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Photofragment translational energy and angular distributions are reported for the photodissociation of
acetaldehyde cations in the wavelength range-358 nm obtained using the DC slice ion imaging technique.
Vibrationally selected parent ions were produced tl 2esonance-enhanced multiphoton ionization (REMPI)

via the 3s<— n Rydberg transition, with photodissociation resulting from absorption of a fourth additional
photon. Three product channels were observed: HTM;CO", and CH*. The angular distributions reveal

that all product channels have a predominantly parallel recoil anisotropy although theSlopamameter of
CH;CO" indicates the concomitant presence of a perpendicular component. Furthermore, the distinct angular
distribution of the CHCO" fragments shows a large value of the higher order Legendre polynomial term,
providing evidence that acetaldehyde cations are spatially aligned during the ionization process.

I. Introduction formation of CH™ was interpreted as characteristic of dissocia-
. . . tion through the AA"" band. In the BA’ band above 14.1 eV
The photof f : o ’

e photofragmentation processes of cations provide an CHjz" starts to emerge in addition to GEIO* and HCO', along

avenue to investigate a number of important issues in photo-With a decreasing abundance of £HThe translational ener
chemistry. Cations prepared from closed-shell neutrals are open- 9 : gy

shell systems, so many low-lying electronic states exist and gSt:g%lﬁg(]j ?/fefgzg)cr%grlof?awr?;r?tﬁg r?iff(\:/gf ngiégi?;EH
interactions among them may be readily explored; resonant P yirag :

ionization techniques may be used to prepare specific vibrational et al® and Shin et al? proposed that thg photodllss.ocw}Uon of
states or even particular molecular conformers for photochemical acetaldehyde_canons prepa_req by multiphoton ionization takes
studies, and vibrationally mediated or mode-specific dissociation p!ace pre_dommanﬂy b_y eXC't"J?“O” to .thé/B state. An energy
may be seen; finally, quantum control experiments often probe d'ag.fam |s.shown n .Flgur.e 1 llustrating the relevant multipho-
fragmentation processes in the product ions, so understandingmn |on!zat|on and d|ssog|at|on PrOCESSES.

the neutral and ionic pathways leading to the same final ionic In this reportl, parent ions were generated byl2REMPI
product may be important. lon imaging represents a powerful throu_g_h the_ BA' state corresponding to the 3s n Rydberg
means of examining photofragmentation processes in ions. lransitions in the range from 354 to 363 nm. The wealth of
Recently, the photodissociation processes of cations have beerpPectroscopic knowle.dge.for these Rydberg s’fﬁ.tééallows
extensively explored by velocity map imagit slice imag- identification of the vibrational states of parent ions and thus
ing,*®and reflectron multimass velocity map imadirignethods p_rowd_es a way to eIu0|dat_e the effe_ct Of. mode-selecnve
combined with REMPI. The advantage of the imaging technique vibrational excitation on cation photodissociation processes.
in these applications is the ability to measure the translational Based on thermodynamic data taken from ref 18, four dissocia-

; ; + +
energy and angular distributions easily and with great sensitivity. tion processes, Ieadln_g to GGIO*_, HCO.+’ CHs", and CH". .
In addition, the sensitivity of the angular distribution to the Products. are energetically possible with four photons in this

symmetry and lifetime of the intermediate state may be wavelength range (Figure 1). Shin efabbserved only acetyl

important to understand complicated dynamical processes. 0N and formyl ions in this energy region, but Fisanick €t al.

The photodissociation of acetaldehyde cations formed by dEtecteq se\f/eral p][_oducli ions thath can k_)ebforr;]e? RWi(;rl; the
either vacuum-ultraviolet (VUV) or multiphoton ionization has = 22SOrption of up to five photons at the origin band of Rydberg

been studied using ionization mass spectronfetmyhotoelec- state. A strong power dependence of fragment ion production

tron-photoion coincidence spectrometfy! and the Fourier was also reported in that caSe.

transform ion cyclotron resonance (FT-ICR) techniétiBom- In the following pages, we present results of an imaging study
bach et al? reported that CECO* and HCO" are produced of the photodissociation of specific vibrational levels of acetal-

either by internal conversion to the ground electronic state dehyde _caFions prepared by following-2 REMPI. I.Dar_ticullar
(X2A") of acetaldehyde cations (95%) or by isomerization to emphasis is placed on the use of the angular distributions to
ground state oxirane (5%) near the onset of fRé&'Aband. gain insight into the electronic transitions responsible and to
The photoelectron-photoion coincidence studies of Johnson andnvestigate the extent of spatial alignment of the parent ions
co-workers! showed that Cki™ appears together with GBO™ produced in the REMPI excitation.

