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The photodissociation of homogeneous methyl nitrite clusters,;QDHD], with n ~ 400-1000, was
investigated in a supersonic jet using excitation mainly at 365 nm, which correspor®s—toS, (nz*)
excitation in the monomer. Besides the two types of N&@Ij¥hotofragment distributions, a rotationally
relaxed one Tt ~ 250 K) and a nonthermally “hot” onelX'00= 35.5) which result from the primary
dissociation step CH#DNO — CH3;O + NO of cluster-bound CEDNO, we observed the products HNO-
(X'A") and HCO(X!A,) by state-selected LIF spectroscopy. Their prociyitld excitation spectra and

their formation dependence on the backing pressure revealed that HNG:@@ddriginate 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 photofragmeng®, €O —

HNO + H,CO, 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 isolgfdiiolecules

in solid noble gas matrices where exclusively the products HNO a@DHvere found.

1. Introduction especially to the photolysis results on homogeneous (QCS)
clusters where the formation of the product\8as found to
The study of photoinduced chemical reactions in clusters hasarise from the reaction of a primary sulfur atom fragment with
recently attracted much attentidr’. The aim of these inves-  OCS cage moleculé$. In addition to S, vibrationally, rota-
tigations, which are carried out in supersonic jet expansion, is tionally, and translationally cold CO products were also detected
to gain deeper insight to the microscopic pathway of a chemical but only if the cluster size exceeded five OCS molecules. The
reaction in a “solvent” environment. The chemically reactive photodissociation of small clusters of¥122 and CHI2* 2 was
or inert environment acts for the initially prepared photofrag- studied by time-of-fligh£%-2226-29 REMPI1° LIF,2425 or Ra-
ments as a cage, whose influence on the subsequent reaction(shart3 detection of the products and/or of their energy distribu-
can be studied with respect to cluster size, rigidity, or temper- tions. For both these systems the formationafids observed
ature. The results of such cluster studies have greatly contrib-and evidence was presented that this product is not only created
uted to a better understanding of the differences of the chemicalin small clusters but even in dimers. | atom detection recently
processes occurring in the bulk gas-phase, the condensed-phasegvealed a relaxation of the translational energy and the
and solid matrices. anisotropy parameter3 compared to monomer photo-
The photolysis of a diatomic molecule weakly bound to dissociatior?27-2° These results were discussed in terms of
chemically inert rare-gas atoms has become a prototype systentaging of the | atoms that may either react in or escape from
to study the effect of the solvent cage on the solute fragmentationthe cluster. However, the mechanism efférmation in the
dynamics. It has been observed experimentally and theoreticallycluster is still a matter of uncertainty as also concerted photolytic
that the cluster solvent cage can temporarily trap the fragments,mechanisms are under discussion for both sysf@ni%29.30
delay their separation, or prevent it by recombination. The Furthermore, in the case of (HI¢luster photodissociation the
dissociation and cage recombination pin rare-gas complexes  H-atom flight time distribution was also investigatédZleading

has been reviewed by Roncezbal® Recent real-time pump to features which were explained by elastic and inelastic H atom
probe experiments o§(Ar)&%10%in combination with molecular  collisions involving the excitation of internal modes in HI cage
dynamics simulation$,and of mass-selected ionig~(Ar), species.

clustersi*~*3 have been performed on the femto- or picosecond it the present work we extend our study on the photodis-
time scale, and they have provided a detailed microscopic picturesociation of homogeneous molecular clusters of nitrites [RGQNO]
of the caging process. Furthermore, the dependence of theyith R being CH and C(CH)3.3132 Previously we were mainly
fragment kinetic energy and angular distribution on the size of concerned with small C|uster3ﬁ(:| ~ 20), their formation
the cluster cage has also been studied by classical trajectoryconditions, and their effect on the NO fragment state distribu-
calculations for the photolysis of HF in Ar clustérs. tions and alignments. The present study deals with larger
Of higher complexity is the study of chemical reactions clusters i > 400) and focuses on reactions within the solvent
induced by photodissociation of a chromophore molecule in a cage. AfterS; photolysis of a methyl nitrite molecule weakly
molecular cluster. In this context, the groups of S8épand bonded in [CHONO],, we detected by the LIF method nitroxyl
Wittig!1” are mentioned who have pioneered the method of HNO(X!A’) and formaldehyde HCO(X!A;) in addition to
aligning bimolecular collision partners in small van der Waals rotationally cold and “hot” NO fragments. It is shown that
complexes by photoexcitation of a complex bound dfohor following the primary dissociation step which yields NG(X
molecule*!” Concerning our present cluster work we refer and CHO(X2E), the disproportionation reaction of these
radicals, mediated by the cluster “solvent” cage, proceeds to
® Abstract published irAdvance ACS Abstractfecember 15, 1996. HNO and HCO.
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2. Experimental Section

A pulsed supersonic cluster beam was generated by expanding

a mixture of methyl nitrite CHONO (<6%) in Ar or He at
backing pressures up pg = 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 po, decreasing source temperature, and increasing nozzle

diameter’®36 is decisively influenced by the nozzle
geometn?4 4! Thus, to obtain high centerline intensities and
cluster sizes, we used a conical nozzle with an apedure
0.3 mm, a length of 14 mm, and an opening angle=214°.

