
Photoinduced Bimolecular Reactions in Homogeneous [CH3ONO]n Clusters

K. Bergmann and J. Robert Huber*
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The photodissociation of homogeneous methyl nitrite clusters, [CH3ONO]n with n ≈ 400-1000, was
investigated in a supersonic jet using excitation mainly at 365 nm, which corresponds toS0 f S1 (nπ*)
excitation in the monomer. Besides the two types of NO(X˜ 2II) photofragment distributions, a rotationally
relaxed one (Trot ∼ 250 K) and a nonthermally “hot” one (〈J′′〉 ) 35.5) which result from the primary
dissociation step CH3ONO f CH3O + NO of cluster-bound CH3ONO, we observed the products HNO-
(X̃1A′) and H2CO(X̃1A1) by state-selected LIF spectroscopy. Their product-yield excitation spectra and
their formation dependence on the backing pressure revealed that HNO and H2CO originate exclusively from
cluster photodissociation and not from primary photodissociation of the monomer. The mechanism of their
formation was found to be the disproportionation reaction of the primary photofragments, CH3O + NO f
HNO+ H2CO, mediated by caging of the cluster environment. The fragments collide with, and recoil at, the
solvent shell followed by subsequent recombination, disproportionation, or escape from the evaporating solvent
cage. The present results are consistent with previous findings on the photolysis of isolated CH3ONOmolecules
in solid noble gas matrices where exclusively the products HNO and H2CO were found.

1. Introduction

The study of photoinduced chemical reactions in clusters has
recently attracted much attention.1-7 The aim of these inves-
tigations, which are carried out in supersonic jet expansion, is
to gain deeper insight to the microscopic pathway of a chemical
reaction in a “solvent” environment. The chemically reactive
or inert environment acts for the initially prepared photofrag-
ments as a cage, whose influence on the subsequent reaction(s)
can be studied with respect to cluster size, rigidity, or temper-
ature. The results of such cluster studies have greatly contrib-
uted to a better understanding of the differences of the chemical
processes occurring in the bulk gas-phase, the condensed-phase,
and solid matrices.
The photolysis of a diatomic molecule weakly bound to

chemically inert rare-gas atoms has become a prototype system
to study the effect of the solvent cage on the solute fragmentation
dynamics. It has been observed experimentally and theoretically
that the cluster solvent cage can temporarily trap the fragments,
delay their separation, or prevent it by recombination. The
dissociation and cage recombination of I2 in rare-gas complexes
has been reviewed by Ronceroet al.8 Recent real-time pump-
probe experiments of I2(Ar)n6,9,10in combination with molecular
dynamics simulations,7 and of mass-selected ionic I2

-(Ar)n
clusters,11-13 have been performed on the femto- or picosecond
time scale, and they have provided a detailed microscopic picture
of the caging process. Furthermore, the dependence of the
fragment kinetic energy and angular distribution on the size of
the cluster cage has also been studied by classical trajectory
calculations for the photolysis of HF in Ar clusters.14

Of higher complexity is the study of chemical reactions
induced by photodissociation of a chromophore molecule in a
molecular cluster. In this context, the groups of Soep15,16and
Wittig1,17 are mentioned who have pioneered the method of
aligning bimolecular collision partners in small van der Waals
complexes by photoexcitation of a complex bound atom15,16or
molecule.1,17 Concerning our present cluster work we refer

especially to the photolysis results on homogeneous (OCS)n

clusters where the formation of the product S2 was found to
arise from the reaction of a primary sulfur atom fragment with
OCS cage molecules.18 In addition to S2, vibrationally, rota-
tionally, and translationally cold CO products were also detected
but only if the cluster size exceeded five OCS molecules. The
photodissociation of small clusters of HI19-22 and CH3I23-29was
studied by time-of-flight,20-22,26-29 REMPI,19 LIF,24,25 or Ra-
man23 detection of the products and/or of their energy distribu-
tions. For both these systems the formation of I2 was observed
and evidence was presented that this product is not only created
in small clusters but even in dimers. I atom detection recently
revealed a relaxation of the translational energy and the
anisotropy parameterâ compared to monomer photo-
dissociation.21,27-29 These results were discussed in terms of
caging of the I atoms that may either react in or escape from
the cluster. However, the mechanism of I2 formation in the
cluster is still a matter of uncertainty as also concerted photolytic
mechanisms are under discussion for both systems.22-25,29,30

Furthermore, in the case of (HI)n cluster photodissociation the
H-atom flight time distribution was also investigated,21,22leading
to features which were explained by elastic and inelastic H atom
collisions involving the excitation of internal modes in HI cage
species.
With the present work we extend our study on the photodis-

sociation of homogeneous molecular clusters of nitrites [RONO]n

with R being CH3 and C(CH3)3.31,32 Previously we were mainly
concerned with small clusters (〈n〉 ∼ 20), their formation
conditions, and their effect on the NO fragment state distribu-
tions and alignments. The present study deals with larger
clusters (n > 400) and focuses on reactions within the solvent
cage. AfterS1 photolysis of a methyl nitrite molecule weakly
bonded in [CH3ONO]n, we detected by the LIF method nitroxyl
HNO(X̃1A′) and formaldehyde H2CO(X̃1A1) in addition to
rotationally cold and “hot” NO fragments. It is shown that
following the primary dissociation step which yields NO(X˜ 2II)
and CH3O(X̃2E), the disproportionation reaction of these
radicals, mediated by the cluster “solvent” cage, proceeds to
HNO and H2CO.X Abstract published inAdVance ACS Abstracts,December 15, 1996.
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2. Experimental Section

