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UV photodissociation of the van der Waals dimer (CHgl), revisited:
Pathways giving rise to ionic features
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The CH;l A-state-assisted photofragmentation of (@&1;1), van der Waals dimer at 248 nm and
nearby wavelengths has been revisited experimentally using the time-of-flight mass spectrometry
with supersonic and effusive molecular beams and the “velocity map imaging” technique. The
processes underlying the appearance of two ni@iH;l), cluster-specific features in the mass
spectra, namelygland translationally “hot” 1 ions, have been studied. Translationally hotdns

with an average kinetic energy of 0.94+0.02 eV appear in the one-quantum photodissociation of
vibrationally excited 1(2H3,2]g) ions ({E),i»,=0.45+0.11 eV via a “parallel” photodissociation
process with an anisotropy parameg@s1.55+0.03. Comparison of the images &falrising from

the photoexcitation of CH clusters versus those from neutra) shows that “concerted”
photodissociation of the ionize@CHsl); dimer appears to be the most likely mechanism for the
formation of molecular iodine iori;) instead of photoionization of neutral molecular iodine2@5
American Institute of Physic§DOI: 10.1063/1.1909083

I. INTRODUCTION (Refs. 6-31 and 36-3&nd(HI), (Refs. 20 and 31-3%lus-
ters because of the large amount of data that is available
Van der Waals(vdW) complexes are the first step of concerning the photochemistry of the corresponding single
complexity along the way from isolated molecules to mol-molecules CHI and HI. Other kinds ofR groups(such as
ecules in the condensed medium. The study of the phOtOCH3CH2, CFs, etc) have also been us&dfor cluster gen-
physics and photochemistry of van der Waals complexes ig ation.
vital in understanding the effect of a weakly bound environ-  \31i0us experimental approaches and detection tech-
ment on photoinitiated processes. In spite of the weak bindﬁiques, such as time-of-flight mass spectrometry, laser-

ing of partner molecules in the vdW complex, there are sevy 4~ fluorescenc IF), IR and UV absorption, and cav-
eral examples in literature in which the vdW complex at Iowity fing-down spectroscop§CRDS, have been used for the

te_mperatures, or its analoghe coII“|5|onaI corpplex) at JInvestigation of (Rl),, clusters. Several groups have per-
higher temperatures, demonstrates “concerted” photochemis- . . . o )

. .formed experiments involving photoexcitation of jet-cooled
try, where new chemical channels open up as compared wit

the isolated molecule. Here we can refer to the iodines"Steréd CHl molecules in combination with ion time-of-

L . . . - flight detection of the photofragment mass spect?ﬂ?‘ﬁ?g
containing dimers(Rl),, giving rise to molecular iodine, 19-21 . . 22
which will be discussed in more detail below; dimers of OCSFan et al. carried out LIF studlgs, and Vyamg; al
(Refs. 1 and Pand CS.° generating Sas a photofragment: performeg resonance Raman scattering experiments. Donald-
and the Q—0, complex, giving rise to @+0* as well as  S°" et al™ 'carrled out UV absorption studies 6€EHgl),
the O,—N, complex, which gives two NO molecules as ClUSters, while Garvey and Bgrnst@mnd Syag¥ reported
photoproduct§. The best documented example of this con-On €lectron-impact investigations. One-quantum ionization
certed photochemistry is the photodissociation of iodine0f CHsl clusters by vacuum ultravioléVUV) radiation was
containing clusteréRl),, and the dimetRI), as the simplest ~Studied by Cheret al*® The IR-absorption spectra of matrix-
member of this series. The photochemistry of van der Waalisolated CH clusters were obtained by Momoseal ** and
complexegRI), has been extensively studied during the lastlto et al?® The photodissociation dHI), clusters was stud-
15 year$® Special attention has been paid (6Hsl), ied by Young*** and by Zhanget al** using the time-of-

flight technique. Itoet al. have applied cavity ring-down

JAuthor to whom correspondence should be addressed. Electronic maiﬁpeCtroscop)(CRDS in the region of they_l band_ of CH
parker@sci.kun.nl molecule to study(CHgl), cluster formation using super-
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sonic jet condition¥ and CRDS in visible has been applied l,+2hy —1;+¢€, (2)

for the study of } product appearance in UV-

photodissociation ofCHal), clusters® 15 +hv— 1" +1(?P), 3)
Several groups have used the kinetic energy time-of-

flight (KETOF)*21332333nalysis and ion imagiri§to obtain L+hy— 1(2P) +1(2P), )

information about the speed and angular distribution of the

photofragments resulting from UV photoexcitation of I(?P) + (2 or Yhy — I* + ¢, (5)

(CHsl),, (Refs. 12, 13, and 37and (HI),,.>**3Ito et al. per-

formedab initio calculations of the structure, binding energy, (CHzl), + 2hv — (CHgl); + €7, (6)

and vibrational wavenumbers of the dim{&@Hsl), (Ref. 29

as well as the higher cluster€CHsl); and (CHgl),> (CHl)% + hv— 1% + other products. &