An excimer laser (Lambda Physik EMG 101 MSC) with an
output at 308 nm and a repetition rate~e£0 Hz pumped two
dye lasers simultaneously. A homemadastzh 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(X2Il) and the cluster reaction products HNG#) and H-
CO(X!Aj) by the LIF technique. The NO fragments in the
vibrational ground state were detected biy12LIF,*2 using the
NO[AZ=H(v'=0y—X2I1(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 (910)
(000) vibronic band of the AA"" — XA’ transitiorf3-48 using
the dye Pyridine 1. Thedand 4 vibronic bands of the A,

— X*A; band system in BCO*53 were 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 a
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®O

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 procedufé 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@KI) fragment aftefS; photolysis
of the methyl nitrite monomer C¥DNO and its clusters [CH
ONOJ, at &~ 365 nm have previously been reportktbr the
four spin andA-doublet sublevel§(A',A") and F»(A',A") in
the NO vibrational stateg’ = 0 and 1. For the NO vibrational
stater’’ = 0 the monomer photodissociation yielded a Gaussian-
shaped rotational-state distribution coveridig= 20.5-50.5
with a maximum around’'C= 35.5. As the molecular beam
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Figure 1. Scalar and vectorial properties of the NO€0) fragments
emerging from the photodissociation of [@BNQ], clusters formed
in an expansion with Ar at a total backing presspse= 4 bar and a
methyl nitrite partial pressure of 240 mbar. The cluster-bound-CH
ONO chromophore was excited $g(n* = 1) at 365 nm: (a) Rotational-
state populations of the four subleveis(A',A") and Fy(A',A") of
NO(X2I1,»'=0). (b) Rotational alignmem{ of the NO fragment as
a function of the rotational stat®. (c) Degree of electron alignment
(DEA) of the two spir-orbit states=; andF, of NO(X?I1,»"'=0). The
dotted line describes the maximum value for a planar dissociation of
an isolated CHONO. The error bar indicates one standard deviation.

staten* = 1 which corresponds to one quantum of the=®

I%tretching modes in the S(nr*) state of CHONO. A bimodal

rotational distribution was obtained, similar to previous experi-
ment$! and analogous investigations of thert-butyl nitrite
monomer (CH)sCONO and its clusters [(CHCONO}.22

The cold J' distribution, extending up ta" ~ 20.5, is
exclusively due to NO(X) fragments from cluster photodis-
sociation and follows a Boltzmann distribution with a temper-
ature T, & 250 + 50 K for all sublevels. The two almost
degeneraté\-doublet stateg\ andA" in each of the two spin
statesF; and F, are equally populated, so that the degree of
electron alignment (DEA) is zero for lod values (Figure 1c).
The DEA reflects the orientation of the unpaired plectron
with respect to the plane of rotati6h> Below the highJ"’
limit, mixing of the A-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 th®, excited state of
methyl nitrite with respect to the molecular planeN$so that
the previously established planar fragmentafiot? should lead
to a clear propensity for the same symme#ty in the NO-
(X211) fragment. The observed value of DEAO implies that
any vestige of the electronic state of the parent molecule before
fragmentation has been lost under cluster conditions. The
rotational alignmentA?) is a measure of the correlation
between the transition dipole momegnbf the parent molecule
and the angular momentuth of the NO fragment?63 The
dipole momenju of the §; — S transition is perpendicular to
the plane of the CEODNO molecule with respect to the-eN=0
moiety Consequently a planar fragmentation implid
which gives rise toA?) = 0.8. A reduction of this limiting
value can be caused either by out of plane rotations of the parent

source and the expansion conditions differ from our earlier stud- molecule due to a long lifetime or by deviations from the
ies, a reinvestigation became necessary. Figure 1a shows th®lanarity of the fragmentation process. The rotational alignment
rotational-state distributions of the four sublevels of NO after AY’ measured in this work using the same procedure as
excitation of the methyl nitrite chromophore in a cluster formed reported in previous publicatioff$*3is shown in Figure 1b. For

in an Ar expansiongy = 4 bar, CHONO partial pressure 240 the low J' distribution A(()z) is zero, indicating that theu(J)
mbar). Excitation at = 365 nm occurred into the quasibound vector correlation has been completely lost which follows the



