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Abstract

The photoexcitation of (NO), at 242-221 nm is studied by photoion and photoelectron imaging. A broad and structureless
absorption band starting at 41,3004 300 cm ' is observed. Ionization via the excited state accesses predominantly a dissociative
state of (NO)F. The broad kinetic energy distribution of the photoelectrons suggests that the excited state has a large valence
component in the Franck—Condon region, and that the geometries of the excited neutral state and the dimer ion state differ
markedly. We propose that the same ‘bright’ state of mixed valence/Rydberg character is accessed at 242-200 nm, in agreement with

preliminary ab initio calculations.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction

The ultraviolet (UV) spectroscopy, photophysics, and
photochemistry of the NO dimer, a weakly covalently
bound molecule, have attracted considerable attention
recently. The ground state of the dimer is formed via the
bonding interaction of two NO radicals; however, since
the monomers have their unpaired electrons in anti-
bonding 7* orbitals, the N-N bond is rather weak,
710410 cm~' [1,2]. Electronic structure calculations
reveal that many of the dimer’s excited states have no
counterpart in the electronically excited states of the
monomers. For example, there are eight electronic states
in the energy region up to 1 eV above the ground state,
whose characterization has been a great challenge to
theory [3,4]. To date, no direct experimental observation
of these low-lying states has been reported. The situa-
tion regarding the higher-lying electronic states is re-
versed. While experiments show the existence of at least
one very strong and broad absorption band in the UV
that peaks at ~205 nm [5,6], a theoretical characteriza-
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tion of this state(s) is yet to be published. Following
absorption at 223-193 nm, the excited NO dimer dis-
sociates, giving rise to NO(X?IT) + NO(A2X"). In addi-
tion, the NO(X?IT) + NO(B2II) channel was observed at
193 nm [7,8].

The published absorption spectra of the dimer have
been obtained with thermal samples. They exhibit fea-
tures described as ‘diffuse bands’ near the onset of the
UYV absorption, but the spectrum appears structureless
at shorter wavelengths. Although weak absorption was
observed at wavelengths longer than 240 nm [5,6], the
contribution of ‘hot bands’ was not assessed.

In order to characterize the nature of the electronic
state(s) responsible for the strong UV absorption,
Blanchet and Stolow [9], and Suzuki and co-workers [10]
measured time resolved photoelectron spectra following
210 and 200.5 nm excitation, respectively. Blanchet and
Stolow [9] reported the existence of two time scales
following excitation at 210 nm and proposed that a dark
state reached by non-adiabatic transitions may partici-
pate in the dissociation. While the photoelectron spec-
trum associated with the NO dimer ion had a lifetime of
about 300 fs, the corresponding spectrum associated
with the NO(X’IT)+ NO(A?X*) channel appeared at


mail to: reisler@usc.edu

234 V. Dribinski et al. | Chemical Physics Letters 385 (2004) 233-238

longer times (lifetime ~ 700 fs) [9]. On the other hand,
Suzuki and co-workers found that at 200.5 nm the two
time scales were comparable [10]. The latter investiga-
tors also concluded that the signature of the photo-
electron spectrum obtained at early times was atypical
of a Rydberg state converging to the ground state of the
ion, and invoked the participation of a valence state in
the 200-210 nm excitation region [10].

In the previous photoionization experiments, time
resolved ion buildup and disappearance times were re-
corded by looking at both NO* and NO dimer ions.
NO™* appeared to be the major product in ionization of
the NO dimer via the electronically excited state reached
in the UV [10]. At these wavelengths, however, two
competing processes can generate NO™ ions. Ionization
via the excited state of the dimer can access a dissocia-
tive state(s) of the ion, and/or the excited state of the
neutral dimer can dissociate to produce NO(A2XZ™),
which is immediately ionized by the absorption of an-
other photon. A problem in interpreting the results
obtained with the femtosecond lasers at 200-210 nm was
distinguishing clearly between NO™ generated by dis-
sociative ionization of the dimer and ionization of the
NO(A?X™) product.

