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Assignment of High-Lying Bending Mode Levels in the 
Threshold Photoelectron Spectrum of NH2: A Comparison 
between Pyrolysis and Fluorine-Atom Abstraction Radical 
Sources 

F. Holzmeier,a M. Lang,a I. Fischer,a P. Hembergerb, G. A. Garcia,c X. Tangc and J.-C. Loisond 

In this manuscript we present threshold photoelectron spectra (TPES) of the amidogen radical, NH2, recorded at two 

vacuum ultraviolet synchrotron radiation beamlines, the DESIRS beamline of Synchrotron SOLEIL and the VUV beamline of 

the Swiss Light Source (SLS). Amidogen radicals were generated by two different methods, (a) H-atom abstraction of 

ammonia in a fluorine microwave discharge flow tube and (b) flash pyrolysis of methylhydrazine and 

diphenylmethylamine. Due to the large geometry change upon photoionization from the bent neutral molecule NH2 (��  
2B1) to the quasi-linear cation NH2

+ (��  3B1), significant activity in the bending vibration υ2
+
 of NH2

+ (��  3B1) is observed in the 

TPES. Transitions into a large number of υ2
+, Ka

+ levels of the cation are resolved. 

Introduction  

Amidogen radical, NH2 and its cation NH2
+ have been detected in 

interstellar space1-4 and appear in the combustion of ammonia5 and 

in ammonia plasma processing6. From a molecular structure view-

point the radical is also of interest because NH2 is isoelectronic to 

H2O+ and NH2
+ is isoelectronic to the carbene CH2. Thus considera-

ble effort has been made towards the spectroscopic characteriza-

tion of both species. 

The neutral amidogen in the �� 2B1 electronic ground state has a 

bent structure with a HNH angle of around 102.4°,7 while the �� 3B1 

ground state of the cation is quasi-linear with an energy minimum 

at 27.5° (bending angle) and a barrier to linearity of only 232 cm-1.8 

The large geometry change upon photoionization leads to a signifi-

cant activity in the bending mode υ2
+, which provides detailed 

information on the potential energy surface of NH2
+. However this 

also means that the Franck-Condon factors (FCF) at the ionization 

threshold are very small and one-photon ionization experiments 

challenging in this region. First data on the ionic structure of NH2
+ 

were therefore obtained by infrared spectroscopy.9 Photoion yield 

curves showed resonances that were assigned to Rydberg states 

converging to the first excited �� 1A1 state.10 A larger energy region 

was explored by conventional photoelectron spectroscopy,11 but 

the lack of mass information, the presence of background signals 

(i.e. overlapping bands from ammonia) and the comparably low 

resolution rendered an assignment of individual vibrational states 

impossible. Merkt and coworkers investigated the cation by zero 

kinetic energy (ZEKE-) photoelectron spectroscopy in a [1+1’] pro-

cess through the neutral �� 2A1 state.8 The ionization energies of the 

�� 3B1 ground state8 and the �� 1A1 excited state were accurately 

determined to be 90 083.9 cm-1 and 100 306 cm-1 respectively.8, 12 

Furthermore, some low-lying vibrational levels were also observed 

and the barrier to linearity was determined.  

Information on the higher-lying vibrational levels of NH2 is on the 

other hand of relevance for the investigation of state-selected 

cations in ion-molecule reactions.13 NH2
+ is particularly interesting, 

because a large number of vibronic states are accessible by pho-

toionization, so the reactivity can be in principle investigated over a 

large range of excess energies. Such experiments are motivated by 

the recent exploration of the atmosphere of Titan,14 which showed 

the importance of nitrogen-containing species for the atmospheric 

chemistry.15  

A suitable approach to study the ionic energy levels of reactive 

molecules is photoion-photoelectron coincidence (PEPICO) spec-

troscopy, in particular with tuneable VUV synchrotron sources 

where only threshold electrons can be selected and recorded, the 

so-called threshold PEPICO (TPEPICO) method. In this case, mass-

selected threshold photoelectron spectra (TPES) with a comparably 

high resolution can be recorded. The technique is available at a few 

storage ring facilities16, 17,18 because it exploits the easy tunability of 

these sources, and has been applied in recent years to a number of 

hydrocarbon radicals.19 In the present manuscript we want to ex-

tend this work to the photoionization of NH2. High-level computa-

tions on NH2
+ are available for comparison.20-23 Below we will in 

particular refer to the work by Chambaud et al, who computed 

vibronic energy levels on a three dimensional potential energy 
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surface obtained from multireference configuration interaction 

