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The decomposition process of melamine exposed to a high-energy electron beam has been investigated by
monitoring the changes in the energy loss near edge structures (ELNES) using time-resolved electron energy
loss spectroscopy. Calculations on different CN-containing molecules were performed in order to simulate
the experimental ELNES observed at the different decomposition stages and to identify some of the intermediate
compounds produced during this degradation process. As a result, we suggest that the amino groups are first
eliminated as a release of;lgas. Then, the degradation of the molecule occurs through a reduction of the
carbon-nitrogen double bonds. If the irradiation is maintained over longer periods, the formation of different
CN fragments could then be possible.

1. Introduction spectra are used as fingerprints of the electronic structure of
Usi . irical tion based fthe material or molecule in order to establish which type of
Sing a semiempirical assumption based on a range o bonding is present. This will be used in the present work to

interesting hard materials, Liu and CoResredicted from ab : : . . .
o - . identify the degradation products of melamine exposed to a high-
initio calculations that the crystallingCsN4 compound should energy electron beam.

be stable and might have mechanical properties stronger than, . L . .
g brop g Melamine §-triazine-2,4,6-triamine, §6Ng), Figure 1a, has

or similar to, diamond. This has stimulated a lot of experimental b dinth ducti f melamine-f Idehvd .
efforts to synthesize and characterize carbon nitride materials. een used In Ihe production of melamine-formaidenyde, resins
for surface coating, laminates and adhesives, and in the

The production by different processing routes of Gikns?—> . .
and CN, nanotube® 10 using several different techniques has production of flame retardant$.Recently, it has been used as
an organic precursor in the production of Chanotubes by

been reported. All investigations generally show that only a . . .

limited rfl)mount of nitrogegn may %e inse?/ted in the cargon pyrolysig-i®and q§tonat|ve de(_:omposméﬁ. ]

network. Among the techniques applied so far, X-ray photo- The_ decomposition pf melamine has been previously report(_ad,
electron spectroscopy (XPS) and electron energy loss spectrosand different mechamsr_ns have been proposed. The formation
copy (EELS) are interesting methods in that they, in the most Of melam (molecular weight (MW4= 235, GHoN11) and melem
favorable cases, allow us to obtain chemical compositions as(MW = 218, GHeN1o), both with extended rings and elimina-
well as information on the atomic structure and bonding of the tion of NHs as a gas, has been observed by thermal decomposi-
materials. However, a correct identification of the nature of the tion of melamine*4Ju et alt® have studied the fragmentation
bonding is difficult in amorphous materials where structural ©f the melamine ring via electron impact ionization, laser
hypotheses are complicated as, for example, in amorphous cnNdesorption ionization, a_nd co_II|S|on-|nduced d|sso_C|at|on. They
materials. The interpretation of the near edge structure (NES)©bserved that bombarding with 70 eV electrons yielded mainly
of the absorption edges is not trivial, and a close connection CHsN2" and GHuNs™ apart from melamine ions. In addition,
with theory becomes essential. Only transitions from 1s%to  Other molecular fragments, as well as Niiwere observed in
antibonding orbitals can easily be observed as sharp peakdh€ mass spectroscopy data. It has been found that the higher
several electron volts under the ionization edge. The position the electron energy, the higher is the fraction of small fragments.
of such a peak is expected to be connected to different atomic/AS the electrons in the microscope have a kinetic energy about
configurations as, for example, in the case of sp- étsmded a thousand times higher than in the experiments of Ju ét al.,
carbon and nitrogen atoms. Thus, a precise characterization ofit could be presumed that molecules will indeed be fragmented.
these materials can be greatly facilitated by comparison with ~We have found the melamine to be extremely sensitive to
reference spectra of known materials or by comparison with radiation damage by high-energy electrons during observation
reliably predicted NES from possible model structures. These in @ transmission electron microscope (TEM). This offers an
interesting possibility to study its degradation decomposition
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Figure 1. (a) Melamine molecule structure. b) A collection of 30 spectra; every spectrum is a sum of 10 consecutive spectra of identical ELNES,
every one recorded with an acquisition time of 9 ms. It represents the first stages in the decomposition process of the melamine.
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and to characterize the intermediate species involved at variousthe dipole approximation, which is valid for small momentum
stages during this process. transfer in inner shell EELE The theoretical spectra were
generated by the transition potential (TP) met¥a8 in
combination with a double basis set technigué detailed
description of the method and implementation within the DFT
framework can be found in ref 22. Briefly, the orbitals for the
molecule are determined using a good quality molecular basis
set with a half-occupied core orbital at the ionization site. The