Bogdanchikovet al*® carried out arab initio study of the
structure and binding energy of the isomers of the neutral ~Becaused formation[process(1)] has been observed in
dimer (CHgl), as well as its ionized forngCHal)3. the experiments with CHil clusters, the ] and I' ions were
The low temperature necessary to generate van defsually assumed to appear due to the photodissociation and
Waals complexes is provided by the technique of supersonighotoionization of } [processeg2)-(5)]. However, these
jet cooling. The efficiency of cooling and the cluster sizeions can be also formed via processes starting with the ion-
depend on many parameters such as the backing pressure, t&d dimer[process(7) followed by proces$3)].
composition of the expanding mixture, etc. The formation of ~ Some of the above-mentioned authors proposed ffiat |
clusters as large a&CHsl)s (Ref. 16 or even largel has  the product ofdimer photochemistry; ™ “***'while others
been detected. The effect of the backing pressure and tioncluded that larger clusters also contribute th |
composition of the expanding mixture on the Ghtluster ~formation’®*®****poth et al'® suggested that thg fon is
size distribution has been studied experimentally by ItoProduced via a dissociation of the ionic clusté@Hl);, as
et al® in process(6) for n=2. Syage and Steadmdrstudied the
As has been revealed in numerous previous studies, nehotodissociation ofCHj);, cluster ions at 532 nifprocess
photodissociation routes open up in clusters compared with?)] and found that the photodissociation proceeds via the
the corresponding single molecules. The UV photodissociatupture of van der Waals bond and does not provjderis at
tion of single CHl or HI molecules gives iodine atoms in this wavelength.
the 2P,,, and 2P,,, states as well as GHand H fragments, More information on the nature of the processes giving
respectively’* Using conditions where the supersonic jet fa- rise to ionic species in the photoexcitation of methyl iodide
vors cluster formation, jl ions have been observed in the clusters can be gained from the energy distribution and an-
mass spectrum of the ionized species arising from the phagular anisotropy of the photofragments. In the current paper
toexcitation of CHI or HI clusters. Saperst al® observed the ion time of flight and velocity map imaging techniques
the appearance of, lions from clusters of Ckl molecules have been applied for the study of the cluster-specific path-
when a nanosecond radiation of the KrF a8 nm) was ~ Ways giving rise to ionic features under UV photoexcitation
used. Syage and Steadm&also reported the presence &f | 0f methyl iodide dimer(CHgl),.
in the mass spectrum of a cold beam of Lkholecules
when a nanosecond or picosecond ragiation at th§3\3/vavq|-_ EXPERIMENT
length of 266 nm was used. Strobetl al.™~ and Youné '
observed the appearance of tfddn in the beams of Cjl ~ A. Time-of-flight experiments
(Ref. 1) and Hi(Refs. 32 and 313'“0"135}‘5'93 when excneg at For the present study two different experimental setups
the 240-nm wavelength. Zhorgf al."~ and Pothet al. were used. The setup used in Novosibirsk is a molecular-
observed aj formapon from QH;I clusters in femtosecond pegm apparatus combined with a time-of-flight mass spec-
pump-probe experiments using laser pulses at wavelengthgmeter in the Wiley—McLaren arrangeméAThe chamber
of 277 16p|US 304 nm(Refs. 14 and 1pand 270 plus g evacuated by a turbo-molecular pump and liquigdtidp-
4_05 nm.> Syage and Steadman studied these clusters with fing down to a pressure of 3107 Torr. Two different
p|cosec?0nd pump-probe approach at wavelengths of 266 plygolecular-beam arrangements were used with this setup.
532 nm. ] . . . One arrangement provided a cold supersonic béasti-
After the first observation of the, lfiormation by Sapers mated translational temperature of the gas in the probing
et al,” efforts were _made to analyze theT m_echanlsm of theregion was as low as 1)K and another one provided an
(CHyl), photochemistry. The phot%elécllﬁ‘}goa” dCHzl)2  effusive beam of gas at about room temperature. This al-
yields |, (Refs. 19-22 and 36and > "which are lowed us to separately probe conditions favorable and unfa-
new chemical channels compared to the monomer. In addoraple for the clustering of methyl iodide molecules. A
tion, energetic 1 ions are observgﬁ. Using UV photons  ome-puilt current-loop actuated valve similar to that one
around 250 nm, possible mechanisms farlf, and I for-  sed in Ref. 43 generates the supersonic beam. The pulsed
mation include the following: valve operates at 1 Hz with a pulse duration of 280 Gas
was expanded into the chamber through a 0.23-mm nozzle.
The gas mixture was prepared by a flow of argon through a
(CHjsl), + hy — 1, + other products, (1) liquid CH3l sample held at fixed temperatures provided by
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different slush baths. This allowed us to vary the partial presB. Velocity map imaging experiments

sc,:u|_r|e| Og ;L}etrl]yéo'c’d'_?ﬁ from_0.7 to 140 Torr.h I\l/!lxtu_res of The Nijmegen velocity map imaging setup has been de-
sl (0.5%-1.5% with a carrier gasargon or heliumin a scribed in detail elsewhef&*’ The main feature of this