In an attempt to further clarify the photochemistry
and the nature of the excited state responsible for the
strong absorption, we explored the region near and be-
low the opening of the NO(X?IT) + NO(A2X*) channel.
In our previous work, we have used molecular beams
and photofragment ion imaging to explore the region
just above the threshold of this channel (at 44,910 cm™!)
by excitation at wavelengths A<223 nm [11,12]. We
concluded that the excited state is weakly bound, and
that the predissociation dynamics was similar to that
observed in weakly bound species, in that it exhibited
restricted intramolecular vibrational redistribution
(IVR) in the excited state. Specifically, the restricted
IVR manifested itself as non-statistical NO(A2X+) and
NO(X?IT) product state distributions, particularly at the
pair-correlated level.

In this Letter, we report the first study of the UV
excitation of the NO dimer below the threshold of the
NO(X?IT) + NO(A2X+) channel (4 > 222.67 nm), where
NO™ can only be generated via dissociative ionization of
the dimer. For this study, we use a nanosecond excita-
tion laser, and enlist the techniques of photoion and
photoelectron imaging. We find that 1+ 1 resonance
enhanced multiphoton ionization (REMPI) spectra of
the NO dimer can be obtained by monitoring ions of
both m/e =60 (NO dimer ion) and m/e =30 (NOT
fragment). By scanning the wavelength of the excitation
laser until the ion signal disappears, we place the onset
of the UV electronic absorption at ~ 41,300 (242 nm,
5.12 eV).

The low ion signal obtained near the onset of
the absorption compared with the intensity at the peak

indicates that the geometries of the ground and excited
states of the neutral dimer differ considerably. The
photoelectron kinetic energy (KE) distributions deter-
mined at several excitation energies in the region 242-
223 nm are similar in shape to those obtained at early
times using femtosecond lasers at <210 nm [9,10]. The
KE distribution is broad, indicating that the geometry
of the excited state of the neutral dimer and the ground
state of the ion are also quite different. This suggests that
the ‘bright’ state has a valence, rather than a Rydberg,
character.

Preliminary ab initio calculations carried out by
Levchenko and Krylov for vertical excitation identify
two strongly absorbing states (at ~6.1 and 6.4 eV),
which have a mixed valence/Rydberg character [13]. It is
suggested that the valence state carries most of the os-
cillator strength in the Franck—Condon region, and that
the evolution of this excited state(s) towards products
leads eventually to the formation of the Rydberg
NO(A?X*) product, and (when enough energy is avail-
able) also the valence NO(B?IT) product.

2. Experimental details

The experimental arrangement has been described
before [14], and only changes and improvements are
elaborated here. (NO);, is generated in a molecular beam
by supersonic expansion of gas mixtures containing
5-20% NO in He at a backing pressure of 2 atm. The
rotational temperature in the beam is 7o = 3-5 K [11].
The NO dimer is excited in a one-photon transition at
wavelengths 242-221 nm generated by frequency-dou-
bling the linearly polarized output of a Nd:YAG laser
pumped dye laser system (Coumarin 440 and 480; 15-50
wJ; .. =50 cm lens, tpuse = 5-10 ns). The excited NO
dimer is ionized non-selectively with a second photon at
the same wavelength.

The ionization products, i.e., photoelectrons and
ions with m/e =30 and 60 (NO" and (NO);, respec-
tively) are detected using the velocity map imaging
technique [15]. The electrostatic lens design developed
by Wrede et al. [16] is used. In this design, charged
particles are formed in the region of a uniform electric
field and accelerated before entering the focusing re-
gion. Such an arrangement narrows the relative ve-
locity spread Av/v, thereby significantly reducing the
chromatic aberration of the electrostatic lens system.
This is especially important in the work presented here,
because both the photoelectrons and the NOT ions
have broad kinetic energy distributions. The influence
of external electric and magnetic fields is eliminated by
use of p-metal shielding around the ion optics and the
time-of-flight region. A further improvement in reso-
lution is achieved by using event-counting and cen-
troiding [17,18].
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In order to characterize the excited states of the NO
dimer in the region 242-221 nm (5.1-5.6 eV), two types
of experiments were performed. In the first, the laser
wavelength was scanned throughout the whole region,
and the total number of ions (event-counts) of m/e = 30
(NO™) and 60 (NO); ), accumulated in 6000 laser shots,
were recorded as a function of wavelength. In the second
experiment, photoelectron and fragment NO™ ion im-
ages were obtained at selected excitation energies. The
two-dimensional (2D) projections were converted to 3D
velocity distributions using the basis set expansion
(BASEX) method [19]. The fragment and photoelectron
speed distributions were derived in each case by ana-
lytical integration of the reconstructed images, expressed
as linear combinations of basis functions, over all an-
gles. The angular distributions were obtained directly
from the expression of the images in polar coordinates.

