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a b s t r a c t

The possibility of simultaneous characterization of N2O and N2O van der Waals complexes in supersonic
jet expansions is demonstrated for neat N2O samples. Room temperature and jet-cooled spectra of the
Rydberg transitions 3pp1D  X1R+ and 3pr1P   X1R+ are presented. Theoretical calculations sup-
port the assignment of the Rydberg transitions used. For stagnation pressures above 2 bar, a hitherto
unreported broad spectral feature at 84650 cm�1 is observed, where calculations predict absorption of
the (N2O)2 dimer essentially due to excitation of the 4sr and 3pp Rydberg orbitals. Consequences for
the use of N2O as a precursor for O(1D) atoms in reactive scattering experiments are discussed.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The important role of nitrous oxide (N2O) in atmospheric chem-
istry [1,2] has motivated a large number of investigations of this
molecule. It is not only an important greenhouse gas itself [3],
but, upon irradiation with ultraviolet light, is also a primary source
of excited O(1D) atoms [4] which are involved in the catalytic
destruction of ozone via the reaction

Oð1DÞ þN2O! 2NO: ð1Þ

Additionally the nitrous oxide (N2O) molecule is of interest
from a fundamental point of view for at least two reasons. First,
its dimer was one of the first van der Waals complexes investigated
in a supersonic jet expansion [5], and second, it has widely been
used as precursor molecule for O(1D) atoms, in particular for inves-
tigating the bimolecular reaction (1) which can be initiated with
relative experimental ease by 193 nm laser radiation in a N2O sam-
ple [6–20]. Frequently, such experiments are performed in super-
sonic expansions where low temperature and high number
density favor the formation of N2O van der Waals complexes which
are likely to affect the course of the reaction [7,8,19,20].

The N2O absorption spectrum has been studied by several
groups [21–29]. It consists of a structured continuum (B1D) from
160 to 220 nm, diffuse bands from 140 to 160 nm (C1II), a dissocia-
tive continuum from 120 to 140 nm (D1R+), and a region of many
ll rights reserved.
Rydberg states from 100 to 120 nm. Whereas several theoretical
calculations of the absorption spectrum have been performed for
low energy excitation [30 and references therein], calculated spec-
tra for the Rydberg region below 120 nm remain scarce [24,31].

The formation of N2O complexes has previously been investi-
gated by mass spectroscopy and by infrared spectroscopy, but
has not yet been detected in the ultraviolet. It is well known that
van der Waals complexes are formed in the free jet expansion of
neat N2O [32–41]. If the nozzle is pre-cooled and large stagnation
pressures are applied, exclusively large clusters with up to several
thousand molecules are observed, whereas for moderate expansion
conditions smaller clusters prevail [32,33]. Specifically, the N2O di-
mer has received and continues to receive considerable attention,
in particular in infrared spectroscopy [34–41].

State selective excitation and detection of N2O is possible by
(2 + 1) resonance enhanced multi-photon ionization (REMPI) spec-
troscopy through its Rydberg states on the blue side of the D1R+

state. Only few such experimental studies [42–44] have been pub-
lished up to date, mainly relying on a (3 + 1)-REMPI scheme in the
wavelength range from 350 to 370 nm. Data on (2 + 1)-REMPI exci-
tation are less abundant and exist only for few wavelength ranges
and temperatures. Rydberg states are very well suited for detecting
van der Waals complexes because they are significantly affected by
the presence of another particle due to the large values of Rydberg
radii [45,46]. Nevertheless, no REMPI data have yet been reported
for N2O van der Waals complexes.

Given the known Rydberg detection scheme of N2O, the large
sensitivity of Rydberg states towards complex formation, and the
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ease of complex generation of N2O in a free jet expansion, the moti-
vation for the presented work is to explore the possibility of simul-
taneous characterization of N2O and N2O van der Waals complexes
in supersonic jet expansions which will not only allow one to char-
acterize the composition of jet-cooled N2O samples, but also prom-
ises to provide a tool for the characterization of Rydberg states of
N2O. In order to allow an assignment of the experimental results
theoretical calculations have been performed on the absorption
spectra of the isolated nitrous oxide molecule and the correspond-
ing (N2O)2 dimer.