:Jarzﬂsvsassstgiilevdeﬁi?rzivr\: etfea:z?elrj\f;dc'):gezvglvze Sb?)glfsng_l_?]r:ssétup is an electrostatic lens system using open electrodes for

as iet passed throuah a 2.5-mm skimrﬁer mo'unted éO mextracting nascent ions from the photoionization region
gas Jet p 9 i o . through a time-of-flight region towards a two-dimensional
downstream and entered a homogeneous electric-field regi BD) spatial detector, which is gated at the proper arrival
created between the electrodes of the time-of-flight mas '

spectrometefTOF MS), where it is crossed by a beam from |m§ for mass selection. Thg electrostatic lens is set to project
all ions of the same velocity to the same point on the 2D

a pulsed KrF excimer laser. lons produced by laser radiaﬂor&etector ind dent of thei int of origin. The “velocit
were accelerated by an electric field perpendicular to the di- » Independent of their point ot orgin. The “velocity-

rections of molecular and laser beams and detected by a mrirjapped” 2_D ' mages contain all information about speed and
crochannel plat¢MCP) detector. The signal was then digi- angular d|str|but|on§ of photoproducts af‘d can _be recon-
tized, stored, and processed by a personal computer, structed as three dimension@D) by applying the inverse

In the case of the effusive beam, the gas mixture flowe(f‘bel trapsform. , )
continuously into the chamber through a multichannel array A brief overwew of the e'xperlment follows. The yacuum
(22X 4 mn?) with 50-um channel diameter. The molecular chamber was equipped with two pulsed solenoid valves

beam was intersected 30 mm downstream by the laser beafPeneral Valvesproviding the generation of the molecular
The nozzle was filled with neat GHat pressures up to beam directed parallel to the TOF axisn-axis beam or

0.25 Torr. The efficiency of cooling was negligible since theperpgndiculgr to the TOF ax(s?ﬁ-axis bearjl. '!'he results
typical pore size was less than the gas-free path. ThereforQ,bta'”ed with both configurations were similar; therefore

the molecules in the effusive beam were at room tempera@nly the experiments with the off-axis beam are described
ture. here. The molecular beam passed through a 2-mm skimmer

Special attention was paid to create similar {Lidon- mounted 20 mm downstream from the nozzle and propagates
centration conditions in the supersonic and effusivelurther perpendicular to the time-of-flight axis. About
molecular-beam setups. For the supersonic beam, the coh00 mm downstream from the nozzle, the molecular beam
centration of the carrier gas in the photoexcitation region wa§nters the region between the repeller and extractor elec-
estimated by calculating the radial spread of the moleculaf"odes where photoexcitation takes place. In the experiments
beam using the formalism given in the paper of AndersoVith methyl iodide the gas mixture contained 15-140 Torr
and Fenri’ In these estimations the effect of a small gH Of CHsl and 1-2 bars of argon. Two modes of pulsed valve
admixture was neglected. The estimated concentrations éPeration were used in order to change the conditions for
CH,l molecules(the sum of clustered and unclustered Spe_cluster formation in the molecular beam. The conditions un-
cies in the excitation region were within the interval of favorable for clustering were provided with a short gas pulse,
10— 103 cm™ for the conditions used. The concentrationsWhile favorable clustering conditions were provided with a
for the effusive beam were estimated with the use of thdonger gas pulse. In the experiments with molecular iodine,
formalism for multichannel arrays given in the paper ofthe carrier gas flowed through a glass cylinder filled with
Olander and Krugef These estimated concentrations for theiodine and was then injected in the chamber. The maximum
effusive beam were within the interval of 261011-4.5  partial pressure of molecular iodine in the injected gas mix-
X 102 cm 3, ture is estimated to be about 0.1-0.2 Torr. The lasers, valve,

A separate experiment on molecular iodine photoexcitaand detection equipment operated at a 10-Hz repetition rate.
tion in the effusive beam conditions was also carried out. The ~ The frequency-doubled radiation of a dye lag€ou-
molecular iodine vapor pressure of about 0.1 Torr was promarin 500 pumped by the third harmonic of a neodymium-
vided by a solid sample of konnected to the volume behind Yttrium aluminum garnetNd-YAG) laser has been used for
the multichannel array. Its concentration in the photoexcitathe generation of UV radiation tuned around 250 nm. The
tion region was estimated to be aboutd6m3, resulting pulse energy of this radiation was about 1 mJ and

The home-built pulsed KrF excimer lasgt48 nm) op-  the pulse duration was about 5 ns. A lens with a focal length
erated at 1 Hz with 1-mJ pulse energy and pulse duration odf 20 or 40 cm focused the light at the molecular beam. In
5 ns. The light polarization was parallé€vertical polariza- experiments with clusters the laser power was adjusted to
tion”) or perpendicular(“horizontal polarizationy to the  minimize the concentration of ions and to avoid their Cou-
static electric field in the extracting region of the TOF MS lomb repulsion by shifting the laser focus away from the
where the photoexcitation took place. The laser beam wagolecular beam by 2—3 cm.
focused by a 53-cm focal length lens with a maximum laser- 1" images were calibrated by the one-laser photodisso-
pulse energy fluence in the focal region of aboutciation of I, at different wavelengths used f¢2+1) reso-

150 mJ/cr. The energy of the laser pulse was monitored bynantly enhanced multiphoton ionizatiREMPI) of I (*Py,.):

a UV-sensitive photodiode, which was mounted behind thet \,,.=249.61 nm providing resonant two-quantum excita-
output window of the chamber. Wire mesh or quartz filterstion to the intermediate level with an energy ohi2
were used to attenuate the pulse energy. =80125.45 crmt (Ref. 48 or at\,.=304.67 nni.’
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I L (@)

(a)

(b)