(MRCI) electronic wavefunctions.20   

One challenge in the study of reactive molecules is to efficiently 

generate radicals from a suitable precursor. Several approaches 

have been demonstrated, and three have been employed in con-

junction with synchrotron radiation. The first is pyrolysis, i.e. ther-

mal generation of the radical,19, 24 which allowed the TPEPICO spec-

tra of radicals like allyl,25 methyl,26 ethyl,27 fulvenallenyl28, phe-

nylpropargyl29, 30 and trifluoromethyl31 to be recorded. The second 

method is through H-abstraction reaction by fluorine atoms pro-

duced in a microwave discharge, which has recently been applied to 

record the photoionization spectra of OH,32 OD32, ethyl27 and H2CN 

radicals.33 A similar source has been employed before by Dyke and 

coworkers to record conventional photoelectron spectra of radi-

cals,34, 35 among them NH2.11 The third one is photodissociation of a 

suitable precursor, as in the cases of methylene,36 methyl,37 vinyl,38 

propargyl,38 allyl,39 propenyl39 or phenyl radical40. Two of these 

approaches, pyrolysis and H-abstraction by fluorine atoms, have 

been employed here to continuously generate the amidogen radical 

and measure TPEPICO spectra. In this manuscript we compare the 

two approaches and describe the two complementary studies. One 

study was conducted at the Swiss Light Source (SLS) storage ring 

and generates amidogen by pyrolysis, while the other one, carried 

out at Synchrotron SOLEIL, employs the fluorine atom source. 

Experimental  

At the third generation French synchrotron SOLEIL, the vacuum 

ultraviolet (VUV) photons delivered by the HU640 variable polariza-

tion undulator feeding the DESIRS beamline 41 were monochroma-

tised and focused onto a 200/100 µm (H/V) spot at the ionization 

region. A 200 grooves⋅mm
-1 SiC grating was chosen and the slits 

were set to obtain a photon energy resolution of 3 meV at 11.5 eV 

for a flux of 7x1011 photons/sec. The gas filter42 located upstream 

the monochromator was filled with 0.24 mbar of Ar, effectively 

cutting off higher order radiation from the undulator. The energy 

dependent data were normalized by the photon flux recorded via a 

dedicated photodiode (AXUV, IRD) and the energy scale was cali-

brated during the same scan by the absorption lines seen in the 

total ion yield due to the 4s and 4s’ absorption lines43 from the Ar in 

the gas filter, leading to an energy precision of ± 0.0015 eV. After 

photoionization, electrons and ions were detected in coincidence 

using a double imaging photoelectron/photoion coincidence spec-

trometer (i2PEPICO) described elsewhere17. The coincidence 

scheme allows tagging the photoelectron spectra (PES) in mass and 

in ion translational energy. The latter is used here to discriminate 

electrons and ions correlated to targets that are formed outside the 

reactor.32 Threshold electrons are obtained with a resolution of 10 

meV via the slow PES technique or SPES44, which leads to resolu-

tions comparable to the more common threshold PES 45 (TPES), but 

with a higher signal-to-noise ratio. 

At the VUV beamline of the Swiss Light Source a bending magnet 

provides synchrotron radiation which was collimated and diffracted 

by a plane grating (600 grooves⋅mm
-1) with a resolving power of 

around 104 and a flux on the order of some 1011 photons/sec. A rare 

gas filter operated with a Kr/Ar/Ne mixture at a pressure of 10 mbar 

suppresses the higher harmonic radiation. The experimental setup 

is equipped with a time-of-flight mass spectrometer and a velocity 

map imaging photoelectron spectrometer. Ions and electrons were 

collected in coincidence, yielding mass-selected threshold photoe-

lectron spectra (ms-TPES). The beamline and spectrometer are 

described in more detail elsewhere.46, 47 The photon energy was 

scanned in steps of 5 meV and threshold electrons were selected 

with an energy resolution of 5 meV. The contribution of background 

electrons was subtracted following the method of Sztaray and 

Baer.45  

In the SLS experiment NH2 radicals were generated by flash pyroly-

sis from two different precursors, methyl hydrazine, H2N-NH(CH3) 