and HCO above an ionization energy of 13 eV, and the ) .
[l. Experimental Section

! Part of the special issue "M. C. Lin Festschrift”. The overall experimental apparatus employed in the DC slice
¢\?V‘;{;ﬁng{‘a‘i'e”%ﬁ;‘iﬂg“,‘;{t'y_E'ma"' astits@chem.wayne.edu. imaging approach has been described in detail elsewfare,
8 Stony Brook University. only a brief sketch will be given here. A pulsed supersonic
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Figure 1. Schematic energy diagram for possible dissociation pathways
of CH;CHO" and 2t+1 resonance-enhanced multiphoton ionization of
CH3;CHO. The number in a parentheses indicates the dissociation Figure 2. Experimental sliced images of three fragments (A,3CH
threshold (eV) from acetaldehyde cation. The inset shows the orientationCcot; B, HCO'; C, CI—Q) in the photodissociation of acetaldehyde
of the transition dipole moment for B- X excitation. cation prepared by-21 REMPI via the origin transition.

molecular beam of acetaldehyde seeded 24% in Ar was real time ion counting with sub-pixel precision. The newly
expanded into the source chamber and collimated by a skimmer.developed Megapixel analyzing program IMAN also was used
The beam entered into a velocity mapping electrode assemblyto determine the translational energy and angular distributions.
optimized for DC slice imaging and was intersected at a right In addition, the photoelectron images were obtained with a
angle by a laser beam tuned to a two-photon resonant excitationSimilar experimental setup, albeit with a shorter flight path and
of a Rydberg state of acetaldehyde. The laser light was generatedeversed potentials. For the photoelectron imaging, the main
by frequency doubling the output of a dye laser (Continuum chamber and flight path were shielded withmetal sheet to
Jaguar, LDS 722 dye) pumped by the 532 nm harmonic of a avoid the influence of external magnetic fields.

second Nd:YAG laser (Quanta Ray PRO 290). The polarization
of the laser beam was parallel to the detector plane, and the
typical output power was-0.3 mJ/pulse in the wavelength range  The sliced images for all photofragments of acetaldehyde
from 354 to 363 nm. The laser light was then focused into the cations following 2-1 REMPI via the origin band (55 024 crj
interaction region with a 40 cm focal length lens. The product of the 3s Rydberg transition are presented in Figure 2. As shown
ions were accelerated through the multilens velocity mapping in the energy diagram (Figure 1), four products are accessible
assembly and impacted upon a dual microchannel plate arrayby one-photon dissociation of the parent cation at this energy
of 75 mm diameter, which was coupled to a P-47 phosphor (3.41 eV), but only three ionic photofragments were observed:
screen. In this particular instance a repeller electrode held atCH;CO", HCO", and CH™. The branching ratio of products
400 V was used in conjunction with three additional focusing was estimated roughly from the integrated intensity of each
lenses in the velocity-mapping scheme to stretch the photo- sliced image, which is Ce€O":HCO™:CH,;" = 1.0:6.0:1.5. A
fragment ion cloud along the time-of-flight axis to around glance at these images shows that Figure 2Az@6ft, is

400 ns. The overall flight path from the laser interaction region distinct in several ways: it shows an apparent “hole” in the
to the detector was 100 cm. Application of a narrewdQ ns) center as well as a multilobed structure.

time gate at the detector was then used to sample the central The translational energy distributions for the three product
section of the distribution. The resulting ion image was recorded ions are plotted in Figure 3. For HCQand CH*, a larger
using a CCD camera (Sony XC-ST50, 768494 pixels) in fraction of the available energy is deposited into the internal
conjunction with the IMACQ Megapixel acquisition progréin energy of the photofragments, and the distributions peak near
recently developed in our group that enabled a high-resolution zero. In contrast, the P¢Efor acetyl ions has a peak at0.5

Ill. Results
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Figure 3. Total translational energy distributions of @ED" (dashed
line), HCO' (dotted line), and CHkt (solid line) ions. The arrows show
the available energy for each product ion, and the area under each curv
relates to the branching fraction of each product.

Figure 4. Angular distribution of acetyl ion: solid lines correspond
do the best fit without (black) and with (blue) higher order Legendre
polynomial terms.