2. Experimental and theoretical methods

All calculations were performed using the Gaussian03 program
package [47]. Ground state geometries for the N2O monomer and
the (N2O)2 dimer were optimized by second order Møller-Plesset
perturbation theory (MP2). Excited state wavefunctions and verti-
cal excitation energies were calculated by time-dependent density
functional theory (TDDFT) using B3LYP, M052X, and MPW1PW91
functionals.

The experimental setup is described in detail in Ref. [48].
Basically, it consists of a home-built single-field time-of-flight
(TOF) spectrometer with a total length of 0.57 m and a ratio of
the acceleration region to the drift region of 1:2 which could
be evacuated to a base pressure of 10�4 Pa. For room tempera-
ture experiments, pure N2O was fed into the spectrometer via
a needle valve resulting in typical sample pressures of 10�2 Pa.
For low temperature experiments, pure N2O was introduced via
a free supersonic jet expansion onto the axis of the TOF spec-
trometer by a pulsed valve (General Valve Series 9). The diame-
ter of the orifice was 0.5 mm, and stagnation pressures were
varied from 1 to 8 bar. State-selective detection of N2O was per-
formed on fragment masses 30 (NO+) and 28 (N2

+) using an exci-
mer laser pumped dye laser (Lambda Physik LPX 120i/LPD 3000)
operated with Coumarin 102. The laser light was frequency dou-
bled by a BBO crystal and focused into the spectrometer by a
60 mm quartz lens. The pulse energy was typically kept at
300 lJ. Ions were detected by a double stage multi-channel plate
assembly with 40 mm active diameter. The ion signal was mon-
itored, digitized, and integrated by a digital oscilloscope (LeCroy
Waverunner) and stored by a personal computer. Alternatively, a
combination of a digital oscilloscope (LeCroy 9450), a boxcar
averager (Stanford Research), and an analog to digital converter
was employed for the signal monitoring.

3. Theoretical results

N2O in its electronic ground state is a closed shell linear mole-
cule with 1R+ configuration. Occupied orbitals are
[1r22r23r24r25r26r2]1p47r22p4. Lowest unoccupied orbitals
are 3p8r9r4p. The (N2O)2 dimer configuration with the lowest
energy is known to be of anti-parallel slipped geometry with C2h

symmetry [40]. Its valence electronic configuration is
Table 1
N2O monomer excited singlet states and vertical excitation energies (energies in eV).

State B3LYPa MPW1PW91a

M1 [A1R+] 6.48 6.50
M2,M3 [B1D] 6.82 6.90
M4,M5 [C1P] 8.32 8.53
M6 [D1R+] 10.02 10.19
M7,M8 [1P(2p33pr)] 10.87 11.07
M9–M11 [1R�/1D(2p33pp)] 10.89–10.92 11.11–11.15

a This work (6-311+G(d) basis set).
[...]7ag
21au

21bg
27bu

28bu
28ag

29bu
22bg

29ag
22au

2, with lowest unoc-
cupied orbitals 10bu3au3bg10ag11ag11bu12bu4u12ag13ag4bg13bu.
Due to the symmetry of the dimer and the weak, non-covalent
interaction, the occupied dimer orbitals (8bu

28ag
2) and (9bu

22b-
g

29ag
22au

2) essentially relate to the 7r2 and 2p4 monomer orbitals,
while the unoccupied dimer orbitals (10bu3au3bg10ag), (11ag11bu),
and (12bu4au12ag4bg) relate to the 3p, 8r, and 4p monomer orbi-
tals, respectively. The ground state geometry for the (N2O)2 dimer
was calculated with MP2 perturbation theory using the 6-
311+G(d) basis set. The distance between the two monomer cen-
ters of mass was calculated to be 348 pm which is in good agree-
ment with the latest experimental value of 342.3 pm [40].