2. Experimental Procedure and Data Acquisition

Melamine powder (Aldrich, 99%), Figure 1a, was ground
with a mortar and suspended in acetone for TEM observation.
The sample was analyzed in a VG 501 scanning transmission
electron microscope (STEM) operating at 100 kV and equipped

with a Gatan parallel EELS detector. The energy resolution of
the whole system was about 0.7 eV. Recently, a specific charge

coupled device (CCD) camera was fitted to the spectrometer to

improve the detection sensitivi§.With this new equipment,

orbitals for the excited electrons are then obtained by diago-
nalizing the Kohr-Sham matrix built from the density from

the TP calculation; the basis set is in this second step extended
with a large set of diffuse basis functions-{50 functions)

centered on the excited atom to describe Rydberg and continuum
states. The obtained orbital energies and computed transition
moments provide a representation of the excitation energies and

the required acquisition times for achieving a satisfactory signal-
to-noise ratio in any spectrum are of the order efi® ms for

the plasmon region and 10 ms 1 s for the core loss region. i . =R )
This short acquisition time permits us to investigate the aSSociated intensities in the theoretical spectrum.
transformation of the materials under the beam. The modifica- ~The TP calculation accounts for most of the relaxation effect
tions in the NES during irradiation were studied by time-resolved upon core ionization and provides a single set of orthogonal
EELS (chronospectroscopy): a probe of 0.5 nm diameter with orbitals for the spectrum calculation. To determine the absolute
a current of ca. 0.150.20 nA was fixed at a specific location  energy position of the spectrum, we performeidohn—Sham

of the specimen, and a series of spectra were recorded as §AKS) calculations of the ionization energy (IP), using the fully
function of time or equivalently of the dose; the incident flux ionized core hole state. Relativistic effects on the IP of 0.3 eV
was typically 5x 10° e-/nn? s. The sample was found to be  for the N edge and 0.2 eV for the C ed@evere added to give
extremely radiation sensitive, and immediate visual changesthe overall shift of the spectrum. In theKS calculations, the
could be seen in the image when the beam was focused on thenoncore-excited C (N) atoms were described by effective core
sample. To detect the stages in the decomposition process, gotentials (ECPJ This simplifies the definition of the core hole
bunch of 2000 spectra were recorded at intervals of 9 ms. Figurestate, since the use of an ECP description eliminates the 1s level
1b shows a series of 30 such spectra. The characteristic signalgf the atom to which it is applied. The ECP’s introduce
corresponding to the C and K edges have been monitored. insignificant effects €0.1 eV) on the computed spectrum.

;’Z:t ?gzegggtﬁ'gg'fgfgt tqrr:angr(:'sc \I,\;:hattltrk?g ng t:e ﬁggctral The DFT TP calculation of the spectrum assumes a frozen
. 9 utin particu gew ’ molecular ion density and thus neglects the relaxation effects

at the first stages of the process, the intensity of the sharp peak ) . .
. ° -~ S on the molecular ion core upon adding the excited electron.
increased during a few milliseconds after which it started to

decrease. During the exposure, we furthermore observed a stroné—th',;5 ef\f/sc: |stlhar?efstrfor t?ﬁ V"’t‘le dn\(;’;tlﬁ ixc:t?tlonls],sanoll thle?e
reduction of the overall absorption indicative of significant loss ates were nerefore computed with Tufly re calcula
tions. For triazine, pyrrole, and pyridine, a sequence of the most