Background subtraction was required only for pho-
toelectron imaging. The source of background was
photoelectrons produced by scattered light from the ion
optics copper plates (work function =4.7 eV). To min-
imize it, the experiments were performed in a series of
short-time accumulations, one half of which done with
the nozzle switched off. The ‘nozzle off’ images were then
subtracted from the ‘nozzle on’ ones. In the detection of
NO™ ions, a minor contribution due to non-resonant
ionization of the cold NO in the molecular beam was
observed. However, this signal was less then 1% of the
total NO™, and therefore no background subtraction
was required. Background due to non-resonant two-
photon ionization of the NO dimer was minimized by
using low laser fluences.

3. Results and discussion

Fig. la and b show the total (NO); and NO™ signal,
respectively, as a function of excitation energy. There
are three possible mechanisms for the production of
NO™ in our experiments: (a) non-resonant two-photon
ionization of cold NO in the molecular beam; (b) 1+ 1
dissociative ionization of the NO dimer [(NO), + Ahv —
(NO)J (v >2)+ e — NO+NOT + 7] [20]; and (c)
ionization of excited NO fragments produced by two-
photon absorption in (NO), followed by dissociation
[(NO), +2hv — (NO);* — NO + NO* — NO+NO*
+ e¢7]. Under specific conditions, NO* ions produced via
all three mechanisms were, indeed, observed in our ex-
periments. As mentioned in Section 2, channel (a) con-
tributes little to the total NO™ signal. Moreover, ions
produced via this mechanism are easily distinguishable,
as they have zero translational energy and appear only
at the center of the image. Two-photon absorption in
the NO dimer with subsequent dissociation into elec-
tronically excited NO fragments [mechanism (c)] has
been observed in a broad excitation range, and will be
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Fig. 1. Ton signals of (a) (NO); and (b) NO* obtained in 1 +1 REMPI
of the NO dimer as a function of excitation energy. Typical error bars
are £20% of the signal intensity.

described in detail in a separate publication [21]. For the
purpose of the present study, we emphasize that al-
though channels (b) and (c) result in similar NO™
translational energy distributions (with a large fraction
of the ions having low KE), their corresponding pho-
toelectron kinetic energy distributions are very different
(see below). Therefore, the relative contributions of
these two channels to the NO™ yield can be estimated.
Under our experimental conditions, mechanism (b) was
found to be the dominant source of NO™ fragments (see
below). Thus, the plot in Fig. 1b represents primarily
1 +1 dissociative ionization of the NO dimer. The sim-
ilarity of the (NO); and NO™ yield curves reinforces this
conclusion.

The origin of the lowest UV absorption band is es-
timated from the onset shown in Fig. 1 at 41,300 + 300
cm~! (242 nm, 5.12 eV). The absorption spectrum does
not display reproducible narrow structures, indicating
that the state excited initially is short-lived (z < 100 fs)
and quickly dephases.

The (NO)J signal is much smaller compared to that
of the NO*' fragment, indicating that, even near the
onset of the UV absorption, ionization via the excited
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(NO), state produces predominantly a dissociative state
of the NO dimer ion, whose ground state is bound by
~5000 cm~!'. This implies that the Franck—Condon
factors for the formation of vibrationally ‘cold’ ground
state ions are unfavorable and that the geometry of the
dimer’s excited state differs significantly from that of the
cation. In contrast, the ground states of the NO dimer
and its cation have rather similar geometries [22-25],
and direct ionization of the ground state dimer produces
predominantly low vibrational levels of (NO); and
short vibrational progressions (2-3 bands) in the pho-
toelectron spectrum [26]. These results have been re-
produced in our experiments.

