspondingpectrum, even reproducing details in the vibrational fine

to the B feature decreases monotonically with exposure, and it

structure. In Figure 4 (bottom), we demonstrate that inelastic

is also temperature-dependent. On the basis of these spectradcattering spectra, resonantly excited at the A feature, also are

variations we will identify the principal photochemical processes
and estimate their rates in the Discussion section.

In Figure 3 (top), the FY spectrum of the &Y€l is compared
to the soft X-ray absorption spectrum of gas-phasg°N'he
peak around 401 eV, assigned to the-tslz* excitation in
gaseous Plvirtually coincides with the A feature in the NBI

similar to the corresponding RIXS spectra of gas-phasé'N

At higher excitation energies, corresponding to the B feature
in the FY spectrum, the RIXS spectra completely change
character, and they are dominated by two broad structures with
maxima around 390 and 395 eV. In Figure 4, we show a blow-
up of the region where this change occurs. Spectra numbered
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R e e R R R R ™ SR A EEREs B there is extended intensity spread out over a large energy region.
Again, spectra excited at the B feature show a completely
different character.

In Figure 5, FY spectra of some related nitrogen-containing
compounds are shown for comparison. The spectrum ofi NH
(Figure 5a) is dominated by a rather broad structure with a
maximum just below 406 eV, similar to feature B in the NH
F i e Cl spectrum. The spectral shape changes only slightly With
400 401 402 403 404 405 406 407 408 409 41 exposure, and no measurable counterpart to the A feature in

Excitation energy [eV] the NH,Cl spectrum appears. As is seen in Figure 6, however,
LA L 5 ~ - S B B L L B L B L the photon beam has a violent impact on the ammonium iodide;
the FY signal excited at resonance decreases by a factor of 3
after exposure to 0 photons. The background does not vary
much during the first 4x 105 photons but then it decreases
rapidly. The FY spectrum of ammonium phosphate,sR&,,
(Figure 5b) also bears similarities to the MH spectrum where
the B feature is narrower and peaks just above 406 eV. The
NHesPO;4 spectrum also has a direct counterpart to the A feature,
and the relative intensity of the two features are dose-dependent.
In Figure 6b, we see that the dose dependence of the two features
is in qualitative agreement with the dependence in@GIHThe
FY spectrum ofl-alanine, GH7O.;N, (Figure 5c) differs
substantially from the spectra of the other compounds, and it

shows complex dose dependence, with strong variation of the
4 (v=1) J\/‘ i\ SR spectral features (Figure 6¢) and no apparent feature corre-
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f[v—ﬂ) 7\ {k Discussion

e 200 08 %00 . On the basis of the evidence presented above, we assign the

Emission energy [eV] A peak in the NHCI spectrum to 1s~ Llz* transitions in N

Figure 3. The FY spectrum of an exposed WE tablet, comparedto ~ Molecules which are formed by the photon beam impact and
the gas-phase absorption spectrum gfrim ref 20 (top). RIXS spectra ~ prevail in the solid. The B feature we assign to transitions of
(below) excited at energies indicated by numbers in the FY spectrum an electron from the N 1s level to the first unoccupied states in
compared to RIXS spectra of gas-phasefidm ref 21. NH.CI. The constant spectral shape indicates that this peak
_—— represents the undistorted NEI sample, and the dose-depend-
ent overall decrease in intensity indicates that the number of
nitrogen atoms in this chemical form decreases.

To estimate the rates for these photochemical processes, we
describe the dose dependence of the FY signal in terms of a
simple model. We assume a two-step process, where-core
hole states are excited by the incoming radiation and the
measured fluorescence is generated as these states subsequently
decay. As these processes are crucially dependent on the
chemical surrounding of the atoms, we can relate the FY
intensity to the number of atoms in this specific surrounding.
Virtually all impinging soft X-ray photons are absorbed in the
sample, where there is a competition between various processes
leading to the absorption of a photon and eventually to the
emission of a secondary photon. This photon may then be
reabsorbed in the sample, so that the FY intensity is dependent
on the absorption cross section both for primary and secondary
photons. Assuming that there is no inherent angular anisotropy
—————————————————————— : on the atomic scale, one gets a simple expression for the FY
intensity as a function of incoming energs;:23

—— NH,Cl tablet
--- N, gas

Intensity [arb. units]
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Figure 4. RIXS spectra excited in the energy range where substantial '

deviations from the gas-phase spectrum are observed.

whereu is the absorption coefficient [cr], 4 is the absorption

10 and 11 are excited at the high end of the A feature, coefficient related to excitations of specific states with branching
corresponding to the vibrational quantum numbet 4 and 5 ratio w; for emitting a photon with energ¥,;, that can be

of the gas-phase s 1z* resonance. Apart from the rather detected in our detector. The factor 0.82 comes from geometric
sharp structures which are seen also in the gas-phase spectruntonsiderations for our experimental setup.
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Figure 5. FY spectra of (a) ammonium iodide, (b) ammonium phosphate, area{ahine measured before (red) and after (black) exposure to soft
X-rays.
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Figure 6. The dose dependence at room temperature of the FY intensity of (a) ammonium iodide, (b) ammonium phosphateakamingat
some chosen excitation energies.