A pulsed supersonic cluster beam was generated by expanding
a mixture of methyl nitrite CH3ONO (e6%) in Ar or He at
backing pressures up top0 ) 4 bar through a piezoelectric pulsed
valve into a chamber equipped with a diffusion pump (700 L/s).
Formation and growth of clusters, generally favored by increas-
ing p0, decreasing source temperature, and increasing nozzle
diameter,33-36 is decisively influenced by the nozzle
geometry.34-41 Thus, to obtain high centerline intensities and
cluster sizes, we used a conical nozzle with an apertured )
0.3 mm, a length of 14 mm, and an opening angle 2θ ) 14°.
An excimer laser (Lambda Physik EMG 101 MSC) with an

output at 308 nm and a repetition rate of∼10 Hz pumped two
dye lasers simultaneously. A homemade Ha¨nsch type dye laser
(ASE < 5%) was used with various dyes (QUI, TMI, PQP,
DMQ, and RDC 360) to photolyze the clusters. The second
dye laser (Lambda Physik FL 2002 E) probed the photofragment
NO(X̃2II) and the cluster reaction products HNO(X˜ 1A′) and H2-
CO(X̃1A1) by the LIF technique. The NO fragments in the
vibrational ground state were detected by 2+1 LIF,42 using the
NO[Ã2Σ+(V′)0)rX̃2Π(V′′)0)] excitation step by operating the
probe laser with the dye Coumarin 2. The HNO product was
detected by its fluorescence excitation spectrum of the (010)-
(000) vibronic band of the A˜ 1A′′ r X̃1A′ transition43-48 using
the dye Pyridine 1. The 00

0 and 40
1 vibronic bands of the A˜ 1A2

r X̃1A1 band system in H2CO49-53were measured analogously
by employing the probe laser with the dye BMQ. Both lasers
were linearly polarized to better than 97%. The counterpropa-
gating dissociation and probe laser beams were crossed at an
angle of 2° about 30 nozzle diameters from the pulsed
piezoelectric valve; between the two laser pulses we chose an
optical delay of≈20 ns. The laser-induced fluorescence was
collected by an unpolarized detector positioned at right angles
to the plane defined by the two laser beams. Fluorescence
detection of NO was achieved with a Hamamatsu R166UH PMT
equipped with a solar blind filter (Corion), while for the H2CO
or HNO detection a Hamamatsu R928 PMT equipped with
appropriate cutoff filters was used. The photomultiplier signals
were amplified by a preamplifier and integrated by a digital
boxcar integrator (SR 250). Photodiodes (Hamamatsu S1227BQ
and Hamamatsu S1133-03) monitored the power of the dye
lasers to normalize the measured LIF intensities and to correct
for shot to shot fluctuations. A computer controlled the data
acquisition, the variation of the backing pressure, and the tuning
of the lasers. Methyl nitrite was prepared according to a
published procedure54 and purified by trap-to-trap distillation
using IR and UV spectroscopy to check the purity.

3. Results

3.1. Detection of the NO Photofragment.The rotational-
state distributions of the NO(X˜ 2Π) fragment afterS1 photolysis
of the methyl nitrite monomer CH3ONO and its clusters [CH3-
ONO]n at ≈ 365 nm have previously been reported31 for the
four spin andΛ-doublet sublevelsF1(A′,A′′) andF2(A′,A′′) in
the NO vibrational statesV′′ ) 0 and 1. For the NO vibrational
stateV′′ ) 0 the monomer photodissociation yielded a Gaussian-
shaped rotational-state distribution coveringJ′′ ) 20.5-50.5
with a maximum around〈J′′〉 ) 35.5. As the molecular beam
source and the expansion conditions differ from our earlier stud-
ies, a reinvestigation became necessary. Figure 1a shows the
rotational-state distributions of the four sublevels of NO after
excitation of the methyl nitrite chromophore in a cluster formed
in an Ar expansion (p0 ) 4 bar, CH3ONO partial pressure 240
mbar). Excitation atλ ) 365 nm occurred into the quasibound

staten* ) 1 which corresponds to one quantum of the NdO
stretching modeV3 in theS1(nπ*) state of CH3ONO. Abimodal
rotational distribution was obtained, similar to previous experi-
ments31 and analogous investigations of thetert-butyl nitrite
monomer (CH3)3CONO and its clusters [(CH3)3CONO]n.32

The cold J′′ distribution, extending up toJ′′ ≈ 20.5, is
exclusively due to NO(X˜ 2Π) fragments from cluster photodis-
sociation and follows a Boltzmann distribution with a temper-
atureTrot ≈ 250 ( 50 K for all sublevels. The two almost
degenerateΛ-doublet statesA′ andA′′ in each of the two spin
statesF1 andF2 are equally populated, so that the degree of
electron alignment (DEA) is zero for lowJ′′ values (Figure 1c).
The DEA reflects the orientation of the unpaired pπ electron
with respect to the plane of rotation.55,56 Below the highJ′′
limit, mixing of theΛ-doublet states leads to a reduction of the
maximum DEA value ((1), which is indicated by the dotted
line in Figure 1c. The symmetry of theS1 excited state of
methyl nitrite with respect to the molecular plane isA′′ so that
the previously established planar fragmentation57-62 should lead
to a clear propensity for the same symmetryA′′ in the NO-
(X̃2Π) fragment. The observed value of DEA) 0 implies that
any vestige of the electronic state of the parent molecule before
fragmentation has been lost under cluster conditions. The
rotational alignmentA0

(2) is a measure of the correlation
between the transition dipole momentµ of the parent molecule
and the angular momentumJ of the NO fragment.42,63 The
dipole momentµ of theS1 r S0 transition is perpendicular to
the plane of the CH3ONOmolecule with respect to the OsNdO
moiety.64 Consequently a planar fragmentation impliesJ|µ
which gives rise toA0

(2) ) 0.8. A reduction of this limiting
value can be caused either by out of plane rotations of the parent
molecule due to a long lifetime or by deviations from the
planarity of the fragmentation process. The rotational alignment
A0
(2) measured in this work using the same procedure as

reported in previous publications42,63is shown in Figure 1b. For
the low J′′ distributionA0

(2) is zero, indicating that the (µ,J)
vector correlation has been completely lost which follows the

Figure 1. Scalar and vectorial properties of the NO(V′′)0) fragments
emerging from the photodissociation of [CH3ONO]n clusters formed
in an expansion with Ar at a total backing pressurep0 ) 4 bar and a
methyl nitrite partial pressure of 240 mbar. The cluster-bound CH3-
ONO chromophore was excited toS1(n* ) 1) at 365 nm: (a) Rotational-
state populations of the four sublevelsF1(A′,A′′) and F2(A′,A′′) of
NO(X̃2Π,V′′)0). (b) Rotational alignmentA0

(2) of the NO fragment as
a function of the rotational stateJ′′. (c) Degree of electron alignment
(DEA) of the two spin-orbit statesF1 andF2 of NO(X̃2Π,V′′)0). The
dotted line describes the maximum value for a planar dissociation of
an isolated CH3ONO. The error bar indicates one standard deviation.