and diphenylmethylamine (DPMA), (C6H5)2-CH-NH2, both commer-

cially obtained from Sigma-Aldrich, expanded in Ar through a 100 

µm orifice into an electrically heated SiC tube. DPMA had to be 

heated to 175 °C to generate a sufficient vapour pressure. The 

setup used at SOLEIL has been described recently.32 For this study, 

NH2 radicals were generated through the F + NH3 -> HF + NH2 reac-

tion in a fast flow tube at low pressure (typically 1 to 2 mbar of 

mainly He). Fluorine atoms were produced in a microwave dis-

charge of a mixture of 1% F2 diluted in He (Linde), introduced into 

the flow tube 50 cm before the reaction zone. NH3 was introduced 

into the reactor through the showerhead mixer at the tip of the 

injector. The F2 concentration was around 3 × 1013 molecules cm-3. 

The F2 dissociation efficiency is close to 80% (checked trough F2 

detection after photoionisation) and considering the wall losses, the 

initial NH2 concentration range is estimated at around 4 × 1013 

molecules cm-3. After passage through the flow tube, the mixture is 

adiabatically expanded through a first skimmer (φ=1 mm diameter 

home-made in Kel-F) into a differentially pumped chamber (few 10-

4 mbar), and through a second skimmer (φ=1 mm, Beam Dynamics 

Inc.) into the ionization chamber (few 10-8 mbar). 

Results and discussion  

Molecular composition of the flow-tube reactor. 
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Figure 1: (a) Ion signal as a function of m/z and photon energy. (b) 
TOF integrated between 12.5 and 12.8 eV. (c) Mass-selected ion 
image and its projection (white line) along the molecular beam 
(MB) axis. Only ions having a net velocity (>500 m/sec) along MB fall 
within the region of interest (ROI) and are taken into account, cor-
responding to the species present in the flow-tube, and avoiding 
the background gas. 

Mass spectra (MS) as a function of the photon energy are shown as 

a color matrix in Figure 1a. As mentioned in the previous section, 

species formed outside the flow-tube reactor will be discriminated 

because only data correlated with ions inside the region of interest 

(ROI) shown in Figure 1c will be added to the treatment. A single 

MS integrated between 12.5 and 12.8 eV photon energy is also 

presented in Figure 1b. The main species in the molecular beam are 

m/z 16 (NH2) and m/z 17 (NH3), with traces of m/z 15 (NH), m/z 18 

(H2O), m/z 30 (NO), m/z 31 (HNO), m/z 32 (O2) and m/z 35 (NH2F). 

The F + NH3 reaction shows a high rate constant at room tempera-

ture48 characteristic of a barrierless reaction, producing only NH2 + 

HF, the NH3 + F → NH2F + H reaction is calculated here to be endo-

thermic by 150 kJ/mol at the M06-2X/cc-pVTZ level (using Gaussian 

09)49. The presence of traces of NH and NH2F is likely due to the 

secondary NH2 + F → NH + HF / NH2F reaction. Note that the chemi-

cal structures corresponding to the mass peaks have been verified 

by their mass-selected PES and comparison to existing literature. 

Indeed, both spectrometers at SOLEIL and SLS record simultaneous-

ly the electron spectra of all the masses present, so that the same 

information shown in this article for m/z 16 is available for the rest. 

In Figure 1a, autoionization resonances can be clearly observed for 

O2, as bright spots over the continuum background. They are also 

visible for NH2. From the NH2 ion image shown in Figure 1c, a veloci-

ty of 1180 m/sec is extracted, its value and spread consistent with a 

translational temperature of the order of 170 K. 

Molecular composition of the pyrolysis reactor 

 

 

Figure 2: TOF mass spectra of the pyrolytic NH2 precursors: a) In 
methylhydrazine (m/z=46) pyrolysis ammonia, NH3 constitutes the 
most intense peak, but several other masses are visible as well. b) 
When diphenylmethylamine is employed, the amount of ammonia 
can be significantly reduced, but larger aromatic molecules are 
present. 