of mass during the course of the experiment. Thus, the analysis . oy . . - . )
was limited to the initial few seconds of exposure. pro_mlnent excitations, which are tranS|_t|ons into antibonding
orbitals ofo symmetry and Rydberg orbitals, was furthermore
calculated in fully relaxedAKS excited state calculations. It
was found that the first transitions show relaxation effects around
The density functional theory (DFT) calculations for the NES 2.0—2.5 eV, whereas higher transitions with a lesser amount
spectra were performed at the gradient-corrected DFT level of valence orbital mixing usually show relaxation shifts in the
using the deMon prograii. The intensities were computed in  order of the shift of the ionization potential (around 1.5 eV).

3. Computational Methods and Spectra Modelling
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For details, see ref 25. For these three molecules, the corre-
sponding peaks in the energy-shifted TP spectrum have been 2)
shifted to include the additional relaxation effects obtained from

the specificAKS excited state calculations, whereas for the  1oxo®
remaining molecules only the first* transition was shifted
according to the calculated relaxation. The other prominent NIC 138401
transitions were shifted, depending on their orbital character,
by the same amount as the first resonance (valencelike) or
according to the ionization potential (Rydberg character).

As a first step, for each molecule, a geometry optimization
was performed using a triplevalence plus polarization (TZVP)
basig® in a [4s, 3p] contraction with one added d function for
nitrogen and carbon and a primitive (5s) basis set augmented =275
with one p function and contracted to [3s, 1p] for hydrogén.
To obtain an improved representation of relaxation effects in NC060.1
the inner orbitals, the ionized center was described by the IGLO-
Il basis of Kutzelnigg et &8 In the spectrum calculations, a 30 w0 200
large [19s, 19p, 19d] diffuse even-tempered basis set centered Energy Loss (eV)
on the ionization site was added; it was employed only in the
last step of the calculation. The spectrum was generated by a )
Gaussian convolution of the discrete spectrum with a broadening
in the preedge region that was selected to resemble the ”
experimental resolution. For the synchrotron reference spectra,
we thus used 0.7 eV full width at half-maximum (fwhm) for
the features before the edge, while for the EELS data Gaussians
with fwhm 1.5 eV were used. The continuum states were
convoluted using Gaussians with a fwhm that was linearly
increased over an interval of around 10 eV from the edge up to
a fwhm of 3.5 eV. At higher energies, the fwhm was kept
constant at this value. All DFT calculations were performed
using the gradient-corrected Perd@exchange and correlation
functionals.

4
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N/C 0.470.1

t=4.4 s + amorphous C
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4. Interpretation and Discussion

4.a. Dose Dependence of the Mass Losses and Changes in : : '

300 350 400

Atomic Ratios. To study the NES, spectia—ts, representing Energy Loss (V)