260 J. Phys. Chem. A, Vol. 101, No. 3, 1997 Bergmann and Huber



behavior of the DEA. A strong preference for the spin stateF1
lying 123.14 cm-1 below F265 was observed for the coldJ′′
distribution: P(F1)/P(F2) ≈ 2 corresponds to a spin Boltzmann
temperature of≈250 K which is in excellent agreement with
the observed rotational temperature.
The results for the higher rotational-state distribution showing

J′′ values between 20.5 and 54.5 are summarized in Table 1
and compared to the corresponding results of the pure monomer
photodissociation. The Gaussian distribution is centered at〈J′′〉
) 35.5 with∆J′′′fwhm ≈ 17, and is thus similar to the rotational-
state distribution observed for methyl nitrite monomer dissocia-
tion except for a slight broadening. That this broadening is
due to cluster photodissociation is supported by the reduction
of the rotational alignment fromA0

(2) ≈0.46 to≈0.24 for the
monomer and the present case (Figure 1b), respectively. The
complementing DEA vector correlation is depicted in Figure
1c. Consistent with theA0

(2) reduction, it is reduced from 0.44
for the monomer to 0.26 for the cluster photodissociation. These
results show a strong resemblance to thetert-butyl nitrite
experiments32 and parallel the previous experimental findings
on methyl nitrite monomers and clusters.31 The main difference
is a considerably enhanced clustering under the present experi-
mental conditions, manifested by a much greater percentage of
rotationally relaxed NO fragments and an increased reduction
of the vector correlationsA0

(2) and DEA. The higher backing
pressure, and a nozzle geometry favoring cluster formation, lead
to this desired effect.
3.2. Fluorescence Excitation Spectra of H2CO and HNO.

Besides the NO(X˜ 2Π) fragment, we detected also formaldehyde
and nitroxyl products from cluster photolysis. Using LIF
spectroscopy after selectiveS1 photodissociation of cluster-
bound CH3ONO from the staten* ) 1 at 365 nm, the product
H2CO(X̃1A1) was identified by the fluorescence excitation
spectrum of the 00

0 and 40
1 vibronic bands of the A˜ 1A2 r X̃1A1

electronic transition. The 0-0 transition is electric-dipole
forbidden, but magnetic-dipole allowed.49,65 The LIF spectrum
shown in Figure 2a was recorded in a beam consisting of Ar as
carrier gas atp0 ) 4 bar with a partial methyl nitrite pressure
of 240 mbar. Figure 2b displays the calculated rotational
spectrum which is based on an asymmetric rotor by adopting
the spectroscopic constants from Clouthier and Ramsay;49 the
population distribution of the ortho-para nuclear hyperfine
states provided by the best fit corresponded to room temperature.

Although an exact matching of the intensities of the calculated
and the measured fluorescence excitation spectrum would also
require a correction for the rotational-state-dependent emission
lifetime,52,53we obtained a satisfactory agreement by assuming
a Boltzmann distribution with a temperature of 150 K for the
rotational-state population.
The product HNO is a chemically unstable intermediate with

a room temperature lifetime estimated to be 1-40 s.66,67 Our
measured HNO fluorescence excitation spectrum of the (010)-
(000) vibronic band of the A˜ 1A′′ r X̃1A′ transition43-48 is
shown in Figure 3a; it has been recorded under the same
conditions as formaldehyde given above. Figure 3b depicts the
calculated spectrum obtained with the same asymmetric rotor
program as applied for H2CO using the rotational constants

TABLE 1: Comparison of the Scalar and Vectorial
Properties of the “Hot” ( J′′ > 20.5) Rotational-State
Distributions of the NO(X̃2II, W′′)0) Photofragments
Emerging from the Photodissociation of CH3ONO and
[CH3ONO]n at ≈ 365 nm

monomer cluster error

〈J′′〉 35.5 35.5 (1
∆J′f′whm 13 17 (1

Prot (5%
F1(A′′) 0.41 0.35
F1(A′) 0.17 0.22
F2(A′′) 0.31 0.28
F2(A′) 0.11 0.15

F1/F2 (tot) 1.40 1.30 (5%
F1/F2 (A′′) 1.30 1.25 (5%
F1/F2 (A′) 1.60 1.45 (5%

DEA (tot) 0.44 0.26 (5%
DEA (F1) 0.41 0.23 (5%
DEA (F2) 0.48 0.30 (5%

A0
(2) 0.46 0.24 (0.05

fraction of “hot” NO 100% 39( 10%

Figure 2. (a) Fluorescence excitation spectrum of H2CO(X̃1A1)
measured afterS1 photodissociation of cluster-bound CH3ONO at 365
nm. Methyl nitrite with a partial pressure of 240 mbar was expanded
in argon at a total stagnation pressurep0 ) 4 bar. (b) Calculated
spectrum of the 00

0 and the 40
1 bands of formaldehyde, assuming a

Boltzmann distribution for the rotational state population withTrot )
150 K.