First we turn our attention to the exposure dependence whenwheren is the number of photons. For eq 4 strictly to hold, the
the energy of the incoming photons is tuned to the B resonanceprobed volume must be the same during the exposure, an
(Figure 2, top). We assume that the intensityeat= 405.75 approximation which is good at smélk. Equation 4 has the
eV is dominated by the N 1s excitations, that is, th&E;)w; following solution:
is small for all other excitations. This determirigs since we
see in Figures 34 that the NK fluorescence falls in the 385 Ng(n) = No,Bﬂ_an (5)

400 eV region. Assuming (as in ref 23) thatE;) ~ us(E1) +

w(E2p), where we leti = B indicate association with the  whereNggis the number of initially exposed atoms. Combining
excitation responsible for the B resonance, and neglecting anyeqgs 2, 3, and 5, we get for the photon exposure dependence of
dose dependence of the branching ratio for radiative decay, wethe intensity of the B peak:

get the approximate dependence on the absorption coefficients:

The absorption coefficient can be written as follows: . NOYB{‘B”
I5(n) ~ 15(0) = (6)
—Jgn 0ci(Ezp)
ug(Ey) Noge ™ + 1.8 Ny —=——
Ig(Ep) O 2 ' os(Ey)
ug(Ey) + 1-824(E2,B)
N where the ratio of the atomic cross sectiong|(Ez g)/os(E1)]
U=—a A3) can be estimated from ref 24 and the measured absorption
v spectrum to be 0.6. Sindéy g = N¢; we get
whereg; [cm?atom] is the atomic cross section associated with ,ten
the specific excitation, andy; is the number of available atoms lg(n) ~ I5(0) an L 4 4 111 (7)
(4 .

for this excitation in the exposed volumé, At the B resonance

(E1 = 405.75 eV), we leN; = N, and assume that the dose  Thjs function is able to fit the measured curves in Figure 2
variation is dominated by changes in the atomic derSgiv. (top) with As as parameter well. At 298 K, the fit result As-
The self-absorption of the emitted radiatide, § = 385-400 (298 K) = 9.2 x 10715 atoms/photon. The beam spot size is
eV) is dominated by Cl 2p absorption so th&€z ) ~ Nc/ 250 x 70 um, and the penetration length is roughly Qu# 24
Voci(Ezg). If Ag is the number of atoms removed from the initial  \yjith a lattice parameter of 3.891 Zwe estimate thalty g ~
chemical surrounding per photon which is absorbed in the g 1013 atoms. Thus, our model implies that a photoh hitting

volume,V, we assume that the sample will remove a nitrogen atom from its initial M
chemical surrounding with more than 50% probability. At 233
% = 1N 4) K, the fit results in1g(233 K) = 3.3 x 10716 atoms/photon,
dn BB that is, a reduction of almost a factor of 30.
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If all the nitrogen atoms which are removed from the initial wherelp is the rate at which the N atoms disappear from the
NH4Cl chemical surrounding react to form adsorbed N volume per incoming photon. Sind& s = Nc;, we have
molecules, we would have for the number of N atoms in 1
molecular form lsa(n) & 15a(0)

4.16+ 1.58 *"
(8) _

From the measurements (Figure 2, bottom) we see that the
and the dose dependence of the signal excited at 401.05 eVbackground intensity is almost constant at the lowest temper-
would be ature. From the fit we getp(233 K) = 9.4 x 10717 atoms/
photon. Already at 298 K there is a clear positive slope, and
the fit result isAp(298 K) = 1.4 x 10715 atoms/photon. This
indicates that a substantial fraction of the N atoms removed
from the initial NH,Cl chemical surrounding indeed leave the
oa(Ep probed volume, but that this fraction is much smaller at low

temperatures. At 363 K, the increase in signal is steep and it is

where oa(Es) is the atomic cross section for the s 7* not possible to reasonably fit eq 13 to the whole curve. Fitting
resonance in B which we estimate to be about 5 times larger the first part of the curve (Figure 2, bottom) givas(363 K)
than the atomic cross section corresponding to the B resonance= 5.7 x 1014 atoms/photon. At this rate, 50% of the atoms in
in NH4Cl, and thus therci(Ez g)/oa(E1) ratio is estimated to be  the initial volume would be removed already after k21013
0.12. Hence photons, that is, the assumption made in eq 4 is not valid and
the present model cannot be used to estimate the rates for the
various processes at these high temperatures.