the different transformz_atmn Stages asseen in the carbon a_ndFigure 2. Spectra corresponding to different stages in the melamine
nitrogenkK edges, are displayed in Figure 2a. Each spectrum is gecomposition process. (&) t,, andt; spectra were recorded after
the sum of 20 consecutive spectra with rather identical NES. 0.4, 2.7, and 4.4 s of electron beam irradiation, respectively. (b) NES
The spectras, t;, andtz were recorded after irradiating the observed at the initial state of the process (“melamine”) and after 140
melamine for 0.4, 2.7, and 4.4 s, respectively. No significant S of electron beam irradiationt.f. Spectrumts* shows the effect of
changes are observed beyond a typical time of 5 s. To study?2dding 34% of amorphous carbon to thespectrum of panel a.
the limiting cases (initial and infinite state), the NES was " i
recorded as soon as the beam was focused on the sample (__The composition ([NJ/[C] at ratio) was measured from the
0, melamine spectrum in Figure 2b) and after irradiating the EELS data by determining the mtegra_lted mtensn_y of the C and
sample with the electron beam for 140 s with an acquisition N K edges after background subtraction. A F:Iassmal power law
time of 800 ms (spectrurg). To record a spectrum after 140 (A E") of the background and a hydrogenic model for Kie
s of electron irradiation was not possible in the present €dge cross-sections have been (el continuous reduction
experiment because of strong carbon contamination. Spectrunf the intensity at both the C and the N edges is found during
ts* was obtained as a combination of spectrtygnFigure 2a, the irradiation process but with a much more rapid initial
and an amorphous carbon spectrum (34% of amorphous C ishitrogen loss as indicated in Figure 3. The hydrogen content
being added to the spectrutg), and it reflects the carbon cannot be directly quantified. The figure also shows the
contamination artifact. Therefore, in the present experintgipt,  integrated intensity of the background before th& €dge,lp,
is considered the infinite state. which we assume to be proportional to the local mass thick-
The spectra labelety, t,, and ts, as well as the “pure” ness! In the specific case considered here, this background is
melamine spectrum, all present a strorfgpeak at the carbon essentially due to the very high-energy tail of the collective and
edge. The shape of the € and NK edges in the melamine  individual electronic excitations and should reflect the local
and thet; spectra is characteristic of thick samples, since they €lectron density contributed by carbon, nitrogen, and hydrogen.
exhibit an additional contribution at 310 and 420 eV, respec- Estimates of the thickness variations betwegrt, andty, ts
tively; i.e., an energy equal to the edge threshold plus the using the background intensity obtained from the EELS spectra
plasmon resonance energy. These additional features, due t@ive reductions of thickness of 55 and 24%, respectively.
multiple losses in thick samples, are not observed in spéctra The local thickness then increases again as evident from the
andts, which is evidence for significantly thinner samples in increase of the signal in the 32330 eV region in thet,
these cases. spectrum. This is most likely due to amorphous carbon
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" 15 nitrogen,lp andly, curves exhibit rather similar behavior with
two different slopes? the steeper one~0.8) is typically valid

over the first second while the slope for longer exposures (0.2)
is closer to the slope characteristic for the carbon removal loss
over the whole investigated time scale (i.e., up to a dose of
about 25x 10° e /nm?). Considering that the amino groups of
the melamine are only connected with single bonds to the
framework of the molecule, it seems probable that these groups,
rather than the multiply connected ring atoms, are affected
through hydrogen loss or bond cleavage as a result of the
excitation and deexcitation processes. The details of this process
will be discussed further below.

4.b. Test of the Validity of the Modeling: Comparison
with Experimental Spectra on Reference MoleculesThe NES
o5 ) . , L . ) s at the K edges correspond to transitions from 1s states to
0 05 1 15 2 25 3 35 4 unoccupied states above the Fermi level and the structure in
Time (5) the NES will thus reflect the local bondiri§.Therefore, it is
Figure 3. Logarithmic variation of the carbon and nitrogen intensities  interesting to compare the NES at the<Nedge in the recorded
Ic, In (left axis), and background intensitly, (right axis)32 spectra to corresponding data in CN molecular systems such as
triazine®® (C3H3N3), pyridine®* (CsHsN), and pyrrol&® (C4HsN)

Ln( and1

::r?:t;\g::rg:n, which cannot be avoided on the specimen du”ng(Figure 4); th_ese will also be used for testing the validity of
To obtain some initial insight into the decomposition process, our computational approach. . )
we may compare the background intensity variati) it AII of thege compounds are based on arom_at!c molecules in

those specific for carbonid) and nitrogen Iy). The nitrogen which the nitrogen atoms are present i Bgbridization but
loss first follows an exponential law with a short characteristic Where the N can still contribute differently to the molecular
time before decreasing more slowly after about 1 s. This orbital structure. The fifth valence electron of the N atom can
suggests that there is a rapid loss of nitrogen at the beginningform a lone pair either with the remaining unhybridized, 2p
of the process. To study the rate of decrease of N and of massorbital or with one of the sporbitals. The first case leads to a
loss, a logarithmic analysis of the background intensity before localized 2p lone pair, and the three $pybrid orbitals bond

the CK edge and of the carbon and nitrogen intensitiesnd to other atoms. This case is observed in the pyrrole molecule.
In, is presented in Figure 3. Both the background and the If the fifth electron instead forms a lone pair with one of the