I+
Time of flight

T r I r T . FIG. 2. Time-of-flight profiles of the*lpeak arising from 248 nm photoex-
0 5 10 15 citation of CH;l molecules under the conditions @f) supersonic beam and
Time of flight (usec) (b) effusive beam. Solid line6—) correspond to the signal obtained with the
laser radiation polarized parallel to the static electric field in the region of
photoexcitation and the dotted lirfe -) corresponds to perpendicular polar-

FIG. 1. Time-of-flight mass spectra of fragments resulting from the phOtO_ization. The double peaking in signal observed for the supersonic kgam

dissociation of CHl molecules in(a) supersonic beam anth) effusive is due to hot 1 ions with kinetic energy of about 1 eV. Monomer splitting

Beetilgroautntjhe wavelength 248 nm. The unassigned peaks are due to tbs?ee also Fig. @] is too small to resolve under conditigh).

In Fig. 3, the laser-power dependence of the integrated |

Il RESULTS and I' peaks as well as the sum of these peaks is shown. A
A. Mass spectra of CH ;| photodissociation fragments drop in the } signal due to the photodissociation is observed
in effusive and supersonic beams at higher pulse energy. This photodissociation gives risé to |

Time-of-flight mass spectra of ionized fragments of the'oNs: The summed signal of land I rises appro>.(|mately
hotodissociation of Ckl molecules at 248 nntKrF lase) with the square of the laser-pulse eneffhye slope is equal
P to 2.36+0.23. Taking into account that the hot component is

in supersonic and effusive beams are presented in Fig. 1. TQﬁe major component of the peak, we suppose that the hot
laser power was the same for both spectra. The mass SP§G-jgng arise primarily from the photodissociation &f |

trum of the room-temperature effusive beam contains the 4 g|ycidate the size of the clusters that are the source of
parent ion CHI* as well as its photofragment$ and CH.  the cluster-specific featurds} and hot I) we have varied

In contrast, the mass spectrum with the supersonic beaffie expansion conditions in order to change the cluster size
shows the existence of strong and [ signal and the ab- composition. The critical parameter for the cluster size com-
sence of CHI" and CH;. Under clustering conditions a split- position is the CHI content in the expanding mixture. In
ting of the I' peak[Fig. 2a)] is seen, which disappears after Fig. 4 the experimentally measured ratio of the amplitudes of
changing the laser light polarization from parallel to perpen-

dicular, relative to the static electric field. These features

were also observed when helium, instead of argon, was used 3.0
as a carrier gas. The mass spectrum did not change substan-
tially when the laser pulse was scanned in time along the gas
pulse. Data similar to those shown in Figs. 1 and 2 were
observed for all concentrations of the precursor;Cirol-
ecules(estimated to be of #8—10'2 cm for the supersonic
beam and 2.5 10'—4.5x 102 cm2 for the effusive beam

N
o
1

Log (Integral of ion peak)
N
?

A deconvolution of the time profile of the' Ipeak (Fig. 151 %
2) has been carried out. The form of the splitting is charac- 515"'"
teristic of a “parallel” photoprocess, and the peak separation 1.0 T . T ,
corresponds to art lion kinetic energy of about 1 eV. Com- 1.4 1.6 1.8 2.0

paring the peak shape to one expected from a process with a Log (Pulse energy (a.u.))

purely parallel transitiofanisotropy parametg#=2), itwas g 3. The dependence of the integrals‘o&ihd [, peaks on lase248 nm)
determined that these “hot” ions provided about 70% of thepulse energy in supersonic beam is shown. The syMiboborresponds to the

total integral of thel peak presented in Fig(@. This con- 15 peak; O corresponds to the'Ipeak; A corresponds to the sum of the
integrals of t and [, peaks. Solid line indicates the linear fit for tie

tribution was dependent O'? the laser power, the baCk'ng preﬁépendence. The slope of fitted line is 2.36+0.23. The expanded mixture
sure, and the Ckl content in the molecular beam. was CHl (0.65% in argon(2.5 bars.
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0 v T T
1 10 100

Partial pressure of CH;lI (Torr)

~0.06 ¢V ~650 K

FIG. 4. The ratio of the amplitudes of the hétdnd [ peaks resulting from
the photoexcitation of CH clusters as a function of partial pressure of
CHjsl in the expanding mixture. The stagnation pressure was 2.5 atm. (b)