The idea in pyrolysis is to select a suitable precursor and thermally 

cleave the weakest bond. In the case of amidogen different precur-

sors are available, as visible in the mass spectra in Figure 2. Trace a) 

shows the generation of amidogen from methyl hydrazine, H2N-

NH(CH3), m/z=46, recorded at the fixed photon energy hν = 12.0 eV. 

A small amount of residual precursor is still present while ammonia 

is the most intense peak in the mass spectrum, indicating a more 

complicated chemistry than originally thought, but a small peak at 

m/z=16, corresponding to NH2 is also apparent. In addition there is 

a second group of peaks present at m/z=28-31. The peaks at 

m/z=28 and 29 correspond to the cations of H2CN and H2CNH. The 

TPES of both species have been presented in a recent publication50 

that also discusses the mass spectrum in more detail. Masses 31 

and 30 are due to methylamine, H3C-NH2 and its dissociative ioniza-

tion fragment ion H2C-NH2. A second precursor is DPMA (m/z=183), 
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Figure 2b). Pyrolysis forms predominately the benzhydryl radical 

(m/z=167) plus NH2, while diphenylmethylcarbene (m/z=166) plus 

NH3 is a minor channel.51 Due to lower vapour pressure of the 

precursor, signals are smaller, but the NH2/NH3 ratio is more favor-

able. 

Threshold Photoelectron Spectra 

Amidogen is an asymmetric rotor. In the ground state of the cation, 

rotational constants of A+=155.08 cm-1, B+= 8.38 cm-1 and C+=7.95 

cm-1 were computed in the MRCI calculations.20 The resulting 

asymmetry parameter is κ=-0.99, so NH2
+ can be regarded as an 

almost linear prolate rotor with well separated K-stacks. For the 

bending vibration of NH2
+ a wavenumber of 850 cm-1 was reported 

from a He (I) photoelectron spectrum,11 but the mode is strongly 

anharmonic due to the shape of the potential energy surface. 

Therefore we expect to resolve well separated, but irregularly 

spaced levels in the spectra that are characterized by a vibrational 

quantum number υ2
+ and an angular momentum quantum number 

Ka
+.  

In a quasilinear molecule either bent molecule quantum numbers 

υ2
+, Ka

+, N+  can be used for the bending vibration, or linear mole-

cule quantum numbers υ�
	|�|

�
���, �	. The two quantum numbers 

are related via the expressions.  

                 υ2
+ (lin) = 2υ2

 + 
(bent) + Ka

+             (I) 

                   |K| = Ka
+                                           (II) 

The total rotational angular momentum N
+ will be largely ignored 

below, because it can hardly be resolved. As the spectral assign-

ments below are based on the calculations by Chambaud et al,20 

who used the bent-molecule nomenclature, we will also assign 

transitions using the bent molecule labels υ2
+, Ka

+, N+  . Note how-

ever that Merkt and coworkers employed the linear molecule label-

ling scheme in their work.8 

 

Figure 3: TPES of NH2, recorded at the SOLEIL storage ring with a 2 
meV photon energy step. Unless otherwise indicated the transitions 
originate from Ka” =0 and 1. 

Figure 3 shows the TPES of NH2 around the ionization threshold, 

recorded at SOLEIL with a 2 meV photon energy step. Although the 

transition into the υ2
+ =0, Ka

+ =0 ground state of the cation is weak, 

it can definitely be recognized, and transitions into the Ka
+ =1-3 

states are clearly discernible despite the unfavorable FC-factors. 

The values agree fully with those reported by Willitsch et al.8 Note 

that for example the υ2
+ =0, Ka

+ =1 level corresponds to 11 in the 

linear molecule notation. The peaks at 11.25 eV and 11.32 eV might 

be assigned to transitions from the thermally populated Ka”=2 level 

in the neutral ground state. Note that the Ka”=1 and 2 levels are 

24.7 cm-1 and 94.4 cm-1 above the Ka”=0 level. The ∆N=N
+
-N” transi-

tions cannot be resolved for the most part and broaden the various 

K-stacks. Some bands, for example the one between 11.50 and 

11.55 eV show evidence of ∆N structure. Since several ∆K=Ka
+
-Ka”  

transitions contribute to this band, it is rather difficult to fit the 

rotational fine structure, because transitions from Ka” =1 cannot be 

distinguished from those originating from Ka”=0.  