C-K edge

[RARAN AR RN RS RE RN RN R

Triazine

Pyridine

Pyrrole

285 290 295 300 305 395 400 405 410 4135
Energy Loss (eV) Energy Loss (eV)

Figure 4. Experimental (solid lines) and computed (dotted lines) CK Mdge spectra and structures for the molecules triazine, pyridine, and
pyrrole. The experimental data were obtained from the Hitchcock (http:/xray.uu.se/hypertext/corexdb.html) database. The bond distances are in
angstroms.
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si? hybrid orbitals, the atom is left with two 3jybrid orbitals NH,
and one unfilled 2pand can therefore form one and twoo '1/ N
bonds as observed in the pyridine molecule. However, in the ' /'
pyridine case, even though the N atom exhibitsrsgbridization, He S
it does not contribute any mobile electron to the structure. melamine
Nitrogen is more electronegative than carbon and the nitrogen g\

thus attracts electrons from the rest of the molecule, leading to hl'l/ D R A NS
an enhanced & edgen* peak, which is found at 286.2 eV for HEN/C\N//C\ ey
striazine (286.1 eV), with the computed values in parentheses. NHp z
The n* peak becomes broader in the case of pyrrole and stage A
pyridine, and is found at 286.3 eV (286.4 eV) and at 284.9 eV l

(284.7 eV), respectively. The origin of the broadening in the

m* peak is due to the different chemical shifts on the carbons Hy HaN

induced by the presence of the nitrogen in the Ang. N/C\NH HZN/=N—=N

The situation is more complex for the nitrogen edge. The
first peak at the NK edge at 398.4 eV in pyridine and at 399.0 HC\N%CH
eV in triazine displays similarities in shape and energy position
for pyridine and triazine. This peak is associated with transitions
from 1s core states to unoccupied molecular statesr’of
symmetry * peak). For pyrrole, this transition is shifted up
in energy and is observed at 402.3 eV (402.4 eV); the sharp
feature contains contributions both from th#& (dominating
contribution) and some* contribution at the same energy (at during the first stage.

0.5 eV higher energy in the TP calculation). . In spectrumt,, the 7* peak at the CK edge still does not
The agreement between the computed and the experimentatnange significantly apart from a small decrease in the intensity,

reference spectra is very good, for both the energy positions ht some clear modifications of the shape are observed.

and the relative intensities but most importantly for the overall Changes in the NK edge are more important during this stage

appearance of the computed spectra, which gives credibility to of the process. Comparing theandt, experimental spectra,

the computational approach: given a specific molecular structure e notice that the intensity of the peak at 401.1 e\ (jds

and environment, we can very accurately predict the NES peak) strongly decreases while two new peaks appear at 398.9

features theoretically. and 401.9 eV in the nitrogen spectrum. At that time, the
4.c. Possible Intermediates in the Decomposition Process. thickness of the specimen has also decreased by 55%. The

We now turn to a discussion of the experimental spectra of nitrogen content in the sample decreases from 1.38 to 0.70 N/C

melamine at the different stages in the electron beam-induced(tz) and to 0.64 1) accompanied by an increase in the relative

=

~N
B ——

2

stage C

Figure 5. Proposed mechanism for the first stages of the decomposition
of melamine.