hot I and [, signals due to cluster dissociation is shown as &G. 5. Images ofj ions: (a) raw image andb) reconstructed 3D velocity
function of the partial pressure of QH(PCHsl) in the ex- distri_bution. Las_er pc_)lariz_ati(_)n is shown by the double—h(_eaded arrow. The
. . . . spacing of the lines irtb) indicate the velocity corresponding to the fitted
panding mixture. WhetPcy decreased, the ratio stabilized ;ngjational temperature.
to a constant value corresponding to the predominant dimers
in the beam. The data from literature are in agreement with
this conclusion. A substantial drop in the contribution of butions of the T and |, products of th CHsl), photodisso-
higher clusters with the decrease of the L phartial pressure ciation. The } signal was observed only for conditions
in the expanding mixture has been observed byelt@l3®  favorable for clustering in the molecular beam. A rajyv |
(CHjsl),, clusters of various size were detected in a series oimage is presented in Fig.(@ and its reconstructed 3D
papers where short-pulse lasergpicosecond or speed distribution is shown in Fig(5. The reconstructed
femtosecondt®*~*’as well as one-quantum VUV photoion- speed distribution was fit to a Maxwell distribution function,
ization were used® Syage and Steadman observed parenyielding a [, translational temperature of approximately
ions of cluster§CHgl), with n=8 when the partial pressure 650 K. The angular distribution was found to be isotropic.
of CHl was 60 Torr(carrier gas argon, backing pressure Figures 6a) and &b) show I images obtained under
P=1.6 ba)." Pothet al."® observed clusters with up to 8  conditions favorable and unfavorable for cluster formation.
with Pcp3=200 Torr (carrier gas argon, backing pressure The image corresponding to monomer dissociatj@ig.
P=3.3 barg. Zhong and Zewalf used a lower pressure 6(a)] contains two main features: an outer ring and an inner
Pcrzi=7—8Torr (carrier gas helium, backing pressuRe  structure. This image is very similar to the one reported by
=1.3 baj and observed only the diméCHal), without any  Samartziset al,*® who studied the photodissociation of un-
traces of higher clusters. As it is shown in Fig. 4, we ob-clustered methyl iodide with a similar technique. They as-
served the cluster-specific features evenHgys lower than  signed the outer ring to the nonresonant two-photon ioniza-
7-8 Torr. We can thus conclude that in the low @Iﬁres- tion of |(2P1/2) atoms arising from the one_photon
sure extrapolation in our conditior&ig. 4) the cluster fea-  gissociation of CHI, and the lower-energy features arise
tures, | and translationally hot'lin the TOF mass spectrum, from higher-order multiphoton processes. On tuning our la-
are due to the photodissociation/photoionization of theggr tg an 1(®P,,,) resonance at 249.619 nfwacuum the
(CHgl), dimers. outer ring is indeed greatly enhanced. Off-resonance, the |
A separate experiment on the photoionization of purgmage obtained for Cl monomers is much weaker than
molecular iodine at the wavelength of 248 nm was also pery5t optained when clusters are present.
formed to investigate the possibility that process, the The I image obtained at 248 nm under conditions favor-
two-photon ionization of the neutraj,Iprovides the precur- 41 for cluster formation and low laser intensitiens
sor of I; for our experimental conditions. Molecular iodine 2-3 cm out of focusis shown in Fig. ). Two main dif-
was introduced into the chamber under effusive beam condgyences from the monomer image are: a smeared central
tions. The laser power and estimated concentration ifdl-
ecules(10'? cm3) was similar to the concentration of GH
(10*-102 cm™®) in the supersonic beam experiment. The
signals of } and I ions were negligible when using neat |
as a precursor.

“blob” instead of the sharp structure seen for the monomer
and a large blurred outer ring of parallel character, which
appears under the same molecular beam conditions a3 the |
signal. The origin of this outer ring will be discussed later in
the text.

The radial speed distribution extracted from Fi¢h)as
shown in Fig. 7a). The two modes of this distribution were

The velocity map imaging technique allowed us to ob-approximated by Gaussian functions. The best fit shows
tain a detailed information on the speed and angular distrithat the center of the outer ring distribution is located at

B. Velocity map imaging
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(a)

0 500 1000 1500 2000
(a) Speed (m/sec)

(b) I ﬂ\p

0 3 60 9 120 150 180
(b) Angle (deg)

FIG. 7. (a) I* speed distribution from the image shown in Figb)6 The
center of the “outer ring” peak corresponds to an energy of 0.94+0.02 eV.
(c) (b) Angular distribution of T outer ring. The least squared fitting gives an
anisotropy parameter value g=1.55+0.03.

C. Photodissociation of I , and |3 around 248 nm

In order to identify the ] photodissociation channels
giving rise to the observed hot lons, we have studied the
photodissociation of ;| which was generated via the two-
photon ionization of the molecular iodine. A one-laser
setup was used with the laser wavelengh.=248.6 nm. It
is known that } shows only continuous absorption in this
region. The two-quantum ionization of [process(2)] pro-
vides b, which absorbs an extra photon and gives rise to an
I* ion. In all the experiments with molecular ioding, im-
ages were observed only when the laser focus was set at the
FIG. 6. (&) Raw image of T obtained under nonclustering conditiots)  molecular beam. The image of hppearing in the process
Raw image of 1 ions obt_ained_under clustering _conditions. Both_ images |J2'+hv—>|++|(|*) is presented in Fig.(&). The reconstructed
have the same scalé) Simulation of the outer ring of the experimental . . L . . .
image as due to the processrhv— 1+1*, where § is formed with initial total kinetic energy releasd KER) distribution is shown in
kinetic energy. Fig. 8b).