In summary, the simple models give the following picture.
At room temperature, each photon hitting the sample removes

This equation fits the experimental curves in Figure 2 (middle) a nitrogen atom from the initial N4€I chemical surrounding
well. We obtaintg(298 K) = 1.0 x 10~1>atoms/photon, avalue  with around 50% probability. At low temperature, the removal
which is substantially smaller than the value fitted to the rate decreases by at least an order of magnitude. At room
corresponding dose dependence of the B peak. The modeltemperature, only a small fraction of the nitrogen atoms form
implies that around 10% of the nitrogen atoms which are N; molecules which are bound in the sample; however, at low

(13)
Na(n) = No (1 — f‘_ABn)

NO,B(]- _ (,/_}-Bn)

©)

|a(N) 2 15()
Nog(1 — ¢ ") + 1.8, %aiE20)

(L—c7"
(1— %" +0.22

(10)

INWEANCY)

removed from the initial N&ICI chemical surrounding form N

temperatures, the majority of the removed nitrogen atoms take

molecules that are bound in the solid. Also, here the rate is this form. At high temperatures, the rate of diffusion/desorption

temperature-dependent, and we (233 K) = 6.8 x 10716
atoms/photon. Thus, the rate of formation of boundidlecules

of atoms from the exposed volume is very high.
Below we briefly discuss some possible mechanisms for this

decreases with temperature, albeit not as dramatic as the removabehavior. It is unlikely that the Nforming reaction proceeds

from the NH,CI chemical surrounding. At low temperatures,
the fit according to the model gives an formation rate which

without being mediated via intermediate species. As seen in
Figure 1, the only dose dependence in the FY spectrum af NH

is even larger than the N removal rate. This contradictory result Cl concerns the A/B intensity ratio, whereas the spectral shape
reflects the limitations of the model, for example, it relies on of the two features remains unchanged. In Figure 7, we show
the assumption that the number of chlorine atoms in the exposedthat the formation of any intermediate species would give a
volume is dose-independent. Thus, the fit results must be seerspecific fingerprint in the FY spectrum. Especially, any ap-
as estimates, and in this case the reasonable conclusion is thgbreciable concentration of MN4", NH,, or NHz; would be
now most of the removed N atoms indeed form boundal immediately reflected in the FY spectrum. The absence of any
low temperatures. such signal is intriguing since it has been shown that VUV and
At excitation just below the NK edge, finally, the cross  X-ray radiation induce formation of hydrazineMy* (7) and
section is totally dominated by Cl 2p excitations so thgt- NH:Cl color centers (5b). The observation can be explained if
(Ez) = (NaV) x oci(Ez). The energy of the photons generated these units are intermediate species and the last step i,the N
in the decay falls just below the CI 2p edd&,sc < 200 eV, forming reaction is much faster than the first step(s). The fact
where the photoabsorption cross section is determined by non-that hydrazine derivatives in aqueous dispersions of,;TiO
resonant excitation of electrons in states derived from N 2s/2p efficiently produce Ngas under UV illuminatiot? gives support
and ClI 3s/3p orbitals. Using ref 24 we estimate ind; gc) ~ for such an interpretation. This photocatalytic process is initiated
( NeV + 0.52:Nn/V) x oci(Ez,0), and thatoci(Ezgc)/ oci(Ez) when radiation creates electrehole pairs in the Ti@catalyst.
~ 3.85. If we neglect the H atoms, we thus have for the As soft X-rays create electrethole pairs in NHCI, it is
background intensityH; = 395.75 eV): conceivable that the compound itself takes the function of the
catalyst for N formation from initially photoinduced hydrazine

() O Ny ~ ions. This suggested reaction path is by no means exclusive.
BG N + 0.82(\; + 0.51N,) x 3.85 The vibronic coupling associated with electronic excitations
N is large in ionic compounds, especially when the excitation
. (11) involves a change in the charge state of the ions. This is
4.16\; + 1.5&N confirmed by X-ray emission spectroscopy where the vibrational

) o energy associated with the fast nuclear relaxation occurring
Assuming that the QI atoms remain in the volume, any dose petween excitation and emission can be several electrorfolts.
dependence in the signal is due to N atoms desorbing or oy calculations indicate that nitrogen core ionization does not
diffusing away from the probed volume. We have induce dissociation of an NAi group. However, the core
excitation from N 1s to the lowest unoccupied molecular orbital