Figure 3. (a) Fluorescence excitation spectrum of HNO(X˜ 1A′) recorded
afterS1 photodissociation of cluster-bound CH3ONO at 365 nm. The
experimental conditions were as described in Figure 1 and 2 for the
detection of NO and H2CO. (b) Calculated spectrum of the (010)-
(000) absorption of HNO(X˜ 1A′), assuming a Boltzmann distribution
of the rotational state population withTrot ) 200 K.
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reported by Dixonet al.48 and Petersenet al.68 for the excited
and the ground state. A Boltzmann population distribution with
a temperature of 200 K provided the best fit to the rotational
intensities of the measured fluorescence excitation spectrum.
3.3. Cluster Product Yield Excitation Spectra. The broad

vibronic features of the CH3ONOS1 r S0 absorption have been
assigned to a progression of the NdO stretching mode (30

n*)
with two overlapping band systems due to the cis and trans
rotamer64 (see Figure 4a).trans-CH3ONO is less stable than
the cis conformer by 3.5( 0.2 kJ/mol;69 giving rise to a
preferred population of the cis form at room temperature and a
similar preference in the supersonic jet assuming “sudden
freezing”.70 Indeed, the dominance ofcis-CH3ONO is indicated
by the total absorption cross sectionσtot(ν̃) for the pure
monomer, which has been reported previously.71 Because the
photofragment yield spectrum (PHOFRY) was found to be
independent of the NO(X˜ 2Π) rotational state within the experi-
mental error, summation of the appropriately weighted PHOFRY
spectra for the NO vibrational levelsV′′ ) 0, 1, and 2, provides
the low-energy part of the absorption spectrum given byσtot(ν̃)
) ∑V′′σ(ν̃;V′′). This is depicted in Figure 4a together with the
NO(X̃2Π,V′′)0) PHOFRY spectrum71 recorded by monitoring
NO in J′′ ) 36.5.
The corresponding PHOFRY spectrum of the clusters [CH3-

ONO]n, shown in Figure 4b, has been measured by monitoring
a low rotational state (J′′ ) 5.5) of NO(X̃2Π,V′′)0), which stems
exclusively from cluster photodissociation. The monomer and
cluster partial cross sectionsσ(ν̃;V′′)0) obtained in this manner,
parallel each other except for a broadening of the vibronic
resonances in the latter and small differences in the fragment

vibrational state distribution as has also been found previously
for tert-butyl nitrite.32

Product excitation yield spectra of [CH3ONO]n clusters were
recorded by scanning the excitation (dissociation) wavelength
between 25 600 and 28 400 cm-1 while monitoring the vibra-
tional ground state of H2CO(X̃1A1) and HNO(X̃1A′) by 1+1
LIF spectroscopy. These excitation yield spectra of the cluster
photoproducts formaldehyde and nitroxyl shown in Figure 4,
parts c and d, are similar to the cluster PHOFRY spectrum in
Figure 4b. The features reflect then* vibronic band progression
of theS1 r S0 methyl nitrite absorption; they are also broadened
but slightly different in their contributions compared toσ-
(ν̃;V′′)0) of NO(X̃2Π) (see discussion).
3.4. Pressure Dependence of Cluster Formation.If pure

Ar is expanded under the present stagnation conditions (see
section 3.2) the formation of Arm clusters is expected. From
the kinetics of cluster formation in a supersonic beam expan-
sion72 it is therefore conceivable that mixed heterogeneous
clusters Arm[CH3ONO]n clusters are also formed initially during
the condensation process. However, due to the difference in
condensation energy between the argon carrier (≈80-100
cm-1)73-75 and the CH3ONO seed (300-700 cm-1, depending
on the configuration of thecis-CH3ONO dimer as calculated
using the Gaussian 92 program system with the G-31G* basis
set), the survival of such mixed clusters beyond the nozzle is
unlikely and we therefore assume that homogeneous [CH3-
ONO]n clusters or clusters of CH3ONO with only a few Ar
incorporated are the dominating species in the beam. This is
consistent with the previous mass spectrometric analysis of
methyl nitrite andtert-butyl nitrite clusters.31

When the backing pressurep0 of the mixture of carrier gas
and CH3ONO is increased from 0.1 to 3 bar, the process of
CH3ONO cluster formation can be followed. Monitoring the
yield of rotationally cold NO(X̃2Π;J′′)5.5) fragments produced
exclusively from cluster photolysis, the cluster formation is
revealed as a phase transition.76-79 If H2CO and HNO are also
products which are formed solely by clusters, their yield
dependence onp0 should parallel the cluster formation process.
To confirm this expectation we measured the intensity of the
LIF signal from H2CO(X̃1A1) and HNO(X̃1A′) which is
proportional to the production yield of these species. Figure 5
shows the LIF intensity versusp0 in the pressure range 0e p0
e 3 bar keeping the CH3ONO concentration in Ar and He
constant at 6%. The intensities are corrected (normalized) for
the density and the velocity of the beam which are known to
change withp0.80 In the case of He (Figure 5b) the LIF signal
intensities for the three investigated product species show the
same dependence onp0. They are zero below a stagnation
pressure of∼0.5 bar and then abruptly rise to a maximum within
a pressure range of≈0.7 bar. This observation implies that
formaldehyde and nitroxyl must be products resulting from the
photolysis of methyl nitrite in a cluster environment and not
from CH3ONO monomer dissociation. Analogous pressure
dependences for cluster formation in supersonic beams have
been reported using other detection techniques81,82 and more
recently we observed this phase transition also for (CH3)3-
CONO.32 A similar p0 dependence of the LIF signal intensities
of NO(X̃1Π) and H2CO(X̃1A1) is observed with the carrier gas
Ar (Figure 5a), for which the pressure axis has been scaled by
a factor of 3, because of the greater collision cross section for
energy transfer of Ar compared to He. Cluster formation starts
here atp0 ∼ 0.15 bar and reaches the maximum within about
0.5 bar.
Cluster growth in the supersonic expansion can alternatively