Fig. 2 shows a photoelectron image obtained at ex-
citation wavelength 4 = 228 nm (43,860 cm™!), along
with the photoelectron KE distribution. Fig. 3 shows
the corresponding NO™ image, and the ion KE distri-
bution. The photoelectron KE distribution displays
three distinct features. The major feature is broad and
structureless, and its intensity increases as KE decreases.
The signal starts to increase when the KE corresponds
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Fig. 2. Photoelectron image and the corresponding KE distribution
obtained by 1+ 1 REMPI of the NO dimer at 228 nm. The arrows
indicate the energetic thresholds for the formation of (NO); (X, v = 0)
and NO* (X, v = 0) + NO(X, v = 0), as well as the calculated positions
of the photoelectron peaks corresponding to the ionization of NO(A)
and NO(C) products (see the text for details).

to the dissociative ionization channel. The angular dis-
tribution in this region is nearly isotropic.

The two narrow bands peaking at ~13,000 and
21,000 cm~! are attributed to ionization of NO(A2XH)
and NO(C?II), which are n = 3 Rydberg states gener-
ated via two-photon excitation/dissociation of (NO),
(mechanism (c) above). This assignment is confirmed by
the dependence of the positions of the bands on photon
energy. When the dissociative ionization process in-
volves two photons (one for excitation of the dimer and
one for dissociative ionization), the maximum KE of the
photoelectrons must change as twice the photon energy.
This is the behavior observed for the broad photoelec-
tron feature. On the other hand, NO in a Rydberg state
(produced by two-photon dissociation of the neutral
dimer) requires only one photon for ionization and,
therefore, the energy of the ejected photoelectrons
should vary linearly with photon energy. Such one-
photon energy dependence is observed for the two
narrow bands. Also, with increasing laser power the
intensities of the narrow bands increase relative to
the broad feature, supporting the two-photon nature of
the excitation process. At low laser power, the integrated
intensity of the two narrow bands is eight times smaller
than that of the broad feature, but we are unable to
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Fig. 3. Ion image and the corresponding KE distribution of NO*
fragments resulting from the dissociative ionization of the NO dimer at
228 nm. The maximum available KE for this process (12,295 cm™') is
marked with an arrow.
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completely suppress these peaks due to poor signal/noise
level at low laser intensities. Pursuant to the above, we
believe that the major source of NO™ in our experiment
is the dissociative ionization of the NO dimer [mecha-
nism (b)]. The signal of photoelectrons with KEs ex-
ceeding the dissociative ionization threshold, i.e., those
corresponding to the formation of stable bound states of
(NO)J, is very small. This observation agrees with the
low (NO); signal observed in the ionization.

Referring to Fig. 3, the NO* KE distribution shows
that the fraction of ion fragments formed with high KE
is very small. In other words, the dissociation of the NO
dimer cation by 1 + I ionization of the neutral produces
highly vibrationally excited NO and/or NO™ fragments.
It is likely that these ions are generated by vibrational
predissociation of ground state (NO);, but the partici-
pation of an electronically excited state of the ion cannot
be precluded.

At wavelengths £<222.67 nm (44,910 cm™!), i.e.
above the threshold for production of NO(A?XZ*) by
one-photon dissociation of (NO),, both the photoelec-
tron and NO™ KE distributions change dramatically. A
typical photoelectron image and the corresponding KE
distribution obtained at A = 221.67 nm (45,110 cm™!)
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Fig. 4. Photoelectron image and the corresponding KE obtained fol-
lowing excitation of (NO), at 221.67 nm. The large peak corresponds
to ionization of NO(A2X*) produced in one-photon dissociation of the
NO dimer [(NO), + v — NO(A2Z+) + NO(XIT)].

are shown in Fig. 4. A strong signal deriving from ion-
ization of NO(A2X") is dominant in the spectrum, while
almost no photoelectrons originating in the dimer ion
are detected. In the corresponding NO™ ion images, only
fragments with low KE (<200 cm™!), which are corre-
lated with one-photon dissociation of the NO dimer
[(NO), + hv — NO(A2Z*) + NO(X?IT)], are observed.
Their KE distribution is similar to our previously pub-
lished results [12].