Cluster Photolysis J. Phys. Chem. A, Vol. 101, No. 3, 199761

TABLE 1: Comparison of the Scalar and Vectorial
Properties of the “Hot” (J"" > 20.5) Rotational-State . (a) Experiment
Distributions of the NO(X?2ll, »"'=0) Photofragments 14
Emerging from the Photodissociation of CHONO and o
[CH3:ONQ], at ~ 365 nm =
monomer cluster error £ 05-
'O 35.5 35.5 +1 o ]
AL iom 13 17 +1 z ]
Prot +5% 1} 7 T T T T
EI%) 8.411% ggg . (b) Simulation R
FA(AY) 0.31 0.28 < H,COMXA,) ’
Fa(A) 0.11 0.15 = Tyot = 160K
Fy/F; (tot) 1.40 1.30 +5% % 0.5 -
Fi/F2 (A7) 1.30 1.25 +5% -4 E 0
Fa/Fo (A) 1.60 1.45 +5% 0y
DEA (tot) 0.44 0.26 +5% 0
DEA (F1) 041 0.23 i5z/° 28050 28250 28450
DEA (F2) 0.48 0.30 +5% Wavenumber/em™!
AD 0.46 0.24 +0.05 Figure 2. (a) Fluorescence excitation spectrum ofQ@(X!A;)
fraction of *hot” NO 100% 395 10% measured afte; photodissociation of cluster-bound @BNO at 365

nm. Methyl nitrite with a partial pressure of 240 mbar was expanded
in argon at a total stagnation pressyge= 4 bar. (b) Calculated
spectrum of the Dand the 4 bands of formaldehyde, assuming a
Boltzmann distribution for the rotational state population with =

150 K.

behavior of the DEA. A strong preference for the spin skte
lying 123.14 cn! below F»% was observed for the cold’
distribution: P(F1)/P(F2) ~ 2 corresponds to a spin Boltzmann
temperature of250 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 centeré&dl'at
= 35.5 withAJg,,,, & 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 fronA?) ~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 th&? reduction, it is reduced from 0.44
for the monomer to 0.26 for the cluster photodissociation. These
results show a strong resemblance to tee-butyl nitrite
experiment® and parallel the previous experimental findings
on methyl nitrite monomers and clustétsThe main difference 14600 14800
isa con5|de(qbly enhar!ced clustering under the present experi- Wavenumber/cm™!
mental conditions, manifested by a much greater percentage of_. o ~

. . - Figure 3. (a) Fluorescence excitation spectrum of HNGX recorded
rotationally relaxed NO fragments and an increased reduction after S, photodissociation of cluster-bound @BNO at 365 nm. The
of the vector correlationagz) and DEA. The higher backing  experimental conditions were as described in Figure 1 and 2 for the
pressure, and a nozzle geometry favoring cluster formation, leaddetection of NO and KCO. (b) Calculated spectrum of the (0%0)
to this desired effect. (000) absorption of HNO(3A"), assuming a Boltzmann distribution

3.2. Fluorescence Excitation Spectra of fCO and HNO. of the rotational state population witho = 200 K.

Besides the NO(X1) fragment, we detected also formaldehyde
and nitroxyl products from cluster photolysis. Using LIF
spectroscopy after selectiv® photodissociation of cluster-
bound CHONO from the state* = 1 at 365 nm, the product
H,CO(X!A;) was identified by the fluorescence excitation
spectrum of the Dand 4 vibronic bands of the M, — XA;
electronic transition. The -00 transition is electric-dipole  rotational-state population.

forbidden, but magnetic-dipole allowé?i®> The LIF spectrum The product HNO is a chemically unstable intermediate with
shown in Figure 2a was recorded in a beam consisting of Ar as a room temperature lifetime estimated to be4D s56:67 Our
carrier gas apo = 4 bar with a partial methyl nitrite pressure  measured HNO fluorescence excitation spectrum of the {010)
of 240 mbar. Figure 2b displays the calculated rotational (000) vibronic band of the A" — X!A' transitiorf3—48 is
spectrum which is based on an asymmetric rotor by adopting shown in Figure 3a; it has been recorded under the same

1 (a) Experiment

Norm. LIF Int.

HNO(X'A’)
T, = 200K

1 (b) Simuiation

Norm. Int.