be followed by increasing the CH3ONO partial pressure between

Figure 4. Photoproduct yield spectra: (a) The broken line shows the
partial cross sectionσ(ν̃;V′′)0) of theS1 r S0 transition of CH3ONO
recorded by monitoring the NO(X˜ 2Π) fragment from a pure monomer
photodissociation. Summation of the partial cross sectionsσ(ν̃,V′′) for
the NO fragment vibrational statesV′′ ) 0, 1, and 2 (ν̃ < 28 400 cm-1)
yields the total cross sectionσtot(ν̃). The assignment for theν3
progression of the cis and trans conformer of methyl nitrite is given
on top of the panel. (b) Cluster partial cross sectionσ(ν̃;V′′)0) obtained
by monitoring cold NO(X̃2Π;J′′)5.5). (c) Photoproduct yield spectrum
for the vibrational ground state of H2CO(X̃1A1) formed in the
photodissociation of [CH3ONO]n clusters. (d) Photoproduct yield
spectrum for the vibrational ground state of HNO(X˜ 1A′) emerging from
the photodissociation of cluster-bound CH3ONO.
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4 and 240 mbar, while keeping the total backing pressure
constant (p0 ) 4 bar). The cluster size and cluster density in
the beam increase with the methyl nitrite partial pressure up to
a maximum where it levels off. The results obtained for the
dependence of the H2CO(X̃1A1) LIF signal intensity on the
methyl nitrite partial pressure in Ar and He are shown in Figure
6. Within experimental error they agree with each other and
are similar to thep0 dependences of the yield of the three product
species depicted in Figure 5. The signal is zero below a CH3-
ONO partial pressure of∼10 mbar and rises with increasing
partial pressure to a maximum which is probably determined
by the limited cooling effect of the carrier gas caused by
saturation of the condensable species CH3ONO in the gas
mixture.83-85 Similar dependences on the partial pressure have
recently been observed for large homogeneous (SF6)n clusters
(n ) 100-3000) using electron diffraction.85

4. Discussion

4.1. Cluster Photodissociation. The first part of the
discussion deals with the photodissociation of methyl nitrite
clusters which proceeds to the primary products NO and CH3O.
Some of these findings, although obtained for smaller cluster

sizes, have been reported previously,31 and are therefore
discussed only briefly. On the basis of these results we discuss
in the second part the bimolecular reaction of the primary
products in the cluster cage.
The photodissociation process of methyl nitrite clusters

excited ton* ) 1 at 365 nm was monitored by the rotational
state distribution, the rotational alignmentA0

(2), and the degree
of electron alignment DEA of the NO(X˜ 2Π,V′′)0) product. The
results are shown in Figure 1 and summarized in Table 1
together with the corresponding monomer results found previ-
ously.31 As has been discussed in our preceding papers,31,32

the two different rotational distributions (Figure 1a) are created
by the photodissociation of methyl nitrite in different cluster
environments. The cold NO fragments stem from nitrite
molecules for which their OsNdO chromophore is “solvated”
in the cluster. The ejected NO is thus thermalized by the cluster
environment which causes a cold rotational-state distribution,
a low translational energy, and the destruction of the alignments
A0
(2) and DEA. On the other hand the rotationally “hot” and

aligned NO fragments arise from the photodissociation of methyl
nitrite molecules with a free uncomplexed chromophore located
on the cluster surface. Related results have recently been
reported for the photolysis of methyl nitrite on a dielectric
surface. Simpson and co-workers86 found that the slow-moving
NO fragments ejected from surface molecules have Boltzmann
rotational-state distributions and that their rotational temperature
rises with the translational energy of the detected NO. The
fragments with a very high velocity assumed a Gaussian shaped
rotational-state distribution.
The detection of [CH3ONO]n cluster properties could be

achieved by probing cold NO(V′′)0,J′′)5.5) fragments as has
been demonstrated for (CH3)3CONO.32 In this manner we
measured the cluster partial cross sectionσ(ν̃;V′′)0) depicted
in Figure 4b. Compared to the corresponding monomer cross
section shown in Figure 4a, the vibrational resonancesn* of
theS1 r S0 absorption are broadened, i.e. the vibrational energy
distribution of the NO fragments is slightly changed, presumably
due to the interaction of the CH3ONO molecule with the cluster
environment. Furthermore, cluster probing by means of a low
rotationalJ′′ state also made it possible to follow the formation
of [CH3ONO]n as a function of the backing pressurep0,
providing the phase-transition curve in Figure 5. This curve
describes how the number of CH3ONOmolecules weakly bound
in clusters increases relative to the total number of CH3ONO
molecules present in the beam with the backing pressure. As
long asp0 is too low for the formation of clusters, this ratio is
zero. When clustering starts, it increases very rapidly withp0,
leading eventually to a situation where all the methyl nitrite
molecules seeded in the carrier gas are cluster bound. Changing
from the carrier gas He to Ar, while the source temperature,
the nozzle geometry, and the CH3ONO concentration were kept
constant, the size distribution of the clusters was changed. The
larger collision cross section of Ar compared to He in the
adiabatic expansion process shifts the phase transition to lower
p0 by a factor of≈3. This is in agreement with the result found
for tert-butyl nitrite32 and compares favorably with the ratio of
the collision cross sections of the two carrier gases.87

A rough estimate of the average cluster size in our experiment
may be obtained by the concept of corresponding beams
evaluated by Hagena.33-36,39,40,88 Within this description the
average cluster sizenj is a function of the condensation parameter
Γ* which, in turn, is a function ofp0 (in mbar), the nozzle
diameterd (in µm), and the source temperatureT0 (in K). In
the case of Ar one obtains the expression33,40

Figure 5. Cluster formation as a function of the backing pressurep0
in a supersonic beam expansion of methyl nitrite (6%) in (a) Ar and
(b) He. The data points show the normalized LIF signal intensities
measured for NO(X˜ 2Π;V′′)0;J′′)5.5) cluster photofragments, and for
the cluster photoproducts H2CO(X̃1A1) and HNO(X̃1A′) in their
vibrational ground state. Cluster bound CH3ONO was excited at 365
nm. The error bar indicates one standard deviation.