The optimized geometry was then used as input for TDDFT cal-
culations of excited state wavefunctions and vertical excitation
energies. In order to assess the influence of different functionals
and basis sets, for the excited state calculations we have used
B3LYP, MPW1PW91, and M052X functionals with different basis
sets. In particular, the M052X functional was employed because
it is known to be best suited for the description of non-covalent
interactions such as the intermolecular forces forming the (N2O)2

dimer from the two N2O molecules [49].
Table 1 lists the results for the excited state calculations for the

N2O monomer together with experimental results and previous
assignments. While calculations were performed for singlet and
for triplet states, only singlet states are considered here because
they describe the experimentally observed absorption spectrum
very well. The overall agreement between our TDDFT results, the
theoretical results of Hopper [31] and the experimental values
[24] is good, with the M052X functional yielding the least precise
results for the monomer excited states, as expected. Generally,
the TDDFT calculations tend to result in slightly too large values
for vertical excitation energies. In Fig. 1 we present an overview
over the experimental one-photon absorption spectrum of nitrous
oxide taken from Ref. [24], together with theoretical transition
energies from our own and from Hopper’s [31] calculations.

The issue of assigning the onset of the very strong one-photon
Rydberg excitation at 10.53 eV (84937 cm�1) has been discussed
controversially. Szarka and Wallace assigned it to the 3pr1P
ð103Þ  X1R+ð000Þ transition carrying one quantum of antisymmet-
ric stretch in the electronically excited state [42]. Consequently,
they identified an absorption feature at 10.31 eV (83188 cm�1) as
the corresponding band origin which is absent in Fig. 1, but strong
in multi-photon excitation studies. Later, Cossart-Magos et al. reas-
signed the weak absorption feature at 10.31 eV as the origin of the
one-photon forbidden 3pp1D X1R+ transition and proposed the
strong peak at 10.53 eV to be the origin of the 3pr1P X1R+ tran-
sition [28]. Both assignments are in accord with photoelectron
spectroscopy (PES) experiments by Scheper et al. [44] who have
identified the 10.31 eV feature as a band origin, but, unfortunately,
did not report PES data for the strong absorption at 10.53 eV. Peak
intensity arguments are not helpful to resolve this issue either, tak-
ing into account the drastically different intensities for one-, two-,
and three-photon absorption schemes and the Jahn-Teller effect
M052Xa Ref. [31] Experimental data

5.68 7.59 6.3–7.6 [24]
6.88 7.65 6.3–7.6 [24]
8.82 8.35 8.1–8.8 [24]
10.53 10.11 9.2–10.0 [24]
11.18 10.2–10.4 10.53 [28]
11.90–11.91 10.2–10.4 10.31 [28]



Fig. 1. Left column: N2O one-photon absorption spectrum from Ref. [28]. Middle
columns: vertical excitation energies of the N2O monomer, calculated with different
functionals (6-311+G(d) basis set). Right column: calculated vertical excitation
energies of the N2O monomer from Ref. [31].

Table 2
(N2O)2 dimer vertical excitation energies (6-311+G(d) basis set, energies in eV).

B3LYP M052X

State Energy State Energy

D1,D2 6.31 D1,D2 5.42
D3–D6 6.67 D3–D6 6.69
D7–D14 7.67–7.73 D7–D10 8.80–8.83
D15–D18 8.28–8.32 D11–D18 9.58–9.65
D19–D22 9.38–9.49 D19 10.30
D23 10.09 D20 10.46
D24 10.21 D21–D26 10.98–11.05
D25–D26 10.66 D27,D28 11.19–11.23
D27–D30 10.68–10.72 D29,D30 11.71–11.72
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contributing to increasing the complexity of excited state elec-
tronic structure.

With exception of the less precise M052X functionals, our own
calculations predict both transitions, 3pp1D X1R+ and
3pr1P X1R+, to occur very close to each other, i.e. with ener-
getic separation of less than 0.1 eV. Although all calculations per-
formed by us predict the 3pp1D X1R+ transition to occur at
slightly higher energies than the 3pr1P X1R+ transition, the
separation in vertical excitation energies lies within the uncer-
tainty of the calculations, such that we cannot prove the correct-
ness of either previous assignment. In the following we have
adopted the more recent assignment of Cossart-Magos et al. [28].
In any case, our predictions for the spectroscopic characteristics
of the (N2O)2 dimer remain unaffected from a possible reassign-
ment of the electronic monomer transitions in this region.