TABLE 1: Recoil Anisotropy Parameters for All Three product ions (C¥O", HCO' and CH* ) were seen at
Fragmentst those wavelengths. It is notable that the angular distribution of
ion band B2 Ba Bo the acetyl ion becomes isotropic and tends to be perpendicular
CH.CO" origin 0.43 037 0.08 as the photon energy increases, as shown in Table. 1. The
108 0.08 —0.30 0.08 photoelectron image and spectrum at thétl@nsition (Figure
6e, 75 —0.20 0.01 —0.08 5A) indicates that parent ions are formed predominantly in the
HCO" origin 0.85 —0.03 —-0.02 viot = 1 state, which is in good agreement with the result of
CH,* origin 0.52 —0.06 0.01 Kim and Andersort’ Figure 5B displays the photoelectron
aThe uncertainties of reported recoil anisotropy parameter§are image and spectrum obtained by REMPI via thg 8
+ 0.1, 54 £ 0.07, andBs + 0.01. transition, where there are many rings assigned to several

. different vibrational states. That is, the parent ions are not well
eV and a lower yield of slower fragments, corresponding to state-selected at this wavelength.

the “hole” in the experimental image. The average total
translational energy is 0.65, 0.17, and 0.09 eV for the;:CH
CO", HCO', and CH™ channels, respectively. These represent
22, 10, and 8% of the total available energy. Acetaldehyde cations can access two excited state®)A

More detailed information on photofragmentation dynamics by one-photon absorption in this energy range, and the question
can be obtained by investigating the angular distribution of the of which excited state is predominantly involved in dissociation
product ions. The angular anisotropy parameters are obtainedcan be answered by examining the angular distributions of
by fitting the angular distrubutions from the ion images to an photofragments. As mentioned previously, the interesting
even Legendre polynomial expansion including high order terms angular anisotropy of C#£0O" strongly suggests the presence
as follows: of multiphoton processes. There have been a few studies of the

angular distribution in multiphoton processes recehffy??
1(0) O 1+ B,P,(cosb) + 3,P,(cosb) + BPs(cosb) (1) Chichinin and co-worke?4 presented the photofragment angular
distribution in the dissociative multiphoton ionization of HCI.

where0 is the angle between the laser polarization vector and Li et al# studied the angular distribution of CO cation
the recoil velocity vector. The measured anisotropies are listed multiphoton dissociation. In general, these multiphoton angular
in Table 1 for all fragments. Although the Legendre polynomial distributions could reflect either neutral multiphoton dissociation
terms up to the eighth order may be required for a thorough with subsequent ionization or parent ionization followed by
description of the angular distribution for this four photon dissociation. However, neutral multiphoton dissociation is not
process, we ignore the eighth order term, which is likely to make likely in this case, which can be confirmed by measuring the
a negligible contribution. Neglecting any angular modulation photoelectron image. The kinetic energy release of electrons
by multiphoton ionization processes, the angular distribution generated by the two processes is quite different: at the origin
for one-photon dissociation should be fitted well including only band, only 3 meV kinetic energy goes to electrons for the
the second-order Legendre polynomial term. However, as seenresonant ionization/ion dissociation case, whereas the neutral
in Figure 4, the angular distribution of acetyl ion required higher process with subsequent ionization would be associated with
order Legendre polynomial terms to get an adequate fit. This substantial electron kinetic energy. The photoelectron image
striking feature is apparent directly in the experimental image taken with REMPI through the origin (not shown) displays a
showing the four lobes. It implies that more than one photon strong signal close to zero kinetic energy corresponding to the
process is responsible for the angular distribution. formation of vibrationless parent ions, consistent with the

To explore the vibrationally mediated photodissociation photoelectron spectroscopy results of Kim et’arhis suggests
dynamics, we also prepared the parent cation using REMPI viathat the product ions result mainly from the dissociation of
the 1(35 (55 360 cntl) and % 73 (56 195 cntl) transitions. acetaldehyde cations. The higher order Legendre moments for

IV. Discussion
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Figure 5. Photoelectron spectra and Abel-inverted images for the
photodissociation of acetaldehyde cation produced # REMPI
through the 1 (A) and §, 7; (B) bands.

the acetyl ion image thus must reflect alignment of the ion in
the (2+1) ionization step.