At the wavelength\, ,.=248.6 nm(hy=4.99 eV}, a two-

. i quantum photoionization can produce molecular ibimlits
Et:0.9f110.02 ev, wh'ere the gncertalnty is determlneq fr.omtWO lowest spin—orbilZH3,2g and 2H1/2g substates, with an
averaging four experimental images. The angular distribuzqiapatic ionization energy determined by Coclestal *° to
tion, Fig. Ab), for this ring is fit by an anisotropy parameter pe 931 and 9.95 eV, respectively. When the photon energy
of =1.55+0.03. The tuning of the UV-radiation wavelength yas tuned below the threshold for the two-quantum ioniza-
over 1 nm to the blue and 6 nm to the red from 248.6 nm didjon into theznllz,g state of theJ (\yac>249.2 nm, peak 1
not affect this hot-ion signal. The use of radiation resonantlyfrom Fig. 8 changed slightly in energy but peaks 2 and 3
enhancing the (PP,,) and Py, signals(249.61 nm and with the TKER centered at 2.08 and 3.02 eV disappeared.
249.619 nm, respectivelylid not affect the image of the hot This allowed us to identify peaks 2 and 3 as belonging to
I* ions. This result indicates that the neutrél') atoms are  channels of the;'(zHl,Z,g) photodissociation. The anisotropy
not the precursors of the hot ions. parameter for channel 1 was found to £e1.58+0.03. Fig-
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FIG. 8. (a) Raw image of T ions resulting from the photoexcitation of &t
the wavelength 248.6 nnib) Reconstructed total kinetic energy distribution
(TKER) for the processjHhv—I1+I*. Channel(1) corresponds to 1.61-
eV TKER at maximum, channgP) corresponds to 2.08-eV TKER, and
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(@)
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< FCPY+1CPy) = ~~214ev
i
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T'CPe) +1(Pyy) 0.56 eV
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I'CP)+1(Pyy) 1426V
TCPY+1(Pyp) - T~ 1506V
['CPy) +1 (2Py) —— Y —— 230 6V

(b)

M hv=499 eV

channel(3) corresponds to 3.02-eV TKER. Several unassigned rings in the }2+(2H3/2,g)

central part of the image correspond to the TKER below 0.4 eV.

ure 9 shows an energy diagram for tHévi=0) photodisso-

FIG. 9. The energy scheme of possible channelsabﬂ’z'(zﬂl,z) and (b)
I§(2H3,2) photodissociation aX,,.=248.6 nm. The energies of the states of
I3 ion were taken from the paper by Cockettal. (Ref. 50. The energies of

ciation at 248 nm. Peaks 2 and 3 from Fig. 8 coincide welll and I' states were taken from the tables by Mo@Ref. 5J. In the calcu-

with the TKER expected for*lions produced from low
v-state vibrationally excited 5(*I1 g dissociated to the
[1*(Py 9 +1(?P3)] and[1*(®P,) +1(*P,)] products, respec-

lation, the ions }(ZHI,ZQ) and E(ZHMQ) were assumed to be vibrationally
unexcited.

tively, while peak 1 corresponds to production starting fromlV. DISCUSSION

13(I15,,) dissociated tg1*(*Py o) +1(*Py,)].

To check the possibility that, lis a precursor of the*l
observed in the experiments with clusters of {Live tuned
the laser to the wavelength,,.=249.61 nm, which is in

A. Translationally hot I * ions

The translationally hot*lions shown in Figs. 6 and 10
arise from a precursor with a rather broad absorption spec-

resonance with a two-photon transition from the ground-statérum, which could bej. They cannot be a result of resonant

1(2P,,,) to the (*D,) 6p[2], 1, state(E=80 125.45 cr).*®
Figure 10 shows images of Idue to (2+1) REMPI of
I(2P3,2) [Fig. 10@)] arising from the photodissociation of
molecular iodine,

hy
15(X'S ) —— 1(®Pgy) +1(*Pyp), AE=-1.50eV,
(4')

and from the photoexcitation of GHclusters[Fig. 1Qb)].
The anisotropy parameter of proce@s) was found to be

ionization of fast neutral | atoms because the signal of hot |
ions was not effected by tuning the laser to the resonant
transitions of (1) atoms. As seen from Fig. 3, the photodis-
sociation of | takes place at higher laser-pulse energy values
and is accompanied by a rise in thedignal. As we have
found above, about 70% of thé signal in the TOF experi-
ments is contributed by hot lions. In the imaging experi-
ments, the hot'lions appear only together with ahsignal.
Another argument comes from the shape of the image of
these hot 1 ions [outer ring on Fig. )] which is rather
blurry. The most probable reason for the image broadening is

B=-0.89+0.01. A comparison of the two images in Fig. 10the effect of velocity distribution of the precursor. The trans-

shows that the*louter ring from the(CHjl), dimer does not

lational temperature of 650 K of lextracted from the image

come from the neutral,Imolecules. The strong signal at in Fig. 5 was then used for the simulation of the imageof |

lower kinetic energy in this imaggFig. 10b)] results from
the resonant detection of?P,,,) atoms arising from the dis-
sociation of CHI monomers in the beam.

arising from this precursor. The result of the simulation is
shown in Fig. 6c) and is very similar to the image observed
experimentally for hot ' ions [outer ring in Fig. 6b)]. We

Downloaded 26 May 2005 to 131.174.177.216. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



204301-8 Vidma et al. J. Chem. Phys. 122, 204301 (2005)

incides well with the parametg®#=1.55+0.03 measured for
hot I" in the CHl cluster experiments. This peak corre-
sponds to the photodissociation of ground—st@(@ﬂwg)
ions via one or several closely lying channels, which, for
vibrationally unexcited ions, yield a TKER value of
1.43+£0.07 eV. For the experiments with, Ithe 1.61-eV
TKER measured for this channel can be explained by the
vibrational excitation of J ions, caused by the difference in
v ; equilibrium geometry of the neutrab(fo(I-1)=2.666 A°?
and the ionic J(ro(I-1)=2.57 A 53 For the experiments with

(CHgl),, the TKER value of 1.88+0.04 eV measured for this
channel indicates thatz*(IZHS,zyg) ions appear with a vibra-
tional excitation of 0.45+0.11 eV and that very few
@) 15(°I1,,) ions are formed.