The 30 lowest dimer singlet states calculated with B3LYP and
M052X functionals with 6-311+G(d) basis sets are listed in Table
2. Again, triplet states are not shown here because they were found
to be of no significance for the monomer electronic transitions. For
the M052X functional which is expected to yield the best results
with respect to effects resulting from non-covalent interaction, di-
mer states D1–D6 and D11–D20 are essentially linear combina-
tions of electronic excitation from the (9bu

22bg
29ag

22au
2)

manifold into the (10bu3au3bg10ag) manifold, while dimer states
D7–D10 reflect excitation from the (9bu

22bg
29ag

22au
2) manifold

into the (11ag11bu) manifold. Corresponding monomer transitions
are 2p ? 3p and 2p ? 8r, respectively. Dimer states D21–D28
bear a significant contribution from excitation from the (8bu

28ag
2)

dimer orbitals (7r monomer orbital) and states D29 and 30 mark
the onset of excitation into the (12bu4au12ag4bg) dimer orbitals,
corresponding to the 4p monomer orbital. The transition into the
dimer state D20 exhibits the largest oscillator strengths of all tran-
sitions calculated. The corresponding monomer state is M6 which
agrees very well with the experimental one-photon absorption
spectrum. Prominent dimer states are therefore D1, D7, D20,
D21, and D29 which closely relate to the corresponding monomer
states M1, M4, M6, M7, and M9. Comparing the excitation energies
for those states, one finds that transitions into dimer electronically
excited states generally appear near the transitions into the corre-
sponding monomer states, with excitation energies lowered by
0.1–0.2 eV. In addition, several dimer states with no corresponding
monomer states arise mainly due to the interaction of the mono-
mer 2p and 3p orbitals in the dimer. Analyzing the B3LYP data
yields very similar results.

From our calculations we expect the occurrence of dimer
absorption features at the corresponding monomer transition
wavelengths shifted to the red by 0.1–0.2 eV. The most promising
candidate for observing dimer absorption in the ultraviolet is
therefore the energy range just below the strong, sharp Rydberg
peak at 10.53 eV. First, other than the absorption features at lower
energies, this region is known to allow REMPI detection of the N2O
monomer [42,43]. Second, monomer transitions to the red of the
prominent peak at 10.53 eV are weak and have a relatively narrow
width ca. 100 cm�1 at room temperature, which is small enough to
allow for sufficiently large spectral regions free from possibly
interfering monomer absorption. Additionally, it can be expected
that the absorption bandwidth will be even smaller at the low tem-
peratures of a supersonic expansion.
4. Experimental results

Based on the results of our calculations, we have performed
measurements at excitation energies between 10.15 and 10.55 eV
(82000 cm�1 and 85000 cm�1). The upper trace in Fig. 2 displays
an overview over a room temperature spectrum, corresponding
to two-photon excitation at wavelengths between 235.3 and
243.9 nm. N2O was detected by (2 + 1) REMPI at fragment mass
30 (NO+) via transitions belonging to the Rydberg series converging
to the ionic ground state X2PX of N2O+ at 103963 cm�1. Main
peaks are labeled with the corresponding transitions according to
the assignment of Ref. [28]. The 3pr1P X1R+ band origin at
84937 cm�1 which is the dominant feature in the one-photon
absorption spectrum appears with moderate intensity in the
(2 + 1)-REMPI spectrum. Where bending vibrations occur, those
Renner-Teller sub-states which were observed in the spectrum
are assigned. Signals recorded at mass 28 (N2

+) yielded identical
spectra at much lower intensities, with the exception of the weak



Fig. 2. Upper trace: room temperature spectrum recorded at mass 30. Assignments
are made according to Ref. [28]. Lower trace: jet-cooled spectrum around the band
origin.