Although it is not straightforward to quantitatively measure
the molecular alignment induced by multiphoton ionization in
this complex polyatomic system, in contrast to the diatomic
case’* a qualitative interpretation may be achieved for the

alignment of acetaldehyde cations by analyzing the angular

anisotropy parameters. Tjigvalue of HCO™ showing a parallel

recoil anisotropy implies that parent ions are spatially aligne
with the C-C bond axis almost parallel to the direction of light
polarization E), given that all fragments are formed from the

Lee et al.

surface, théA’ state. For that case, the angular anisotropy of
the acetyl ion would not be much different from that of the
formyl ion. To clarify the origin of the two different recoil
anisotropies, an ab initio TBDFT calculation was performed

by using the B3LYP/6-31G(d,p) basis set. The transition dipole
moment ) to 2A’ state was found to lie in the CCO molecular
plane, and the recoil anisotropy was determined by the angle
(o) between the direction o and the recoil direction of a
fragment, as described by the well-knoyth= 2P,(cos o)
expression. Assuming a fast dissociation process (ignoring the
nonaxial recoil dynamics), the angte can be estimated by
considering the asymptotic recoil direction of interest as the
corresponding internuclear axis (see the inset in Figure 1). The
estimated values af. formed by the G-H bond in a formyl
group and the €C bond are about 1205.4 ~ —0.65) and
136 (Bca ~ 0.55), respectively. This implies that the angular
anisotropy of the acetyl ion in dissociation is more perpendicular
relative to that of the formyl ion even though both the H
elimination and the €C cleavage happen through the same
initial excitation. The reason for having an estimated value lower
than the experimentg# for HCO* (0.85) could be that the
angular modulation by spatially aligned parent ions was not
considered. The angular distribution for €Hwith the relatively
lower S, value, cannot be easily rationalized with a simple
picture owing to either the H intramolecular rearrangement
(hydrogen scrambling) or the possible partial contribution from
a roaming mechanism.

The angular distribution of the acetyl ions varies with a well-
characterized excitation in a specific vibrational mode as
indicated in Table 1. At the %Otransition, its vibrational
motions (CH rocking and CCO bending) could interfere with
the appearance of the alignment of the acetaldehyde cation.
However, the aligned parent ions are still seen, as evidenced
by the large value gf,4. In contrast, the angular distribution at
the Ql, 7(1, band has a small perpendicular anisotropy wifhya
parameter near zero. Vibrational motions in several modes
probably wash out the molecular alignment effect, resulting in
the formation of parent ions with an angular distribution that is
nearly isotropic. Therefore, the overall angular distribution may
be mainly attributed to the one-photon dissociation of parent
cations, in agreement with the above explanation of a perpen-
dicular component for the H elimination channel.

The results of the translational energy distribution measure-
ments are consistent with those reported by Johnson and co-

d workers! at lower resolution. These features of the translational

energy distributions for HCOand CH;* (Figure 3) are often
interpreted as a signature of barrierless statistical dissociation

same aligned parent ions. The fact that acetaldehyde cationd"oM the ground staté& The small partitioning (810%) into
are pre-aligned suggests that the probability of initial excitation Product translational energy is not consistent with the direct

to A2A" (pure perpendicular, out of the CCO plane) is not

dissociation along a repulsive excited state or predissociating

significant due to the orientation of aligned cations with respect State. Therefore, it can be proposed that these products arise
to E. In other words, we can speculate that all product ions from the ground electronic state following internal conversion

arise from the initial excitation to the?B’ state.
The distinct angular distribution of the acetyl ion not only

as argued by Johnson et al. For the formation of,Ctbne
might suspect the dissociation to occur over a barrier. The

provides reliable evidence of generating aligned parent ions by observed P(B of CHs" implies that the barrier must be very
multiphoton ionization but also indicates that both parallel and small, unlike the photodissociation of neutral acetaldehyde. An

perpendicular recoil anisotropies are involved in the H elimina-

alternative explanation to account for the low translational

tion channel. Some of the parallel recoil anisotropy would come energy and high internal energy in this channel is the possibility
from the spatially aligned parent ions, as discussed above. Thisof a “roaming” mechanisgt involving methyl radicals, co-

means that a perpendicular anisotropy might be induced duringfragments of formyl ions. In this picture, methyl radicals are
a dissociation process. According to the discussion of Shin etnearly lost via barrierless dissociation but return to effect

al.*2 the formation of acetyl and formyl ions is correlated with
the dominant initial excitation to the single potential energy