TPES were recorded using both setups at SOLEIL and SLS up to the 

onset of the �� 1A1 state, as depicted in Figure 4. The band positions 

are summarized in Table 1 and compared to previous work. Like the 

�� 2B1 neutral ground state, the �� 1A1 ionic state is also bent, thus 

diagonal FC-factors are large and the transition into the υ2
+ =0 

origin band is the most intense in the spectrum. A value of 12.436 

eV (100 306 cm-1) was reported by Willitsch et al.12 The maximum of 

the TPES recorded at SOLEIL is located at 12.428±0.002 eV. After 

adding the 7 meV Stark shift corresponding to the 88 V/cm-1 extrac-

tion field used in these experiments, a value of 12.435±0.002 eV is 

reached, in perfect agreement with the aforementioned ZEKE ex-

periments 

 

Figure 4: Survey scan of NH2
+. The spectrum in the upper trace was 

recorded at SOLEIL, using the H- atom abstraction radical source, 
the one in the lower trace was recorded at the SLS using pyrolysis of 
DPMA to generate NH2.  

Both spectra in Figure 4 have a similar appearance. Transitions into 

the Ka
+ stacks of υ2

+ =5 can be resolved and the intensities of the 

various transitions are comparable in both spectra. The maximum 

intensity is found for the members of υ2
+ =4. Transitions into υ2

+ =6 

are not unambiguously identified and thus already considerably 

weaker. In both spectra transitions into Ka
+=0-3 can be recognized. 

In the previous ZEKE experiments only transitions into ionic states 

up to υ2
+ =2, Ka

+ =0 were reported,8 corresponding to 40 in linear 

notation. Several peaks show a shoulder to the left shifted by 25-30 

meV, especially visible in the members of the υ2
+ =4 and 5 series. 

Some of them are indicated by dotted lines in the upper trace of 

Figure 4. They might be due to transitions from Ka”=3 at +27 meV. 

In the SLS spectrum these shoulders are indistinguishable from the 
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main peak, indicating a larger population of the Ka”=3 levels. This 

leads to a somewhat inferior resolution of the spectrum and indi-

cates a higher internal temperature of the radicals. The present 

results agree well with the computations by Chambaud et al.
20 and 

almost all spectral features can be unambiguously assigned. The 

error between the present results and the computed values is 

generally within 10 meV. Although Chambaud et al. did not com-

pute transitions into higher Ka” states, most features can be as-

signed without taking them into account. Given the spectral resolu-

tion one can analyse the photoionization selection rules for ∆K 

transitions. The framework for rotational transitions in photoioniza-

tion has been developed in detail by Merkt and coworkers.52, 53 In a 

simplified picture for NH2 an electron is ejected upon ionization 

from a non-bonding p-orbital located at the nitrogen atom. From 

the orbital ionization model52 one would expect in this case the 

selection rule ∆Ka= ±1. Of course the population in higher Ka” levels 

has to be considered. At the experimental temperatures the Ka”=1 

level will be almost equally populated as the Ka”=0 one. Since it is 

only 24 cm -1 higher in energy, transitions originating from the 

Ka”=0 and Ka”=1 levels cannot be resolved. Transitions from Ka”=2 

are also present, which also explains the pronounced appearance of 

Ka
+ =3 even within the orbital ionization model. However, there are 

indications that the simple ∆Ka= ±1 selection rule is not fully 

obeyed. In Figure 3 the transitions from Ka”=2 to υ2
+ =0, Ka

+ =2 and 

from Ka”=0, 1 to υ2
+ =0, Ka

+ =3 can be recognized. For the first one, 

which is only weakly present, no other credible assignment is 

found. The transition into υ2
+ =0, Ka

+ =3 on the other hand overlaps 

with the one into υ2
+ =1, Ka

+ =1. Assigning the whole band around 

11.34 eV to the latter transition would lead to an energy that is too 

low when compared with the value known accurately from ZEKE-

spectroscopy (see column 3 of Table 1). We are therefore convinced 

that transitions with ∆Ka= 0, ±2 contribute to the spectrum and 

reflect deviations from a simple single orbital picture. Overall the 

intensity seems to decrease with increasing Ka
+, which probably 

reflects the thermal population in the neutral ground state. Transi-

tions into Ka
+ =3 were not observed in the ZEKE-spectra recorded in 

a pulsed jet of 30 K rotational temperature.   