Fig. 4. Superposition of rotational branches O, P, R, and S (solid lines) for
temperatures of 300 K (upper panel) and 50 K (lower panel). Simulated data agree
very well with measured data (open circles) for bulk (upper panel) and beam (lower
panel) conditions.
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double shoulder at 84400 and 84450 cm�1 which accidentally oc-
curs in this wavelength range and belongs to three-photon reso-
nant transitions into a Rydberg state converging to the ionic B
state of N2O+ [42]. The 3pp1D band origin at 83188 cm�1 which
was suggested to be the origin of the 3pr1P band by Szarka
et al. [42] can only weakly be seen in the (2 + 1)-REMPI spectra,
in striking contrast to three-photon excitation. At higher excitation
energies several stronger transitions into vibrationally excited lev-
els of the 1D Rydberg state are observed complemented by bending
mode hot bands on the red side of the band origin. While vibra-
tional bands cannot rotationally be resolved due to fast predissoci-
ation of the Rydberg state, rotational excitation is evidenced by
several of the band shapes.

The lower trace in Fig. 2 shows the spectrum monitored for a
jet-cooled sample from the 3pp1D   X1R+ band origin to the
strong transitions into the Renner-Teller sub-states of the vibra-
tionally excited bending mode of the 1D Rydberg state.

In order to monitor the (N2O)2 dimer we have scanned the spec-
tral range displayed in Fig. 2 for different nozzle expansion condi-
tions. Fig. 3 shows the spectral region to the red of the 1P state
Fig. 3. Complex formation in dependence on nozzle stagnation pressure, evidenced
by a broad spectral feature at 84650 cm�1 between monomer peaks at 84330 cm�1

and at 84937 cm�1.
band origin. Traces represent spectra obtained for different stagna-
tion pressures between 1 and 7 bar for neat N2O samples. For stag-
nation pressures larger than 2 bar, a broad new feature rises at
84650 cm�1, between the two prominent monomer peaks at
84330 and 84937 cm�1.

5. Discussion

At low temperatures, the envelopes of the rotational branches
seen at room temperature collapse into a single narrow peak (cf.
Fig. 2). The P(010)–(000) transition can be used as a temperature
probe as is demonstrated in Fig. 4. In the upper panel of Fig. 4, the
band is approximated by a set of four rotational branches O, P, R,
and S which have been simulated for room temperature in the rigid
rotor approximation with identical rotational constants B0

= 0.418 cm�1 for initial and final states [50]. The Q branch has
not been considered because in this approximation its influence
on the wings of the band shape is negligible. The use of equal rota-
tional constants for initial and final states is justified by the nearly
symmetric shape of the band and because the rotational constant
for the N2O+ ion is very similar to the one of the neutral molecule
[51–53]. In view of the significant simplification inherent in this
approach, the agreement between the approximation and the
experimentally observed band shape is more than satisfactory.
Using this basic calibration procedure, in the lower panel of
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Fig. 4 a temperature of ca. 50 K was estimated in the same way for
the temperature of the jet-cooled pure N2O sample.

Given the temperature in the molecular beam, it is reasonable
to assign the new absorption features shown in Fig. 3 to a (N2O)n

van der Waals complex with n P 2. Our calculations predict dimer
absorption ca. 0.1–0.2 eV below the corresponding monomer
absorption. The wavelength of the experimentally observed dimer
absorption agrees well with the predicted relative position of the
dimer excited states 29 and 30 in Table 2 with respect to the
4sr Rydberg excitation of the monomer. These dimer excited
states are mainly contributed to by linear combinations of elec-
tronic excitation from the 9bu2bg9ag2au manifold into the 11bu

and the 4au orbitals. Wavefunctions with au symmetry can only
be composed from p monomer wavefunctions. Therefore the exci-
tation into the 4au dimer orbital corresponds to the 3pp Rydberg
excitation in the monomer. Similarly, the excitation into the 11bu

dimer orbital corresponds to the 4sr Rydberg excitation in the
monomer.