accompanied by formation and elimination of & one product

decomposition as shown in Figure 2. Starting with thi€ &ge intensity of the 398.9 eV peak. This peak is also observed in
of the melamine spectrum, we identify a strorigpeak at 287.3 thes-triazine molecule; however, the 401.9 eV peak is observed
eV and ac* peak at 297.8 eV. The value for thet peak is at higher energy than the corresponding excitation in the triazine

higher than those observed for the reference CN molecules, butcase. These observations confirm that the loss of nitrogen in
the position and shape of thet peak are similar to that of  the first stage of decomposition involving the desorption ef N
triazine. The shift in ther* position, relative to, e.g., triazine, ~Molecules could be due to the loss of the amino groups, which
is confirmed in the present theoretical calculations and is due therefore does not influence the aromaticity of the molecule.
to the presence of the additional electron-donating amino groups ~ Spectrumt., (N/C ratio of only 0.47) was recorded from a
bonded to each carbon atom in the melamine molecule. The Nmelamine solid after 140 s of electron beam irradiation. The
K edge in the melamine spectrum shows a peak at 400.5 eV,low N/C value can be due to a combination of loss of nitrogen
which is the energy position typical of molecules such as in the decomposition process and accumulation of carbon by
ammonia (NH) and methylamine (CENH,)2. Thes* position contamination in the rnicroscope. Thé peak at thg CK_edge

at about 9 eV higher energy is consistent with the separation &t L iS weaker than in thé; andt, s spectra, which indeed
found from the carbon spectrum. However, we must point out indicates that the ratio of 3jgo sp’ carbon is decreasing. The
that even att = 0, the N/C ratio is somewhat lower than first nitrogen peak at thi, spectrum of Figure 6b, on the other
expected for the pure melamine molecule (1578.1 vs 2.0). hand, is getting broader, exhibiting a shape, which is quite

In spectrumt:. the CK edae presents the same structure as common in CN thin films. It presents a shoulderlike feature,

P b ) ge p - which most likely originates from contributions from various
observed for melamine, which suggests that the C aromatic nitrogen-bonding configurations
structure of the molecule is not affected; that is, the integrated '

intensity under the Gr* peak at 287 eV is very similar to that n Flgur_e_5, a scheme of the p_035|_ble stages present in the
- decomposition process of melamine is displayed. The spectra
of melamine. On the other hand, theKNedge already shows .
L . S o from the different stages have been computed and compared to
significant differences, which is not surprising because a

reduction of the N/C ratio from 1.78 to 1.38 (a lower value the experimental results, as described in the next section.

than what would be expected for the melam or melem L . .
. o . 5. Identification of Some Decomposition Intermediates by
molecules) is measured. An additional sharp and dominant peak

is observed at 401.1 and is attributed to the-1s* excitation Comparison of Measured and Calculated ELNES Profiles

for N, gas3”38The absence of changes in th&@dge structure, In this section, we present our computed spectra for a number
the presence of the peak at 401.1 eV, and the decrease of the Nf possible intermediate decomposition products. The overall
content suggest that the amino groups are first eliminated, accuracy of our approach has been discussed in Section 4.b
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Figure 6. (a) Experimental (solid line) and computed ELNES at the first decomposition state. The molecular structures are also displayed with the
bond distances in angstroms. (b) Experimental (solid line) and computed ELNEStghtitt decomposition stages. The molecular structures are
also displayed with the bond distances in angstroms.

above where we found a quite good agreement for the set ofexplain the differences observed in thgart of the NK edge
calibration molecules. A comparison between experimental andin the melamine spectrum.
calculated spectra can then be used to Identlfy some of the During the first stages of the decomposition process, a
intermediate molecular species likely to be involved in the decrease of nitrogen content (i.e., with N/C from 1.78 to 1.38),
process. As a result of this comparison, the mechanism combined with the appearance of a shoulder at thee@lge, is
summarized in Figure 5 can be proposed. observed, as can be seen in specttyunit suggests that the

It should be noted that the calculations have been performedeliminated N comes from the external amino groups of the
for the isolated molecules such that possible effects due to themelamine molecule, which do not affect the aromatic structure
presence of the solid surrounding are not included. These effectsof the molecule (Figures 5 and 6a, stage #iazine-2,6-
should mainly contribute via a general broadening of the diamine). This is consistent with the computed spectrum where
individual molecular spectrum as well as quenching of the higher the carbon without the amino group (stage A) is chemically
Rydberg states. Application of a larger broadening to the shifted to 1.3 eV lower energy, whereas the two carbons
computed transitions could to some extent mimic this effect connected to an amino group are unchanged in energy position
but would remove information on the underlying contributions. as compared to the melamine. This results in an intensity ratio