intramolecular proton abstraction forming highly excitedCH
In an analogous recent study of acetaldehyde photodissociation,
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the role of a roaming mechanism in the €t HCO channel (3) Aguirre, F.; Pratt, S. TJ. Chem. Phys2003 118 6318.
was proposed to form the final products, £&hd CO?’ o sgll-)slﬁiit;NA Lgfjgr?k:rbi-eﬁ]-; (I-:iﬁgrr;g, lgﬁgggge?ig,gzbs.; Vasyutinskii,
The peak of P() for CHCO* IS away from ZEr0 Energy. (é) Cha’ng, (o LL):O, C.Y.; Liu, KJ. Phys. Chem. 005 109, 1022.
This could be dye to as_econdary_dlssouatlon pathway |nvplvmg (6) Kim, M. H.; Leskiw, B. D.; Suits, A. GJ. Phys. Chem. 2005
the fragmentation of highly excited GBO*. However, this 109, 7839.
explanation can be ruled out because there is no evidence of (7) Kim, M. H.; Shen, L.; Suits, A. GPhys. Chem. Chem. PhyZ006
opening of the secondary channel (i.e., nos©H Another 8,2933. . . i
possibility is the presence of an exit barrier for the H elimination 118(%)3)13§.Ch'ms' H. W.; Lohr, W.; Baunigel, H.J. Chem. Phys2003
channel. To date, the measured appearance energy (AE) of the (q) Fisanick, G. J.; Eichelberger, T. S.; Heath, B. A.; Robin, M. B.
acetyl ions ranges from 10.67 to 10.90 8v3°which represents ~ Chem. Phys. Lettl978 54, 594.
either a nearly zero or very small barrier. Some theoretical _ (10) Bombach, R.; Stadelmann, J. P.; VogtChem. Phys1981, 60,
081,32 i i ; .
e O g o e (42t P, 1; Dy . o 025,
. ’ L ; (12) Shin, S. K.; Kim, B.; Haldeman, J. G.; Han, SJJChem. Phys.
translational energy partitioning of the total available energy, 1996 100, 8280.
(Eqrand Eavaillis ~22 and 11% for the acetyl and formyl ions, (13) Buntine, M. A.; Metha, G. F.; McGilvery, D. C.; Morrison, R. J.
respectively, which is consistent with our results. They found S:J: Mol. Spectrosc1994 165 12.
those values were in accord with statistical predictions and 2(14) Shand, N. C.; Ning, C. N.; Pfab, Ghem. Phys. Letl995 247,
concluded that those product ions occurs via internal conversion ™ 15y yeyer, H.Chem. Phys. Lett1996 262, 603.
followed by dissociation on the ground state. The larger (16) Kim, Y.; Fleniken, J.; Meyer, Xhem. Phys199§ 109, 3401.
translational energy release for the H atom loss channel is largely  (17) Kim, H. T.; Anderson, S. LJ. Chem. Phys2001, 114, 3018.
owing to the absence of rotational degrees of freedom for that  (18) NIST standard reference database, http://webbook.nist.gov/chem-

fragment. istry/. _ . .
(19) Townsend, D.; Minitti, M. P.; Suits, A. Rev. Sci. Instrum2003
. 74, 2530.
V. Conclusion (20) Li, W.; Chambreau, S. D.; Lahankar, S. A.; Suits, A.Rav. Sci.

. iatripy . INstrum. 2005 76, 063106.
We report here the translational energy and angular distribu (21) Cosofret, B. R.; Lambert, H. M.. Houston, P. L. Chem. Phys.

tions of fragments in the photodissociation of acetaldehyde 5907 117 8787.

cations using DC slice imaging. The peculiar angular distribution  (22) Manzhos, S.; Romanescu, C.; Loock, H.-P.; Underwood, J. G.
of acetyl ions having a large value gf anisotropy parameter =~ Chem. Phys2004 121, 11802.

supports the suggestion that parent ions produced by REMPI (23) Dixon, R.N.J. Chem. Phys2005 122, 194302. _

via the origin band are predominantly aligned parallel to the C.;(f/‘;)sﬂ:i'ﬁ;'(ri}'ynb’é's";'ggrt&”é’”fﬁ"Cﬁgrﬂfelg,r:\'ys’z}éggcfgg’%Agﬂl%lfl‘
polarization direction of light in the multiphoton ionization (25) Blank, D. A.; North, S. W.; Stranges, D.; Suits, A. &.Chem.
process. The spatially aligned parent cation is mostly excited Phys.1997 106, 539.

to the Bstate and dissociates. However, the spatial alignment  (26) Townsend, D.; Lahankar, S. A;; Lee, S. K.; Chambreau, S. D.; Suits,

effect is diminished when dissociation occurs through parent 96(%;320?2%5?3('; Rheinecker, J.; Harding, L. B.; Bowman, J.3¢ience

ions populated in many vibrational excited states. (27) Houston, P. L.; Kable, S. HProc. Natl. Acad. Sci2006 103
16079.
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