Figure 6. Cluster formation as a function of the partial pressure of
CH3ONO in Ar and He at a fixed backing pressurep0 ) 4 bar. The
LIF signal of the vibrationless H2CO(X̃1A1) was measured after
photodissociation of cluster-bound CH3ONO at 365 nm. The error bar
indicates one standard deviation.
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For a conical nozzle,d has to be replaced bydequ) 0.737d/tan
θ, where 2θ is the opening angle.39,40,88 From scattering
experiments between He and Arn, Buck and Krohne88 have
derived the following relationship fornj andΓ*

applicable to cluster sizes up tonj e 400. Since the binding
energy of thecis-methyl nitrite dimer was calculated to be
between 300 and 700 cm-1 depending on the configuration (see
section 3.4), and is thus greater than the Ar-Ar interaction of
about 80-100 cm-1,73-75 cluster formation should be stronger
and consequently eq 2 will merely provide a lower limit for
the average cluster size. According to Figure 5, the onset of
clustering was observed atp0 ≈ 150 mbar, which corresponds
to nj > 5. A constant density of cluster-bound CH3ONO is
reached at≈0.7 bar which yieldsnj > 60. With the applied
backing pressure of 4 bar, however, the condensation parameter
Γ* becomes so large that eq 2 is no longer valid and only a
lower limit for the average cluster sizenj > 400 can be given.
An upper limit for the average cluster size may be estimated
from the ratio of molecules which are located on the cluster
surface to all cluster components. For sufficiently large clusters
nj > 100 the fraction of surface moleculesF is related to the
cluster size bynj ) (4/F)3.89 The highJ′′ Gaussian rotational-
state distribution of the NO(X˜ 2Π) photofragments has been
attributed to the photodissociation of CH3ONO molecules
located on the cluster surface. It represents a fraction of≈40%
of the total population obtained by integration over the lowJ′′
Boltzmann and the highJ′′ Gaussian profiles (see Figure 1a
and Table 1). Assuming that the photodissociation of all
surface-bound CH3ONO molecules leads to rotationally hot NO
fragments, we find an upper limit ofnj ) 1000 for the average
cluster size in an Ar expansion atp0 ) 4 bar. Such clusters
possess a diameter of approximately 4.5 nm if acis-CH3ONO
diameterd≈ 4.5 Å90,91 is adopted. From these considerations
we then cautiously suggest that the average methyl nitrite
clusters created in our experiment consist of 400-1000 mol-
ecules atp0 ) 4 bar.
4.2. Photoinduced Bimolecular Reactions in the Cluster.

Determination of the Reaction Products.Besides NO(X˜ 2Π),
formaldehyde H2CO(X̃1A1) and nitroxyl HNO(X̃1A′) have been
detected as products resulting from [CH3ONO]n cluster S1
photodissociation. Both products were identified by measuring
the fluorescence excitation spectra depicted in Figures 2a and
3a. Under the assumption that the rotational-state population
follows a Boltzmann distribution, the simulation spectra of
Figures 2b and 3b reproduce the excitation spectra with
rotational temperatures of 150 and 200 K, respectively.
By scanning the dissociation wavelength while monitoring

the vibrational ground states of H2CO(X̃1A1) and HNO(X̃1A′)
using LIF spectroscopy, the yield excitation spectra of the two
reaction products (Figure 4, part c and d, respectively) have
been obtained. They are similar to the yield spectrum of the
cluster photofragment NO(X˜ 2Π,V′′)0,J′′)5.5) of Figure 4b and
also show a similar broadening of the vibrational resonances
when compared to the corresponding monomer spectrum (Figure
4a). The origin of H2CO and HNO is therefore indicated to be
the same species as that for rotationally cold NO. Since HNO-
(X̃1A′) and H2CO(X̃1A1) are the products of the bimolecular
reaction between the primary photofragments NO and CH3O
(vide infra) their slightly differentσ(ν̃;V′′)0) spectra compared
to that monitoring rotationally cold NO(X˜ 2Π) could be due to

a small dependence of the HNO(X˜ 1A′) and H2CO(X̃1A1)
formation on the initial vibrational excitation of the NO reactant.
The pressure dependence of the LIF signal intensities

measured for the H2CO and HNO photoproducts, shown in
Figure 5, closely follows that of the rotationally cold NO-
(V′′)0,J′′)5.5) fragments. As the cold NO can only be
produced from dissociation of CH3ONO embedded in the
cluster,31 this observation, as well as the yield excitation spectra
discussed above, demonstrate that formaldehyde and nitroxyl
must be products of methyl nitrite photolysis in a cluster
environment; they are clearly not primary products of the CH3-
ONO monomer photodissociation. Moreover this conclusion
is also corroborated by the findings of Figure 6 where the
dependence of the H2CO(X̃1A1) LIF signal intensity on the CH3-
ONO partial pressure at constantp0 parallels the cluster
formation as a function ofp0 shown in Figure 5.
The Reaction Mechanism.Having identified the products

HNO and H2CO as originating from photodissociation of methyl
nitrite in a cluster environment, we proceed to elucidate the
underlying mechanism. Underisolated molecule conditionsthe
primary step of the photodissociation has been established to
be exclusively:31,59,92-94

Particularly relevant to the present cluster findings appear the
photolysis results in noble gas matrices. On the basis of a study
by Brown and Pimentel95 the groups of Huber96-99 and Jacox100

demonstrated that photolysis of isolated CH3ONO in an Ar
matrix at 365 nm produces exclusively HNO and H2CO which
form a hydrogen-bonded complex. The initially formed frag-
ments NO and CH3O are compelled by the rigid cage to
recollide. This can lead to a competition between the recom-
bination and the disproportionation reaction:

The primary fragments, being confined to the matrix cage, can
react back to CH3ONO which subsequently may be photolyzed
again, or they can disproportionate to HNO and H2CO which
will undergo no further reaction when excitation occurs at 365
nm.
Several studies on the photolysis101-107of CH3ONO in a static

or in a flow cell have also reported the production of
formaldehyde and nitroxyl besides NO and CH3O. The exist-
ence of the disproportionation channel (eq 5) has further been
established by investigations of the kinetics of the CH3O+ NO
reaction in the bulk gas phase.108-111 Under these conditions,
collisions between NO and CH3O become much less probable
so that the primary photofragments can easily be detected while
the formation of HNO and H2CO is less pronounced than in
the matrix. Zellner106 proposed that the photodissociation of
CH3ONO in the bulk gas phase proceeds at least in part directly
to HNO and H2CO as primary products but this is clearly
contradicted by our observation that these products only emerge
from cluster but not from monomer photodissociation. Evidence
that the reaction 5 is the source of HNO and H2CO formation
was first been reported by Napier and Norrish101who observed
a marked increase of the nitroxyl intensity in the presence of
added NO. Sanderset al.105 then provided compelling evidence
by observing that in the presence of excess NO the LIF signal
of HNO increased by a factor of about 10 and that the rise time

Γ* ) 1646p0d
0.5T0

-2.2875 (1)

nj ) 38.4(Γ*/1000)1.64 (2)

CH3ONO98
hν

CH3O+ NO (3)

CH3O+ NOf CH3ONO ∆H ≈ -14 600 cm-1

(4)

f H2CO+ HNO ∆H ≈ -8800 cm-1

(5)
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of the HNO LIF signal as a function of added NO parallels the
disappearance rate of the CH3O radical.
On the basis of these findings it appears straightforward to

explain the formation of H2CO and HNO in our cluster
photodissociation experiments with the disproportionation reac-
tion 5 between the primary photofragments mediated by acluster
cage effect. However, two further conceivable mechanisms for
the product formation in the cluster environment may have to
be considered. The first is concerned with the direct elimination
of HNO from a cluster-bound CH3ONO molecule

while the second involves reactions of the primary fragments
with CH3ONO solvent molecules:

A direct, i.e. one-step fragmentation of CH3ONO to HNO(X̃1A′)
and H2CO(X̃1A1) (eq 6), would, on symmetry and geometry
grounds, only be possible if internal conversion to the ground
stateS0 could occur. Only theS0 dissociation oftrans-methyl
nitrite could yield HNO(X̃1A′) and H2CO(X̃1A1) which would
proceed via a (dynamically unfavorable) 4-center transition
state112,113as has been proposed by Battet al.114 for the pyrolysis
mechanism of methyl nitrite. However, it is experimentally and
theoretically well established that the dissociation of CH3ONO
on the S1 surface is very fast in the range of about 200
fs57,59,115-119 and that the quantum yield for fragmentation to
NO and CH3O is one.92,120 ThusS1 f S0 internal conversion
and hence reaction 6 can be ruled out. (In this context, it is
noted that a reaction of electronically excited CH3ONO (S1)
with a CH3ONO (S0) cluster molecule, yielding HNO and H2-
CO as reactions products, is energetically not feasible.121-124)
The reaction of methoxy with methyl nitrite (eq 7) proceeds

through H abstraction followed by an exothermic (∆H ≈
-10 400 cm-1)121,122 decomposition of the CH2ONO radical
according to CH2ONO f H2CO + NO. Evidence for the
reaction channel involving CH2ONO formation has been
obtained in studies of the reaction of O, H, F, Cl, and OH
radicals with CH3ONO.125-128 Adopting Warneck’s estimate
of a C-H bond dissociation energy of≈32 500 cm-1 for CH3-
ONO,126 the H-atom abstraction of CH3ONO by CH3O leading
to CH2ONO would be exothermic by≈3800 cm-1. However,
in pyrolysis work,129 the analogous hydrogen abstraction from
CH3ONO by ethoxy radicals was shown to be extremely slow
and furthermore it was found that the reaction of C2H5O with
NO is much more rapid than the ethoxyethyl nitrite reaction.130

Therefore, assuming the reactivities of methoxy and ethoxy as
being here roughly similar, we can conclude that the hydrogen
abstraction (eq 7) is at most only of minor importance in our
cluster experiments. Finally, in the reaction of NO with CH3-
ONO (eq 8) the H-abstraction step is endothermic121-124 by
≈16 000 cm-1 which greatly exceeds the NO available energy
from the primary dissociation process of<8000 cm-1 when
excitation at∼365 nm is applied.31,58

Thus the mechanism explaining both, the formation of HNO-
(X̃1A′) and H2CO(X̃1A1) following methyl nitrite photodisso-
ciation, is based on the disproportionation reaction of the primary
fragments CH3O and NO (eq 5) within the cluster cage. The
reaction involves the abstraction of an H atom from CH3O
leading to H2CO, which is expected to cause excitation of the
out of plane bending vibrationν4 due to the symmetry change
from C3V to C2V. Indeed this mode was found to be excited.

Generally, alkoxy radicals with at least oneR H atom react with
NO via the two competing routes recombination and dispro-
portionation. The latter is known as an important step in the
reduction of nitric oxide in the combustion of alkyl nitrates and
nitrites, and it is of relevance to the atmospheric chemistry of
CH3O which is produced in the oxidation of CH4.131 The
existence of this disproportionation reaction has been further
confirmed in investigations on the reactions of the radicals
ethoxy109,132-135 and isopropoxy136-138 with NO:

Finally it is noted that in the context of the present study, we
have also investigated the photodissociation of homogeneous
ethyl nitrite clusters [C2H5ONO]n. We found HNO(X̃1A′) as a
cluster reaction product analogous to [CH3ONO]nwhich further
corroborates the cluster cage mechanism leading via dispro-
portionation to the formation of HNO.
In recent work the cage effect, relevant to the present study,