0.5

14400

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 5253we obtained a satisfactory agreement by assuming
a Boltzmann distribution with a temperature of 150 K for the

the spectroscopic constants from Clouthier and Rarfisthe
population distribution of the orthepara nuclear hyperfine

conditions as formaldehyde given above. Figure 3b depicts the
calculated spectrum obtained with the same asymmetric rotor

states provided by the best fit corresponded to room temperatureprogram as applied for #£O using the rotational constants
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vibrational state distribution as has also been found previously

A wans 03 3% for tert-butyl nitrite 32
o0 Y Product excitation yield spectra of [GEINO], clusters were
0 0 . . . . ..
1 recorded by scanning the excitation (dissociation) wavelength
- (a) NO(X?m) between 25 600 and 28 400 chwhile monitoring the vibra-

tional ground state of }CO(X!A;) and HNO(XA') by 1+1

LIF spectroscopy. These excitation yield spectra of the cluster
L s B S photoproducts formaldehyde and nitroxyl shown in Figure 4,
parts ¢ and d, are similar to the cluster PHOFRY spectrum in
Figure 4b. The features reflect thevibronic band progression

.......

3 ] of the S; — S methyl nitrite absorption; they are also broadened
& but slightly different in their contributions compared to
2 (7;0"'=0) of NO(X?II) (see discussion).
2 ; 3.4. Pressure Dependence of Cluster Formationlf pure
-g 1 @ ReCOxA) Ar is expanded under the present stagnation conditions (see
o section 3.2) the formation of Arclusters is expected. From
3 oA the km_et!cs of cluster forma_tlon in a supersonic beam expan-
1 sion’? it is therefore conceivable that mixed heterogeneous
T clusters AR[CH3ONOJ, clusters are also formed initially during
A B S s e S the condensation process. However, due to the difference in
25200 26200 27200 26200 condensation energy between the argon carrieBOC100
cm cm 1)73-75 and the CHONO seed (308700 cn1, depending
Figure 4. Photoproduct yield spectra: (a) The broken line shows the on the configuration of theis-CH;ONO dimer as calculated
pa”'aégéoss %%ﬁ;%?i(ﬁ;”;feoﬁlg%gf frsg ‘}?nttrfargfn'“g” SIeCrE;'\cﬁer using the Gaussian 92 program system with the G-31G* basis
recor : . :
photodisso)éiation. Su?nmation of the Sartial cross sgcmm”) for set_), the survival of such mixed clusters beyond the nozzle is
the NO fragment vibrational state$ = 0, 1, and 2% < 28 400 cm?) unlikely and we therefore assume that homogeneouss{CH
yields the total cross sectiomu(7). The assignment for thes ONO]J;, clusters or clusters of GGONO with only a few Ar

progression of the cis and trans conformer of methyl nitrite is given incorporated are the dominating species in the beam. This is

on top of the panel. (b) Cluster partial cross secti@i.'=0) obtained consistent with the previous mass spectrometric analysis of

by monitoring cold NO(XIT;J'=5.5). (c) Photoproduct yield spectrum  methy| nitrite ancdtert-butyl nitrite clusters?
for the vibrational ground state of ,BO(X'A;) formed in the

photodissociation of [CKONO], clusters. (d) Photoproduct yield When the backing pressupg of the mixture of carrier gas
spectrum for the vibrational ground state of HNG#X) emerging from and CHONO is increased from 0.1 to 3 bar, the process of
the photodissociation of cluster-bound €MNO. CH30NO cluster formation can be followed. Monitoring the

yield of rotationally cold NO(XIT;J"=5.5) fragments produced
exclusively from cluster photolysis, the cluster formation is
revealed as a phase transitién’® If H,CO and HNO are also
products which are formed solely by clusters, their yield

reported by Dixoret al*® and Petersert al.%8 for the excited
and the ground state. A Boltzmann population distribution with

%tt:rrgﬁg:tgﬁhcg r2noeoasKufégvflﬁjic:etgfeggztefgcti?a?iqoi rgtaetlc?rnua% dependence opy should parallel the cluster formation process.
P "To confirm this expectation we measured the intensity of the

3.3. Cluster Product Yield Excitation Spectra. The broad LIF signal from HCO(X!A;) and HNO(XA') which is
vibronic features of the C¥ONO S, — S absorption have been  proportional to the production yield of these species. Figure 5
assigned to a progression of the=t® stretching mode §3) shows the LIF intensity versys in the pressure range po
with two overlapping band systems due to the cis and trans < 3 bar keeping the C#ONO concentration in Ar and He
rotamef (see Figure 4a).transCH;ONO is less stable than  constant at 6%. The intensities are corrected (normalized) for
the cis conformer by 3.5t 0.2 kJ/mol®® giving rise to a  the density and the velocity of the beam which are known to
preferred population of the cis form at room temperature and a change withpo.2° In the case of He (Figure 5b) the LIF signal
similar preference in the supersonic jet assuming “sudden intensities for the three investigated product species show the
freezing”’® Indeed, the dominance ofs-CH;ONO is indicated same dependence gu. They are zero below a stagnation
by the total absorption cross sectiany(?) for the pure pressure of-0.5 bar and then abruptly rise to a maximum within
monomer, which has been reported previodslyBecause the a pressure range ¢£0.7 bar. This observation implies that
photofragment yield spectrum (PHOFRY) was found to be formaldehyde and nitroxyl must be products resulting from the
independent of the NO@XI) rotational state within the experi-  photolysis of methyl nitrite in a cluster environment and not
mental error, summation of the appropriately weighted PHOFRY from CH;ONO monomer dissociation. Analogous pressure
spectra for the NO vibrational leved§ = 0, 1, and 2, provides  dependences for cluster formation in supersonic beams have
the low-energy part of the absorption spectrum givemwgy) been reported using other detection technigtf&sand more
= Yo(v;v"). This is depicted in Figure 4a together with the recently we observed this phase transition also for fgH
NO(X2I1,»"'=0) PHOFRY spectruft recorded by monitoring CONO32 A similar po dependence of the LIF signal intensities
NO in J' = 36.5. of NO(XI) and HCO(XA,) is observed with the carrier gas