As we mentioned above, a possible model for the |
formation from(CHsl), involves proces$2), the photoion-
ization of neutral molecular iodine. Using the data of Fig. 10,
we demonstrate that neutral molecular iodipésinot a pre-
cursor of the ] appearing after the photoexcitation of the
(CHsl), dimer. Figure 108 shows that(2+1) REMPI
1(?P,,) atom signal from § photodissociation yields a “per-
pendicular” I image. The perpendicular charactés
=-0.89 is in agreement with the earlier result of Clear and
Wilson>* who studied the photodissociation of &t the
nearby lying wavelength of 266 nm and fougd--1. Un-
der the conditions of our experiment, the two-quantum
photoionization of } also takes place, as well as the subse-
quent photodissociation of the resulting giving rise to I'.
FIG. 10. (a) I* image taken with (2P;,,) (2+1) REMPI at 249.61 nm and a In Fig. 104) there is also a parallel ring of Idue to the

. . + . . .
sample of neat,l The outer ring corresponds to the one-photon dissociationphomd'_SSOClaltlon _szl (the Sa_me as ring and p_eak 1in Fig.
of neutral b, [process(4)] in the text.(b) Image of I ions resulting from  8), but it is dramatically less intense than the simultaneously

(CHgl), dimer photoexcitation at 249.61 nm. observed signal due to the REMPI of the neuti@P};,).
The I'image of Fig. 10b) shows that in the case of the GIH

can thus conclude thaf Is a precursor of the hot fons with cluster experiment at the same wavelength, we observe the
an average translational energyBf=0.94+0.02 eV. In the OPPOsite situation: that is, the parallel image due to hot |
photodissociation proces®) I5+hy—1*+I(1"), two frag- ions is intense when the p.erpendicular.image due to the
ments of equal mass appear. The total kinetic energy relea§EMP! of the neutral (°P;,) is absent. This means that the
(TKER) in this process is equal to double the valueEpf contribution of the neutrallas a precursor oglin the dimer
i.e., TKER=1.88+0.04 eV. (CHjsl), photoexcitation is negligible.

In order to establish the channel giving rise to these hot N principle, the measurements analogous to those shown
I* ions we consider the experimental results of the photodisi? Fig- 10, when carried out under similar laser power con-
sociation of § generated via the two-quantum photoioniza-ditions for neat 3 and for CHl clusters, could allow us to
tion of the neutral § (Fig. 8 and the possible channels gf | estimate the yield of moleculag V'?z ggocess{l), which was
photodissociatior{(Fig. 9). The region of the TKER values observed earlier experimentatfy****We should mention
below 0.5 eV(Fig. 8) involves the channels corresponding to @dain that in our experiment with neutral[Fig. 10a)] the
the I} photodissociation as well as the channels due to théaser radiation was tightly focused, but that in the experiment
photodissociation/photoionization of the GH residue, with clustersg[Fig. 10b)] we had to lower the laser intensity
which was also observed as a background in the experimenty shifting the laser focus away from the molecular beam in
with I,. At higher TKER[Fig. 8b)], peaks 1 and 2 centered order to obtain an image that was not distorted by Coulomb
at 1.61 and 2.08 eV are closest to the experimentally detef€pulsion of the abundantly formed ions from gHand
mined TKER=1.88+0.04 eV value. Peak(Rig. 8 can be CHjsl™ ionization/dissociationcentral part in Fig. 1()].
due to several overlapping peaks, which is possible, considlhis did not allow us to use the same laser power conditions
ering the energy level structure shown in Fig. 9. In this casell these experiments, and thus we could not estimate the
peak 2 corresponds to the photodissociation of the exciteyfield of I, via procesg1).
state §(°I1;,,,) and has a TKER higher than 1.88 eV.

Peak 1(Fig. 8) at 1.61 eV appears to be responsible for . . L .
the hot I peak observed in the cluster experiment. This peal?' Dissociation of the ionized  (CHj); dimer
is the brightest of the high TKER peaks. Its anisotropy pa-  An alternative source oflis the dissociation of the ion-
rameter3=1.58+0.03 measured i photodissociation co- ized(CHjl); dimer, process$7). There is no reason to expect