At the experimental temperatures ground state levels with Ka”=3 

are likely populated and some transitions are tentatively assigned 

to originate from Ka”=3. Thus transitions into Ka
+ =4 should also be 

visible. However, they are difficult to assign, because accurate 

calculations are not available for Ka”>3. Nevertheless the pyrolysis 

spectrum shows a band at 12.56 eV (+1.39 eV) that might be as-

signed to υ2
+ =5, Ka

+ =5 (note its absence in the H-abstraction 

source), while the υ2
+ =5, Ka

+ =4 band most likely overlaps with the 

strong transition into the �� 2A1 origin. Overall transitions into Ka
+ =4 

will already have a considerably smaller intensity and often contrib-

ute to a broadening of bands only. 

The TPES obtained from pyrolysis of methylhydrazine (not shown 

here) and DPMA have a rather similar appearance. However, when 

methylhydrazine is employed, the NH2 signal rises again at 12.6 eV. 

This rise is due to dissociative photoionization of either unconvert-

ed precursor or, more likely, a side product of the pyrolysis. 

Transitions into the stretching modes υ1
+ and υ3

+ are not observed 

in the spectra. Due to the small change in the R(N-H) bond length 

upon ionization from 1.034 Å to 1.030 Å the FC-factors into the 

fundamentals and overtones of these modes are small.20, 54 

 

Table 1: List of the observed transitions, with previous experimental 

and computational results given for comparison. Unless otherwise 

indicated the transitions originate from Ka” =0 and 1.  

Transition 

υ2
+, Ka

+ 

This work /eV Prev. experi-

ment, Ref 8 

Computations 

/eV, Ref. 20 

0, 1 0.038 0.0396 0.040 

K”=2→ 0, 2 0.078   

0, 2 0.096 0.0938 0.094 

1, 0 0.106 0.1138 0.113 

K”=2→ 0, 3 0.151   

0, 3 0.166  0.159 

1, 1 0.176 0.1830 0.183 

1, 2 0.26 0.2567 0.257 

2, 0 0.268 0.2672 0.266 

1, 3 0.339  0.337 

2, 1 0.35  0.351 

2, 2 0.43  0.438 

3, 0 0.43  0.443 

2, 3 0.52  0.529 

3, 1 0.54  0.538 

3, 2 0.63  0.633 

4, 0 0.63  0.636 

3, 3 0.72  0.734 

4, 1 0.74  0.742 

4, 2 0.84  0.843 

5, 0 0.84  0.845 

4, 3 0.94  0.947 

5, 1 0.94  0.951 

K”=3;→5, 2 1.02   

5, 2 1.05  1.058 

5, 3 1.15   

5, 5 1.39   

Comparison of Radical Sources 

As the experiments were performed at different beamlines a com-

parison is not straightforward. We note that the photon flux at the 

DESIRS beamline was probably higher by a factor of 2 or more, so a 

larger signal can be expected.   

The H-atom abstraction source yields the precursor ammonia, NH3, 

as the most intense peak in the mass spectrum. In contrast in the 

pyrolysis source the ratio amidogen/ammonia depends on the 

precursor: Pyrolysis of methylhydrazine yields a NH2/NH3 ratio that 

is almost the same as in the H-atom abstraction source and seems 

to be around 0.15. The large amount of ammonia is surprising, 

because its formation requires bimolecular reactions. When DPMA 

is employed as a precursor the NH2/NH3 ratio is around 5:1 and 
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favours amidogen formation. This will be an advantage, when ex-

periments are perturbed by NH3, but the overall signal is smaller 

due to the low vapour pressure of DPMA. Nevertheless it is evident 

from the mass spectra in Figures 1b and 2 that the H-abstraction 

source is cleaner than the pyrolysis source. This may be due to the 

fact that all the H-atoms in ammonia have the same reaction prob-

ability. 

The most important difference between the two spectra in Figure 4 

is the resolution, which is higher with the H-abstraction source. A 

possible reason for this is the different temperatures of the radicals. 