The corresponding PHOFRY spectrum of the clustersCH  Ar (Figure 5a), for which the pressure axis has been scaled by
ONOJ,, shown in Figure 4b, has been measured by monitoring a factor of 3, because of the greater collision cross section for
a low rotational state{' = 5.5) of NO(XIT,+"'=0), which stems energy transfer of Ar compared to He. Cluster formation starts
exclusively from cluster photodissociation. The monomer and here atpo ~ 0.15 bar and reaches the maximum within about
cluster partial cross section;»"’=0) obtained in this manner, 0.5 bar.
parallel each other except for a broadening of the vibronic  Cluster growth in the supersonic expansion can alternatively
resonances in the latter and small differences in the fragmentbe followed by increasing the GBNO partial pressure between



Cluster Photolysis J. Phys. Chem. A, Vol. 101, No. 3, 199763

1 sizes, have been reported previou8lyand are therefore

1 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 alignme®f, and the degree
of electron alignment DEA of the NOEKI,»"'=0) product. The
results are shown in Figure 1 and summarized in Table 1
together with the corresponding monomer results found previ-
ously3! As has been discussed in our preceding papérs,
the two different rotational distributions (Figure 1a) are created
o NO [X’TI(J"=5.5)] by the photodissociation of methyl nitrite in different cluster
© H,CO 91(1611 environments. The cold NO fragments stem from nitrite
= HNO [X AT molecules for which their &N=0 chromophore is “solvated”
0.0 _|Lenad® E— in th_e cluster. The ejected NO is thus th(_ermalized by_the_ clu_ster

0 1 2 3 environment which causes a cold rotational-state distribution,
po / bar a low translational energy, and the destruction of the alignments

. . . . AE,Z) and DEA. On the other hand the rotationally “hot” and
Figure 5. Cluster formation as a function of the backing pressure iigned NO fragments arise from the photodissociation of methy
in a supersonic beam expansion of methyl nitrite (6%) in (a) Ar and

(b) He. The data points show the normalized LIF signal intensities Nitrit€ molecules with a free uncomplexed chromophore located
measured for NO(XT;2'=0;J"=5.5) cluster photofragments, and for ~ 0N the cluster surface. Related results have recently been
the cluster photoproducts ,BO(X*A;) and HNO(XA') in their reported for the photolysis of methyl nitrite on a dielectric
vibrational ground state. Cluster bound §MNO was excited at 365 surface. Simpson and co-work&found that the slow-moving
nm. The error bar indicates one standard deviation. NO fragments ejected from surface molecules have Boltzmann
rotational-state distributions and that their rotational temperature
| H,CO(X'A,) rises with the translational energy of the detected NO. The
1.0+ fragments with a very high velocity assumed a Gaussian shaped
] %e