_ —Jp-
Ny (n) = No g o (12) (LUMO) leads to a fast dissociation of an NHgroup, and
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Figure 7. Calculated absorption spectra demonstrate the sensitivity to the nitrogen bonding. The experimental FY spectra do not show any traces
of ammonia (second row) or hydrazine in neutral (fourth row) or ionic (fifth row) form, and also not of N atoms in the gliéetry (sixth row)
predicted for the 1s~ LUMO excited state.

similar behavior has also been found for the valence excitations,the spectrum that the bonding is more similar to the case of
for instance, the highest occupied molecular orbital (HOMO) physisorptiorf® Also the resemblance to the gas-phase RIXS
to LUMO+1 transition. The dissociation forms NHadicals, spectrum is indicative of weak bonding. Apart from transitions
which are also possible as intermediate species. After diffusion back to the electronic ground state (around 400 eV in Figures
of the radicals through the material,, Nnay be formed in 3 and 4), the RIXS transitions in gas-phaserdach the 341
reactions of the type 2NH— Nz + 2H,. Ly alllg (around 392 eV) final state only, due to strict dipole
In a more general perspective, the energy transferred to theselection ruleg! That the same appears to be true for the N
nuclear motion via vibronic coupling corresponds to high signal from the NHCI sample indicates that there is no
temperatures in the immediate vicinity of the excitation. It was substantial symmetry breaking in the bound molecule. For
shown early on that NiCI sublimates in the form of HCl and  isolated molecules, the spectral shape of each electronic
NHj; at elevated temperatures and low presstead it is well- transition is due to vibrational excitations, which are well
known that the 2NBI— N, + 3H; reaction is efficiently driven described within the KrametdHeisenberg formalism and the
by catalytic mechanisms and elevated temperatures (at lowFranck-Condon mode#! For excitations around = 4 and
pressures), and that it also can be photoindd€éthus, the higher, we see additional broadening (Figure 4) in the spectra,
soft X-rays simultaneously provide both a locally high temper- and particularly, intensity is spread out in a large range from
ature and the charges which are provided by the excitations ofthe peak at 392 eV and extends to below 385 eV. The spectra
the catalyst in photocatalytic processes. Such a mechanism isndicate continuous energy losses of up to more than 15 eV.
general and suggests that similar processes may occur in a wideThis cannot be explained in terms of excitations in a free N
range of materials. molecule. We believe that this smeared-out intensity can be
The results also indicate that the Molecules are bound in  related to interactions between the molecule and the solid.
the crystal. That the bond energy is weak is seen already in theDissipation of vibrational energy, and corresponding energy
resemblance with the gas-phase absorption spectrum (Figurdosses, may be expected considering the high density of light
3), with resolved vibrational excitations up &= 5. In case of hydrogen atoms and the ionic nature of the initial compound.
chemisorption the distortion of the molecular absorption spec- The interaction with the solid would most strongly influence
trum is much more pronouncé8land we can conclude from  the population of the & 1wy a'llg final state because here



9668 J. Phys. Chem. A, Vol. 111, No. 39, 2007 Aziz et al.

POy is similar to that of NHCI. A pronounced photon-induced

N, peak increases with photon exposure while the signal
corresponding to the initial chemical surrounding decreases.
Ammonium phosphate is an adduct compound where the
bonding between the NHand PQH, groups is much less ionic
than the bonding of Nk to the halogen ions in the ammonium
halides. The observations show that thefbfming mechanism

as well as the tendency for the; olecules to remain in the
sample are not confined to ionic compounds and suggest that
the mechanisms may be quite general. In the casalainine,

the dose dependence is much more complex, with spectral-shape
changes throughout the spectrum, and here we find no evidence
for N2 formation.

Conclusions

Soft X-rays efficiently induce Nformation in NH,CI. The
N2 molecules are weakly bound in the sample and to a large
extent remain in the exposed volume, especially at lower
temperatures. Similar phenomena are expected in many different
nitrogen compounds, especially where the atoms are tetrahe-
drally NH4 coordinated. The results imply that neither catalyst

Figure 8. Optimized geometry, where the nitrogen molecule (blue) is
bound in a dipole well constituted by the chlorine (green) and hydrogen
(white) atoms.

the N—=N equilibrium distance is longer and the potential curve
is much shallower than in both the ground state and the core

excited state. The width of the corresponding spectral feature " high temperature is needed to form Molecules in such
is significantly larger than what is expected for a free molecule. COMPoUNds. We believe that this is possible because soft X-rays