has been shown to be especially effective in large clusters. The
caging time scale ranges from femtoseconds to picoseconds,
depending on the dissociation time as well as the size and
temperature of the cluster.7 Zewail and co-workers6,9,10reported
the first direct observation of a caging process in real time
studying the dissociation and recombination of iodine in argon
clusters. Molecular dynamics calculations succeeded in repro-
ducing these experimental results thus providing a microscopic
picture of the process.7 The caging was found to depend
critically on the time scale of the dissociation of the guest
molecule in the solvent cage. As mentioned above, the
dissociation time of CH3ONO on theS1 surface lies in the range
of ≈200 fs. This value is of the same order of magnitude as
the dissociation time of I2 in an I2‚Arn cluster excited to the
directly dissociative A˜ state (τdiss ≈ 300 fs) applied in the
experiments of the Zewail group.6,9,10 They observed a
subsequent coherent recombination in an additional time span
of 360 fs and furthermore complete caging in large clusters (nj
g 40). In our cluster experiments the minimum time required
for a recoil of the fragments from the solvating environment
can be estimated if an axial elastic hard-sphere collision of the
fragments with a rigid solvent cage is assumed. The distance
between the fragments striking the cluster cage can be found
from the optimized dimer structures (see section 3.4) and the
velocity of the NO(X̃2Π,V′′)0) and CH3O fragments after
photodissociation of CH3ONO at ∼365 nm is known from
Doppler profiles.31 According to these data the minimum time
for a reencounter of the photofragments is calculated to be>60
fs. The binding energy between the CH3ONO molecules in the
[CH3ONO]n clusters is greater than that between the cage-
forming Ar atoms (vide supra) in the I2‚Arn clusters investigated
by Zewail and co-workers. Furthermore the mass of the cluster-
forming constituents, the cluster size, and the speed of the
fragments are greater in our experiment, making the cage effect
even more favorable for an efficient recombination or dispro-
portionation of the fragments. However, the energy transferred
from the hot dissociation products CH3O and NO to the solvent
shell is expected to be high because the energy channeled into
the degrees of freedom of these fragments amounts to about
14 000 cm-1 using excitation at 365 nm.57,58 The kinetic energy
is about 4500 cm-1 for each, NO and CH3O31,58 while the
rotational energy is∼2000 and 1100 cm-1 for NO and CH3O,
respectively.58 Since the vibrational excitation of NO has
previously been found to be almost unrelaxed by the cage
effect,31,32we expect that a maximum energy of about 12 000

(CH3ONO)cluster98
hν

H2CO+ HNO (6)

CH3O+ CH3ONOf CH3OH+ H2CO+ NO (7)

NO+ CH3ONOf HNO+ H2CO+ NO (8)

CH3CH2O+ NOf HNO+ CH3CHO (9)

(CH3)2CHO+ NOf HNO+ (CH3)2CO (10)
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cm-1 is transferred to the cage. (It is noted that a conceivable
contribution from the exothermicity of reactions 4 and 5 is here
not included.) As our results indicated, this energy is sufficient
to evaporate the cage, or at least part of it, to free cold NO,
HNO, and H2CO.
The cluster size dependence of photodissociation and recom-

bination dynamics of the I2- chromophore in mass-selected
I2-(CO2)n clusters (0e n e 22) has recently been investigated
by Lineberger and co-workers11-13 using picosecond laser pulses
in conjunction with a tandem time-of-flight mass spectrometer.
They observed no recombination forne 5, a low recombination
rate for 6e n e 12, a transition range 13e n e 15 in which
the recombination rate rises markedly, and a much faster
recombination forn g 16. As with the experiments of Zewail
and co-workers the recombination yield increases with cluster
size reaching complete recombination and a coherent I2

- cage
vibration in large clusters, for which at least one complete shell
around the guest is accomplished. Therefore one might expect
that complete caging and a fast recovery of the dissociating
fragments in the photodissociation of [CH3ONO]n clusters also
requires at least one complete shell around the guest molecule.
Assuming icosahedral packing, a complete shell around a single
methyl nitrite molecule requires 12, the second shell an
additional 42 molecules.32 The cluster size dependence of the
H2CO and HNO product formation due to caging is reflected
by the pressure dependences of the LIF signal intensities in
Figure 5. Using the cluster size estimates derived in section
4.1, we find that H2CO/HNO formation starts forn > 5 and
reaches a maximum forn > 60. Thus our estimated lower
bound for the cluster size is consistent with the size dependence
found for the yield of caging and the rate of recombination by
Lineberger and co-workers. The pressure curves shown in the
Figures 5 and 6 reflect therefore not only the pressure depend-
ence of cluster growth in the supersonic expansion but also the
relative recombination or disproportionation yield of the caged
primary photofragments as a function of the cluster size.

5. Conclusion

The photolysis of homogeneous methyl nitrite clusters [CH3-
ONO]n, wheren is estimated to be 400-1000, proceeds along
the primary step to CH3O(X̃2E) and NO(X̃2Π). The NO product
shows a bimodal (cold and “hot”) rotational state distribution.
The rotationally cold fragments (J′′ < 20.5) have been ther-
malized by the cluster environment while the rotationally “hot”
and aligned NO fragments stem from methyl nitrite molecules
with a “free” chromophore located on the cluster surface. The
distribution of the latter is similar to that found for NO which
emerges from monomer photolysis. Since rotationally cold NO
is produced only from clusters, its yield as a function of the
backing pressure also reflects the cluster formation process.
Besides NO and CH3O, cluster photolysis furnishes the products
HNO(X̃1A′) and H2CO(X̃1A1). The dependence of their yields
on the backing pressure follows closely the formation of cold
NO and hence indicates that also HNO and H2CO originate
exclusively from cluster photolysis. The cluster cage effect is
responsible for the formation of these products. Unless created
from surface molecules, the “hot” primary fragments CH3O and
NO (J′′ ) 20.5-50.5) are temporarily trapped by the solvent
cage where they collide with the molecules forming the cage
and with each other giving rise to three competing processes:
recombination to CH3ONO, disproportionation to H2CO and
HNO, and thermalization with escape from the evaporating
cluster cage. The cage evaporation originates from the transfer
of up to 12 000 cm-1 of translational and rotational energy from
the primary fragments to the solvent shell not including the

contribution from the exothermicity of the reactions. The
efficiency and the branching of the cage reactions leading to
CH3ONO, NO (cold), and HNO+ H2CO will depend on the
size, binding energy, and temperature of the cluster. This was
found to be consistent with the backing pressure dependences
and the product yields of NO, HNO, and H2CO.
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