rotational-state distribution.
The detection of [CHONO], cluster properties could be
= «Ar achieved by probing cold N@(=0,J"'=5.5) fragments as has
been demonstrated for (GHCONO32 In this manner we
o He measured the cluster partial cross sectift''=0) depicted
in Figure 4b. Compared to the corresponding monomer cross
0.0 N e s e section shown in Figure 4a, the vibrational resonaneesf
0 50 100 150 200 250 theS, — S absorption are broadened, i.e. the vibrational energy
CHZONO partial pressure / mbar distribution of the NO fragments is slightly changed, presumably
Figure 6. Cluster formation as a function of the partial pressure of due to the interaction of the GBNO molecule with the cluster
CH;ONO in Ar and He at a fixed backing pressyie= 4 bar. The environment. Furthermore, cluster probing by means of a low
LLFtsagna' ‘.’ft.the f"'?ratt'ont')ess dEGIOBI(\IXCI)Alt) S‘ggs me?ﬁ“red aEer rotationalJ” state also made it possible to follow the formation
ﬁ]d?cc;tésssgﬁﬁ Q?Qn%aigsdgiaggﬂ. a nm. Theerrorbar [CH3ONOJ, as a function of the backing pressups,
providing the phase-transition curve in Figure 5. This curve
4 and 240 mbar, while keeping the total backing pressure describes how the number of @BINO molecules weakly bound
constant fo = 4 bar). The cluster size and cluster density in in clusters increases relative to the total number o@QNO
the beam increase with the methyl nitrite partial pressure up to molecules present in the beam with the backing pressure. As
a maximum where it levels off. The results obtained for the long asp is too low for the formation of clusters, this ratio is
dependence of the BO(X'A;) LIF signal intensity on the  zero. When clustering starts, it increases very rapidly ywith
methy! nitrite partial pressure in Ar and He are shown in Figure leading eventually to a situation where all the methyl nitrite
6. Within experimental error they agree with each other and molecules seeded in the carrier gas are cluster bound. Changing
are similar to they, dependences of the yield of the three product from the carrier gas He to Ar, while the source temperature,
species depicted in Figure 5. The signal is zero below g CH the nozzle geometry, and the gBNO concentration were kept
ONO partial pressure 0of10 mbar and rises with increasing constant, the size distribution of the clusters was changed. The
partial pressure to a maximum which is probably determined larger collision cross section of Ar compared to He in the
by the limited cooling effect of the carrier gas caused by adiabatic expansion process shifts the phase transition to lower
saturation of the condensable speciessONO in the gas po by a factor of~3. This is in agreement with the result found
mixture®-85 Similar dependences on the partial pressure have for tert-butyl nitrite32 and compares favorably with the ratio of
recently been observed for large homogeneous){(Sffusters the collision cross sections of the two carrier ga¥es.

(n = 100-3000) using electron diffractiof?. A rough estimate of the average cluster size in our experiment
may be obtained by the concept of corresponding beams
evaluated by Hagervd:36:39.40.88 \Within this description the

4.1. Cluster Photodissociation. The first part of the average cluster sizeis a function of the condensation parameter
discussion deals with the photodissociation of methyl nitrite I'* which, in turn, is a function ofpy (in mbar), the nozzle
clusters which proceeds to the primary products NO angG@CH  diameterd (in um), and the source temperatufg (in K). In
Some of these findings, although obtained for smaller cluster the case of Ar one obtains the expresstdgf

Normalized LIF Intensity

0.5 -

Normalized LIF Int.

4. Discussion
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I* = 1646,d"°T, 228" (1) a small dependence of the HNO®) and HCO(X'A,)
formation on the initial vibrational excitation of the NO reactant.
The pressure dependence of the LIF signal intensities
measured for the }CO and HNO photoproducts, shown in
Figure 5, closely follows that of the rotationally cold NO-
(¥'=0J"'=5.5) fragments. As the cold NO can only be
produced from dissociation of GBNO embedded in the
- 164 cluster3! this observation, as well as the yield excitation spectra
n = 38.40*/1000) 2 discussed above, demonstrate that formaldehyde and nitroxyl
must be products of methyl nitrite photolysis in a cluster
applicable to cluster sizes up to< 400. Since the binding  environment; they are clearly not primary products of the;CH
energy of thecismethyl nitrite dimer was calculated to be  ONO monomer photodissociation. Moreover this conclusion
between 300 and 700 cthdepending on the configuration (see is also corroborated by the findings of Figure 6 where the
section 3.4), and is thus greater than the-Ar interaction of dependence of thes8O(X!A,) LIF signal intensity on the Cd
about 86-100 cn11,73-75 cluster formation should be stronger ONO partial pressure at constapp parallels the cluster
and consequently eq 2 will merely provide a lower limit for formation as a function oo shown in Figure 5.
the average cluster size. According to Figure 5, the onset of The Reaction MechanismHaving identified the products
clustering was observed p§ ~ 150 mbar, which corresponds  HNO and BCO as originating from photodissociation of methyl
ton > 5. A constant density of cluster-bound €bBNO is nitrite in a cluster environment, we proceed to elucidate the
reached at0.7 bar which yieldsn > 60. With the applied  underlying mechanism. Undésolated molecule conditioribe

backing pressure of 4 bar, however, the condensation parameteprimary step of the photodissociation has been established to
I'* becomes so large that eq 2 is no longer valid and only a be exclusively3159.9294

lower limit for the average cluster size> 400 can be given.
An upper limit for the average cluster size may be estimated v

from the ratio of molecules which are located on the cluster CH,ONO—CH,O+NO (3)
surface to all cluster components. For sufficiently large clusters
n > 100 the fraction of surface moleculésis related to the
cluster size byn = (4/F)3.8° The highJ" Gaussian rotational-
state distribution of the NO@II) photofragments has been
attributed to the photodissociation of @BNO molecules
located on the cluster surface. It represents a fracticedd®o

of the total population obtained by integration over the BWw
Boltzmann and the highd' Gaussian profiles (see Figure la
and Table 1). Assuming that the photodissociation of all
surface-bound CHDNO molecules leads to rotationally hot NO
fragments, we find an upper limit af = 1000 for the average