However, we cannot rule out a contribution to the smeared- simultaneously excite electrethole pairs and induce nuclear

out intensity in these spectra from scattering to final valence- motion, which locally corresponds to high temperatures.

hole-conduction-band-electron states in the (intact or distorted) _TNese results have direct implications for synchrotron radia-
NH,CI crystal. In principle this is possible also when the HON studies of complex nitrogen-containing compounds, where

excitation energy is detuned several electronvolts below the the Probe itself may create structures, which can be mistakenly
threshold for the corresponding resonances. Therefore, the RIxsASsociated with the intact samples. We speculate that similar

data do not give an unambiguous indication of the interaction Photochemical phenomena may also appear in complex carbon
between the molecule and the solid. and oxygen compounds. The present type of investigations may

The temperature dependence gives evidence of a weak bon(f’e,app"?d in catalysis, where in-situ studiase gtraightf_orward,
with energies in the order ofT ~ 25 meV using thin filters to separate vacuum and the interaction volume.

Assuming the M is generated within the crystal, we have N @ddition, the results may have an impact on many fields
optimized the geometry of Nin two unit cells, for which 12 where the balance between inegt &hd more reactive nitrogen

Cl atoms are fixed in their crystal positions and thead H ~ Molecules is important. In the evolution of planetary atmo-
atoms are fully relaxed in space. The final geometry is shown SPheres, and especially biospheres, this balance is essential.
in Figure 8. It is noted that for a neutral system, il slightly is thought that the initial generation okl Earth’s atmosphere

unstable in the dipole well with a binding energy-66.02 kcal/ IS due to particles of frozen ammonia which form iN stages
mol, while for a charged cluster6, to account for the ionicity ~ ©f the planetary development with high temperatufrect

of the Cl atoms according to Mulliken charge analysis) heis forma_tion of N_>t_hr_o_ugh io_nizing radiation in nitrogen-containing
a binding energy of—0.12 kcal/mol. The calculation thus dust is a possibility which may have been overlooked. The

predicts that Nis quite free in the dipole well, facilitating the ~ concentration of Nkfas well as NH™ in primitive Earth is
diffusion process. known to be important for the synthesis of organic compounds,
The analysis above implies that the majority of the N atoms and on the basis of the present results, we find it likely that the
in the exposed part of the sample are in the form of initiakNH _relatlve concentrations of these crucial species have been
ions and photochemically formedzNnolecules. From simple  Influenced by high-energy photons. The balance is also a present
stoichiometry we have 2NI€I — N, + 8H + 2Cl, that is, any concern in environmental science and in connection with
other end product of the Morming reaction must be made up ~ Preduction of synthetic fertilizer.
of Cl and H atoms only, with excess hydrogen that is probably

released as hydrogen gas. . . . o
- . .- : Science Council, the N3 Networking Activity of the European
We find it probable that hiformation is efficient also in other Community, and the Gan Gustafsson Foundation. We are

ammonium halides, as we see the signal associated with the
ammonium ion is decreasing in I\JH(Figures 5 and 6a) at a grateful for the support by the staff of MAX-lab and BESSY.

rate which is much larger than for NBI. Most likely the
depletion mechanisms are similar in the two halides, and the
absence of hsignal suggests that the nitrogen molecules rapidly (1) Denlinger, M. C.Earth, Moon, Planet2005 96, 59.

desorb from the sample or diffuse away from the probed volume. ~ (2) ’|\3Aac|i§, J. A'--\?NM'"er' S. _'I-_Scr']e”‘éelgfii 152'7423-

The iodide background signal is fairly constant in_the ini_tial_ 83 W:ik?rl\'/l.;'Raiﬁlri,sg.l'a.?&r;ger(,)(g; ,a’csweeney‘ S.: Raves, M.
phase due to the fact that the electrons associated with the ioding..; Harel, M.: Gros, P.; Silman, I.; Kroon, J.; Sussman, JPkoc. Natl.
atoms totally dominate the cross section. The decrease inAcad. Sci. U.S.A200Q 97, 623.

i Qi ; (5) Mesu, J. G.; van der Eerden, Ad M. J.; de Groot, F. M. F.;
background at longer exposure is simply due to shadowing asWeckhuysen’ B. MJ. Phys. Chem. B005 109, 4042.

a hole is formed in the sample. . . (6) Mesu, J. G.; Beale, A. M.; de Groot, F. M. F.; Weckhuysen, B. M.
The qualitative dose dependence of the FY intensity foeNH  J. Phys. Chem. B00G 110, 17671.

t
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