Regarding the production by H abstraction, the available energy 

from the F + NH3 → HF + NH2 reaction is equal to ∆H=-117 kJ/mol.
55 

The energy partitioning of this reaction has also been experimental-

ly studied.56 A large part of the energy is localized in the HF vibra-

tion in a similar manner than for the F + CH4 → HF + CH3 reaction57 

where very little energy is reallocated in the CH3 vibrations or rota-

tions. Moreover, the self-reaction NH2 + NH2 is slow at low pressure 

and leads only to N2H4
58 so that we can use conditions where the 

NH2 radicals stay a few ms in the fast flow reactor at 1 Torr, allow-

ing efficient rotational and vibrational relaxation. At 1.0 Torr of He 

in the presence of few mTorr of NH3, we can assume that all inter-

nal degrees of freedom of the NH2 radical have been thermalized 

before expansion through the 1.0 mm diameter homemade Kel-F 

skimmer. With a backing pressure of only a few mbar, the transla-

tional temperature of the NH2 after adiabatic expansion has been 

determined at 170 K (see Figure 1b), and we expect the rotational 

and vibrational temperatures of NH2 to be between this value and 

294 K (room temperature). 

When combined with pulsed jets, cold radicals have been obtained 

in pyrolysis sources due to a supersonic expansion into the vacuum. 

For several radicals rotational temperatures of around 100-150 K 

have been determined.59, 60 However, the situation changes in 

continuous beams: While in pulsed beams nozzle orifices of around 

0.8 mm are combined with the pyrolysis reactor (ID=1.0 mm), in 

continuous beams orifices of 0.1-0.2 mm are often employed to 

limit the gas load. The subsequent reduction of the particle density 

by more than an order of magnitude changes the properties of the 

flow and reduces the number of radical/rare gas collisions in the 

pyrolysis reactor and at the exit. As a consequence a supersonic jet 

does not fully develop and only limited cooling is achieved.61 For 

example the TPES of methyl26 was fitted with a rotational tempera-

ture of 500 K, while a temperature of 350 K was estimated in the 

case of CF3
•.31 The higher temperature is evident in the observation 

of some transitions into Ka
+ >3. Furthermore the longer residence 

time of the molecules in the pyrolysis reactor and the high concen-

tration of the precursor leads to a larger degree of bimolecular 

reactions. This has already been observed in some of the first ex-

periments combining pyrolysis and SR62  and is also evident in the 

mass spectrum of methylhydrazine pyrolysis (5-10% methylamine in 

argon), cf. Figure 2a). The most intense peak is NH3, which has to be 

formed by an H-atom abstraction reaction of amidogen. 

Conclusions 

Amidogen radical, NH2 has been produced by two different 

methods: H-atom abstraction in a fluorine discharge flow tube, 

using ammonia as the precursor, and flash pyrolysis of 

methylhydrazine and of diphenylmethylamine, at the storage 

rings Synchrotron SOLEIL and SLS repectively. The bending 

level structure of the quasilinear ��  3B1 ground state of NH2
+ 

has been studied by threshold photoelectron spectroscopy. 

The radical was ionized in a one-photon process from the bent 

�� 2B1 neutral ground state using VUV synchrotron radiation. 

The bending level progression of NH2
+ (�� 3B1) has been 

observed and assigned up to υ2
+ ≤ 5 and Ka

+ ≤3, here labels 

refer to the bent-molecule notation. Despite the large 

geometry change even transitions close to the ionization 

threshold were observed. While the spectra are very similar, 

the radicals generated in the fluorine discharge have a 

rotational temperature Trot=170-294 K, while for the radicals 

generated by pyrolysis Trot=500 K is likely. As a consequence 

the spectra obtained by H-atom abstraction are better 

resolved. In the pyroylsis source on the other hand the 

NH2/NH3 ratio can be varied using different precursors, which 

can be an advantage for example for studying dissociative 

photoionisation. In addition to the ionic ground state the ��  1A1 

state has been observed. This bent - bent transition is 

dominated by the origin band observed at 12.435±0.002 eV.  

The results presented will be of value for studies of ion-

molecule reactions involving NH2
+ due to the large impact that 

the amount of internal energy can have on the outcome of the 

reaction.63 In this context NH2
+ is an excellent candidate for 

studying the reactivity of a molecular ion over a wide range of 

vibrational and rotational excitation. 
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trum of NH2 was observed and assigned up to υ2

+ ≤ 5 and Ka
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≤3.  
 

Page 9 of 9 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t