To the best of our knowledge, this is the first detection of
N2O van der Waals complexes ever reported for the ultraviolet
wavelength range. Unfortunately, a direct determination of the
complex mass is not feasible by the employed UV excitation
scheme, since under the employed experimental conditions
even the monomer undergoes almost complete fragmentation
in the TOF spectrometer as has also been observed previously
[42,43].

For the spectra shown in Fig. 3 which were obtained under
variation of the nozzle stagnation pressure a threshold behavior
was observed, i.e. there exists a minimum stagnation pressure
needed in order for the effect to occur. This threshold behavior
is likely to result from the need of sufficiently many three-body
collisions during the expansion through the nozzle in order to
energetically stabilize a newly associated (N2O)2 dimer. Above
this threshold value, no new absorption features have been ob-
served in the wavelength range under consideration while inten-
sities prove that the dimer concentration correlates with
stagnation pressure. Therefore, we propose a ‘‘core” complex to
be responsible for the new spectral feature which is likely to
be the (N2O)2 dimer. Nevertheless, the formation of larger com-
plexes cannot be ruled out based on the spectroscopic informa-
tion contained in the observed spectral features. The intensity
decrease of the monomer peaks for expansions at higher stagna-
tion pressures can be understood by the increase in the degree
of complexation with rising pressure, going along with a de-
crease in monomer concentration, as it was also observed, e.g.,
for HI–Xe complexes [54].

A similar effect has only recently been observed for NO�Arn

complexes [45,46]. There, it was found that for n > 2 the spectral
signature of the complex remains essentially unchanged from the
n = 2 case, which was interpreted as being evidence of a ‘‘core”
NO�Ar2 complex. Argon particles forming an outer shell around
the core complex do not noticeably affect the Rydberg electron
which is effectively shielded by the first two argon atoms. A similar
mechanism might be active for the N2O molecule, in accordance
with the independence of the shapes of the new spectral features
from the sample composition.

The possibility to detect (N2O)n complexes by (2 + 1)-REMPI in
the ultraviolet has an important consequence for the study of the
bimolecular reaction (1). This reaction can easily be photoinitiated
in a pure sample of N2O by 193 nm photolysis of N2O:

N2Oþ hmðk ¼ 193 nmÞ ! N2 þ Oð1DÞ; ð2Þ

and products can easily be analyzed by REMPI detection of NO in com-
bination with imaging techniques. Consequently, reaction (1) has re-
ceived considerable attention in the past and continues doing so.
For the detailed analysis of reaction (stereo)dynamics, the reac-
tants on the left side of reaction (1) need to be prepared in a well-
defined manner which is why jet-cooling of the N2O sample is pop-
ular and a sensible thing to do. However, complex formation of
N2O needs to be accounted for, particularly because the outcome
of reaction (1) is known to be strongly influenced by the geometry
constraint of the dimer configuration. Until now, complex forma-
tion could only be assessed by electron impact ionization [6,8] or
from the analysis of the observed product data [19].

The advantage of the detection of N2O complexes at
84650 cm�1 is that conditions under which reaction (1) is being
studied can be characterized by the same detection technique used
to study the reaction itself. Thus, expansion conditions can be con-
trolled such that initiating the reaction from within a cluster will
be preferred or suppressed, allowing to obtain new insight into
the dynamics of the reaction by defining the reaction geometry.

6. Conclusion

(2 + 1)-REMPI detection of N2O between 82000 cm�1 and
85000 cm�1 is demonstrated for room temperature and for jet-
cooled N2O samples. A temperature of ca. 50 K is achieved in the
jet expansion of neat N2O. Formation of N2O van der Waals com-
plexes occurs for high stagnation pressure jet expansions in pure
N2O. For the first time, (N2O)n van der Waals complexes have spec-
troscopically been detected by (2 + 1)-REMPI in the ultraviolet,
opening the possibility for characterization and control of bimolec-
ular reactions photoinitiated in N2O containing samples. Calcula-
tions using time-dependent density function theory accurately
reproduce the monomer absorption properties and suggest the
(N2O)2 dimer to be a major species responsible for high stagnation
pressure absorption features.
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