In the 200.5 and 210 nm measurements carried out
with femtosecond lasers at zero pump-probe delay [9,10],
the photoelectron and ion KE distributions are similar
to the ones observed in our experiments at A > 222.67
nm. This similarity suggests that the same ‘bright’ state
is predominantly accessed at all wavelengths, but with
nanosecond lasers the efficiency of ionizing the dimer
when fast dissociation to NO(A2X*) + NO(X?II) is al-
lowed is very small.

Additional insight into the nature of the excited
state(s) can be obtained from preliminary ab initio cal-
culations carried out by Levchenko and Krylov [13]. An
EOM-CCSD study of the excited states of (NO), using
the 6-311(2+,2+)G* and 6-311(2+,2+4)G(2df,2pd)
basis sets shows the presence of only two states with
large oscillator strengths in the region above 5 eV (5.0—
8.5 eV). These states are composed primarily of two
configurations, corresponding approximately to two
‘diabatic’ states: (i) a diffuse 3p, Rydberg state (where
the x-axis lies along the N-N bond), and (ii) a tight
valence state of the same symmetry. The vertical exci-
tation energies to the adiabatic states are 6.1 and 6.4 eV,
and the oscillator strengths are ~0.45 and ~0.2, re-
spectively. These values are 2-3 orders of magnitude
higher than those of any other state in this region. Thus,
we propose that the bright state at 6.1 eV vertical exci-
tation contributes considerably to the observed ab-
sorption at the lower energies examined in this work
(~5.2 eV). The B, symmetry of the two states explains
the observed parallel nature of the absorption in the
region of 222-193 nm (5.57-6.43 ¢V) [11,12,27].

The calculated values of the oscillator strengths for
these two states are considerably higher than expected
for pure Rydberg states, which rarely exceed 0.08 [28].
They are more typical of excitation to valence states,
whose oscillator strengths often reach values of 0.3-1.0.
Therefore, the valence rather than the Rydberg com-
ponent in both states is likely responsible for the ‘bright’
character. The nature of the valence state and the origin
of the strong mixing of this state with the 3p-Rydberg
state are not yet known. It is noted, however, that strong
UV emission from the valence NO(B’IT) product is
observed following 193 nm dissociation, and this chan-
nel may be related to the valence component of the di-
mer excited state. More theoretical work is needed to
better understand the nature of the excited states of the
dimer in this energy region and to elucidate the role of
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non-adiabatic transitions in dissociation terminating in
NO(A?Z ") + NO(X>II).

4. Conclusions

The 1+1 REMPI spectrum of the NO dimer was
studied below the opening of the NO(X)+NO(A)
channel via velocity map imaging detection of photo-
electrons and NO™ and (NO); ions. The origin of the
lowest excited state of the NO dimer in the UV region is
at 5.124+0.04 eV (242 4+ 1 nm; 41,300 + 300 cm~!). The
absence of narrow structures in the absorption spectrum
is probably due to fast dephasing processes in the ex-
cited state. Nevertheless, the excited state lives long en-
ough to be ionized by absorption of another photon.
This ionization accesses a predominantly dissociative
state of the NO dimer cation, suggesting that the excited
state has a large valence component. The broad photo-
electron spectrum indicates that the geometries of the
excited neutral dimer and the dimer ion are quite dif-
ferent. The photoelectron and ion KE distributions are
similar to those reported by other research groups fol-
lowing excitation at 210 nm (5.90 ¢V) and 200 nm (6.20
eV) and imply that mainly one ‘bright’ state is accessed
at all wavelengths. These conclusions are in agreement
with preliminary ab initio calculations, which reveal a
mixed valence/Rydberg (p,) state having a large oscil-
lator strength.
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