For a conical nozzlej has to be replaced lq, = 0.73®l/tan
0, where @ is the opening angl&408 From scattering
experiments between He and ABuck and Krohn& have
derived the following relationship fan andI™*

Particularly relevant to the present cluster findings appear the
photolysis results in noble gas matrices. On the basis of a study
by Brown and Piment&t the groups of Hubé&f—°° and Jaco¥°
demonstrated that photolysis of isolated OO in an Ar
matrix at 365 nm produces exclusively HNO ang® which

form a hydrogen-bonded complex. The initially formed frag-
ments NO and CgD are compelled by the rigid cage to
recollide. This can lead to a competition between the recom-
bination and the disproportionation reaction:

CH,0 + NO— CH,ONO AH ~ —14 600 cm*

cluster size in an Ar expansion p§ = 4 bar. Such clusters (4)

possess a diameter of approximately 4.5 nm¢fsaCH3;ONO

diameterd ~ 4.5 A%91js adopted. From these considerations —H.CO+HNO AH ~ —8800 cm*

we then cautiously suggest that the average methyl nitrite 2 (5)

clusters created in our experiment consist of 40000 mol-

ecules apy = 4 bar. The primary fragments, being confined to the matrix cage, can
4.2. Photoinduced Bimolecular Reactions in the Cluster. react back to CEDNO which subsequently may be photolyzed

Determination of the Reaction Product8esides NO(XIT), again, or they can disproportionate to HNO angCB® which

formaldehyde HCO(X'A;) and nitroxyl HNO(XA') have been will undergo no further reaction when excitation occurs at 365

detected as products resulting from [§NO], cluster S nm.

photodissociation. Both products were identified by measuring  Several studies on the photoly$is107 of CH;ONO in a static

the fluorescence excitation spectra depicted in Figures 2a andor in a flow cell have also reported the production of
3a. Under the assumption that the rotational-state populationformaldehyde and nitroxyl besides NO and {CH The exist-
follows a Boltzmann distribution, the simulation spectra of ence of the disproportionation channel (eq 5) has further been
Figures 2b and 3b reproduce the excitation spectra with established by investigations of the kinetics of thesOH NO
rotational temperatures of 150 and 200 K, respectively. reaction in the bulk gas phas®:111 Under these conditions,

By scanning the dissociation wavelength while monitoring collisions between NO and GB become much less probable
the vibrational ground states of,BO(X'A;) and HNO(XA") so that the primary photofragments can easily be detected while
using LIF spectroscopy, the yield excitation spectra of the two the formation of HNO and kCO is less pronounced than in
reaction products (Figure 4, part ¢ and d, respectively) have the matrix. Zellnet®® proposed that the photodissociation of
been obtained. They are similar to the yield spectrum of the CH3;ONO in the bulk gas phase proceeds at least in part directly
cluster photofragment NO@KIL,v"'=0,J'=5.5) of Figure 4b and to HNO and HCO as primary products but this is clearly
also show a similar broadening of the vibrational resonances contradicted by our observation that these products only emerge
when compared to the corresponding monomer spectrum (Figurefrom cluster but not from monomer photodissociation. Evidence
4a). The origin of HCO and HNO is therefore indicated to be that the reaction 5 is the source of HNO ang0® formation
the same species as that for rotationally cold NO. Since HNO- was first been reported by Napier and Nortf8hwho observed
(X1A") and HCO(X'A,) are the products of the bimolecular a marked increase of the nitroxyl intensity in the presence of
reaction between the primary photofragments NO ang@H added NO. Sandeet al1%then provided compelling evidence
(vide infra) their slightly different(v;0"'=0) spectra compared by observing that in the presence of excess NO the LIF signal
to that monitoring rotationally cold NO@I) could be due to of HNO increased by a factor of about 10 and that the rise time
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of the HNO LIF signal as a function of added NO parallels the
disappearance rate of the gbiradical.