A study of the spectrum variations shows the different stages of 1:2 for the shoulder to the main peak in thekCedget,
of the decomposition process as follows: Starting with the initial SPectrum,; this is also observed experimentally and is consistent
melamine spectrum, we find a good agreement between theWith an average initial loss of one amino group per melamine
computed and the measured spectra for th¢ €lge (Figure molecule. The same result for the carbon edge is obtained for
6a). However, differences are observed in the nitrogen spectrum the dimerized melamine, where we assume elimination of one
The calculations show that the nitrogen spectrum should contain@mino group from each of two neighboring molecules and a
contributions from both the ring atoms and the amino groups, Subsequent bond formation between them. This situation is
where the ring atoms give the main contribution to tite indistinguishable spectroscopically from the simple loss of an
resonance at 400.1 eV (computed), while the amino groups @mino group. We can thus not exclude polymerization products
dominate the peak at 404 eV. The relative intensities in these @s a result of the exposure.
regions can thus be used to follow the removal of amino groups  During the first 90 ms of the process, an increase in intensity
from the melamine. In the experimental spectrum, the peak atof the 401.1 eV peak at the K edge is observed. Then, the
404 eV is not resolved, but significant intensity is observed in intensity starts decreasing until its disappearance after 1.2 s.
this energy region. To explain this discrepancy, we can refer to The position of this peak (401.1 eV) corresponds to the strong
the fact that these groups are those likely modified by the solid z* excitation in N> ga$® and is absent in all of the investigated
nature of the specimen. Th#& resonance is a valence excitation, intermediates except for\is seen from Figure 2. The peak at
while the excitation at 404 eV on the more exposed amino 399.7 eV (computed) corresponds to the essentially unperturbed
groups has more Rydberg character. It is also important to recallz* of the ring; this now shows a higher intensity than the peak
that the experimental spectrum, called melamine, has a lowerat 404 eV associated with the amino group. A small contribution
N content than expected for the melamine molecule and the from the stage A2 molecule{riazine, 2,4-diamino-1,6-dihydro,
radiation-induced melamine decomposition is thus probably the structure is displayed in the inset in Figure 6) could also be
already initiated in the spectrumtat 0. These arguments could present as well as polymerized products. However, we can
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conclude that at the first stage of melamine decomposition, the of simulated ELNES of different CN-containing molecules and
formation (increase in intensity) and elimination (decrease in experimental ELNES, and the observed differences can generally
intensity of the 401.1 eV peak) ofJ\yjas are involved, although  be accounted for. From this comparison, we suggest that the
other volatile nitrogen-containing decomposition products, as amino groups are first eliminated leading to a release of N
observed by Ju et a®,cannot be excluded. The loss of nitrogen gas. Then, the degradation of the molecule occurs through a
occurs mainly from the amino groups connected to the ring. reduction of the carbonnitrogen double bonds in the triazine
As the amino groups are successively eliminated from the ring. If the irradiation is maintained over longer periods, the
melamine molecule, the relative intensity of the contributions formation of different CN fragments and polymerization prod-
from the two different carbons shift such that the peak at lower ucts could be possible, but it is generally masked by the
energy becomes dominating. For the stage A molecule wherecontamination effects involving supply of amorphous carbon.
one amino group had been lost, th& excitation from this This study has also demonstrated the new capacity of time-
carbon was found at 1.3 eV lower energy (corresponding to resolved EELS analysis for monitoring in situ dynamic processes
triazine) and the intensity ratio was 1:2. For the stage B molecule involving chemical and electronic changes.
(striazine-2-amino) with only one carbon connected to an amino
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