(b)
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a reduction of the photoionization yield in the dimer as com-account our results, we can interpret these hot ions as due to
pared with the free Ckl molecule. The results of our experi- the one-quantum photodissociation §(f2[[3,zyg) via the low-
ments with supersonic and effusive beams show that the totalst channels shown in Fig(l9. The difference of 0.39 eV
yield of ions under clustering conditions is higher than for(an experimental uncertainty is not given in Ref) &7 the
the unclustered case. At a VUV photon energy close to twoalues ofE; for the channels observed by Tanadtaal. cor-
guanta of the KrF lasef=10 eV), Chenet al® observed a responds to a difference of 0.78 eV in the TKER values,
parent ion(CHal); as the main product among the ions ap-which is very close to the energy gap of 0.8 eV for these
pearing from the photoionization of the neutrdCHjl),  channeldFig. 9b)]. The channel withE;=0.69 eV (TKER
dimer. However, we do not observe af@Hsl); ions in the  =1.38 eV} in the experiments of Tanaket al. is similar to
case of dimer photoionization. We suspect that the photoiorthe channel we observe@KER=1.88+0.04 eV. The dif-
ization of the dimer is followed by a spontaneous or photoference in the TKER values is partially due to the difference
initiated decay of the ionized dimer, giving rise th The in the quantum energyhr=4.66 eV at 266 nm versusy
energy of two UV quanta of the KrF lasé2hv=9.97 e\Mj is  =4.99 eV at 248.6 ni An extra 0.17 eV in the TKER dif-
higher than the energy of the fragments of the spontaneousrence can be due to a variation in the vibrational excitation
decay of(CHgl); via of I3 with the dissociation wavelength. We should also men-
g+ _ tion that at 248.6 nm the lowest channel of Fi¢h)9vas also
(CHsl)2 + 2y —[(CHyl);T =15+ CHe, - AE=-1.09 eV. observed in the case of Hissociation(a weak parallel ring
(8)  with E, about 2.4 eV between rings 2 and 3 in Fig. Bhis

The calculated\E value has been obtained with the use of9ave @ rather low contribution and was not distinct in our

the enthalpy data for CH, C,Hg and b, molecule® and the experiments with cluster@:ig._G). P_ropably, the ratio of the
ionization potentiallP) of |go as well as theab initio calcu- product channels of}|photodissociation is wavelength de-

lated binding energy(0.096 eV} in the (CHal), van der pendent. The formation of hot fons withE;=0.924 eV and
Waals dimef In spite of the exothermicity of proce¢g), 2 high ar_1|sotropy(,8>1._5) was _also observed by Young,
the formation of § was not observed by Chest al.® who ~ WNO S“J;;"ed the photodissociation of the clustét), at
studied the photoionization of GH clusters in a one- 240 nm?* The similarity of E; and anisotropy with our ob-

quantum process with the quantum energy tuned within th§€rvations suggests that th1y5.) fon is @ precursor of
range of 8—35 eV. This result of Chest al. does not ex- hot I" ions in the cited experiments of Young as well.
clude proces$8) in our case because a two-quantum ioniza-
tion of (CHjzl), can yield (CHgl); ions with higher vibra-
tional excitation, and thus a different decay rate than one
quantum ionization. The absence(GfHsl); and presence of

D. Previous experiments concerning the dissociation
of the ionized (CHgl); dimer

I5 can be also due to the photodissociation©Hsl); ions Syage and Steadmanstudied the 532-nm photodisso-
by a photon of the same laser pulse ciation of (CHsl); dimer ions prepared from the neutral
hy dimer by electron impact. They observed the photodissocia-

(CHgl); —— I§(2H3,29) +2CH,, AE=-227¢eV, (7) tion of the ionized dimer only via the van der Waals bond
' (CHgzl)3+hv— CHgl*+CHal and concluded that the photo-
v 5 excitation of dimer ions does not contribute substantially to
— 13(°Il359) + CHs, AE=-6.08€V. (7")  the production of ionized fragments such asBecause the
result of Syage and Steadman was obtained at 532 nm, far
3from the UV region, it does not contradict our conclusion
that the ionized dimer is the source dfih the UV photo-

The enthalpy value for CHis taken from Ref. 55. An ab-
sorption cross section at 248.6 nm higher than
X 1071 cn? will result in photodissociation of more than :
99% of the(CHsl); precursor ions. This value of the cross chem|stry_of CHI cl.usters.

section implies saturation of the third photon absorption step The dlfferencg N energy Pf the products of procss
and a near-quadratic pulse-energy dependence o} theld, a_nd thg neu.tral_ dlmeGCH3I)2 IS 12.69 eV. The process of
as found in our experimentghe total yield of } and I dissociative ionization of the dimer,

arising from [ increased at a power of 2.36+0.23 pulse en-  [(CHjal),]" — CHgl* + CHl AEesn=9.64 €V, (9)

ergy).
9y has aAEg,.esn value calculated on the basis of ([EH;l)

=9.54 eV(Ref. 56 and a binding energy of 0.096 eV for the
vdW dimer (CHgl),.** The (CHgl)} ions prepared by elec-
The previous results of Tanalka al®>’ can be interpreted tron impac’t0 that survived until the arrival of the dissocia-
using the same line of reasoning as above. Taakd used tion laser pulse should have an internal energy close to or
ion imaging for the study of the photofragments of LH lower thanAEy,sn The sum ofAE,.=9.64 eV and energy
cluster photodissociation at 266 nm and observed the formasf the quantum of radiation at 532 nm=2.33 eV gives the
tion of hot I' ions with translational energ#,=0.69 and value 11.97 eV, which is less than the 12.69 eV required for
1.08 eV appearing via parallel processes with2+0.6 and channel(7’) to be observed.
2+0.5, correspondingly. The auth87r$uggested that these Channel(7”) lies 0.7 eV lower than the dissociative ion-
hot ions are due to fast | atoms arising from the photodissoization of the dimer into CH*+CHsl [channel(9)]. But
ciation of the CHI moiety in small clusters. Taking into channel(7”) is a four-centered reaction which should have a

C. Discussion of the previous data on hot|  *ions
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