On the basis of these findings it appears straightforward to
explain the formation of KHCO and HNO in our cluster
photodissociation experiments with the disproportionation reac-
tion 5 between the primary photofragments mediated tyster
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 C¥DNO molecule

(CH:ONO), e H,CO + HNO

(6)
while the second involves reactions of the primary fragments
with CH3ONO solvent molecules:

CH,0 + CH,ONO— CH,0OH + H,CO+ NO  (7)

(8)

A direct, i.e. one-step fragmentation of @BNO to HNO(XA")
and HCO(X!A1) (eq 6), would, on symmetry and geometry
grounds, only be possible if internal conversion to the ground
stateS could occur. Only the&y dissociation oftransmethyl
nitrite could yield HNO(®A') and HCO(X!A1) which would
proceed via a (dynamically unfavorable) 4-center transition
staté12113as has been proposed by Battal4for the pyrolysis
mechanism of methyl nitrite. However, it is experimentally and
theoretically well established that the dissociation 0f;ONO
on the S surface is very fast in the range of about 200
fs57:59.115°119 gnd that the quantum yield for fragmentation to
NO and CHO is one%2120 ThusS, — & internal conversion
and hence reaction 6 can be ruled out. (In this context, it is
noted that a reaction of electronically excited £LHNO (S;)
with a CHsONO () cluster molecule, yielding HNO andzH
CO as reactions products, is energetically not feadmié??)
The reaction of methoxy with methyl nitrite (eq 7) proceeds
through H abstraction followed by an exothermiaH ~
—10 400 cnrl)121.122 decomposition of the CHDNO radical
according to CHONO — H,CO + NO. Evidence for the
reaction channel involving CHDNO formation has been
obtained in studies of the reaction of O, H, F, Cl, and OH
radicals with CHONO125-128 Adopting Warneck’s estimate
of a C—H bond dissociation energy ef32 500 cnt?! for CHz-
ONO28the H-atom abstraction of GANO by CHO leading
to CH,ONO would be exothermic b#3800 cntl. However,
in pyrolysis work!2% the analogous hydrogen abstraction from
CH3ONO by ethoxy radicals was shown to be extremely slow
and furthermore it was found that the reaction @HgO with
NO is much more rapid than the ethoxyethy! nitrite reacti®n.

NO + CH,ONO— HNO + H,CO+ NO
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Generally, alkoxy radicals with at least omdd 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
CH30 which is produced in the oxidation of GFfl The
existence of this disproportionation reaction has been further
confirmed in investigations on the reactions of the radicals
ethoxy!09132°135 and isopropox¥fe 138 with NO:

CH,CH,0 + NO — HNO + CH,CHO 9)

(CH3),CHO+ NO — HNO + (CH,),CO (20)
Finally it is noted that in the context of the present study, we
have also investigated the photodissociation of homogeneous
ethyl nitrite clusters [gHsONOJ,. We found HNO(XA') as a
cluster reaction product analogous to [{CHNO], which 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 clustérZewail and co-workef$1reported
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. 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 CEDNO on theS, surface lies in the range
of ~200 fs. This value is of the same order of magnitude as
the dissociation time ofzlin an L-Ar, cluster excited to the
directly dissociative Astate ¢qiss ~ 300 fs) applied in the
experiments of the Zewail gro.1® They observed a
subsequent coherent recombination in an additional time span
of 360 fs and furthermore complete caging in large clusters (
> 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(®II,»"=0) and CHO fragments after
photodissociation of CEONO at ~365 nm is known from
Doppler profiles?! According to these data the minimum time
for a reencounter of the photofragments is calculated to &@
fs. The binding energy between the &BNO molecules in the

Therefore, assuming the reactivities of methoxy and ethoxy as[CH3ONO], clusters is greater than that between the cage-

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 £H
ONO (eq 8) the H-abstraction step is endothefstid2* by
~16 000 cnt! which greatly exceeds the NO available energy
from the primary dissociation process e8000 cnt! when
excitation at~365 nm is applied?58

Thus the mechanism explaining both, the formation of HNO-
(X*A") and HCO(XA,) following methyl nitrite photodisso-
ciation, is based on the disproportionation reaction of the primary
fragments CHO and NO (eq 5) within the cluster cage. The
reaction involves the abstraction of an H atom from ;OH
leading to HCO, which is expected to cause excitation of the
out of plane bending vibratioms due to the symmetry change
from Cs, to C,,. Indeed this mode was found to be excited.

forming Ar atoms (vide supra) in the-Ar,, 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 @Bl 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 cnt using excitation at 365 nifT:58 The kinetic energy

is about 4500 cm! for each, NO and CkD31:58 while the
rotational energy i$~2000 and 1100 cmt for NO and CHO,
respectively’® Since the vibrational excitation of NO has
previously been found to be almost unrelaxed by the cage
effect31-32we expect that a maximum energy of about 12 000
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cmtis transferred to the cage. (It is noted that a conceivable contribution from the exothermicity of the reactions. The

contribution from the exothermicity of reactions 4 and 5 is here efficiency and the branching of the cage reactions leading to

not included.) As our results indicated, this energy is sufficient CHzONO, NO (cold), and HNO+ H,CO will depend on the

to evaporate the cage, or at least part of it, to free cold NO, size, binding energy, and temperature of the cluster. This was

HNO, and HCO. found to be consistent with the backing pressure dependences
The cluster size dependence of photodissociation and recom-and the product yields of NO, HNO, anc,€O.
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