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of acetaldehyde at 266 and 355 nm. Dissociation pathways
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The experimental results from the interaction of a sample of acetaldehyde@EI®) with laser radiation at intensities betweer? Hhd

10" Wem™? and wavelengths of 266 and 355 nm are reported. As a result of multiple photon absorption, cations from ionization-dissociation
(I-D) or dissociation-ionization (D-I) processes, were detected using a reflectron time of flight mass spectrometer. The processes I-D is
predominant at 355 nm and D-I is predominant at 266 nm. The formation of different ions is discussed. From analysis of the ratios between
the ion currents [I(CHCO™)+I(CO™)J/[ I(CH)+I(HCO™)], originated from the C-C bond or from the C-H bond breaking at different laser
intensities, the predominant channels are determined.
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1. Introduction The accessible dissociation channels by absorption of a
single photon at wavelengths below 318 nm (3.89 eV) are:

Different sources contribute to the formation of acetalde-

hyde: anthropogenic, plants, biomass burning, surface of the CH;CHO — CH; + HCO @
oceans, being its largest source, the oxidation of hydrocar- CH3CHO — CH3CO + H’ ()
bons. Photochemistry of acetaldehyde had been previously

analyzed; it can be decomposed by photolysis [1]. The interThe channel (2) is possible through the State by an inter-
action of acetaldehyde with the radical H&@lows the hydro- ~ system crossing process (ISC) with thig state [24,1]. The
gen abstraction to produce the acetyl radical, and with iongadicals CH and HCO can result from the dissociation of
and radicals such as H@nd NG, produces peroxyacetyl the acetyl radical after hydrogen abstraction [25,26]. In the
nitrate(CH,C(O)O,NO,). Acetaldehyde has been detectedS: state, the acetaldehyde can dissociate to form hydrogen
during combustion processes as a part of radical reactions [23nd the CHCO' radical in an excited state, following the

is sensible to oxidation processes, resulting in the formatioghannel (3). Furthermore, as it has been reported [27], CH
of acetic acid [3]. It also has been studied using different exand CO must arise from the non-degenerate singlet ground
perimental and theoretical methods [4-9]. The electronic, rostateSy, channel (4),

tational and vibrational structure has been reported [10-14].

Electronic energy levels and associated vibrational progres- CH;CHO — CH, + CO )
sions have been measured using various techniques [15,16}her important channel is the hydrogen elimination chan-
Due to the fact that acetaldehyde is a small molecule, thgg, (5):

analysis of experimental data can be accomplished compar-

ing them with quantum chemical calculations [15-18]. Pre- CH3CHO — CHyCHO +H- (5)
vious results show that when the acetaldehyde molecule ab-

sorbs photons in the UV wavelength range, between 250 anfhe channels (3) and (5) are also a result of an ISC mecha-
350 nm [19] the transitios, — S; occurs througha — #*  Nism, between th&, andT [28].

states and it dissociates through various channels that lead to The molecular products CHand CO are obtained
different neutral products. In condensed and gas phases vinjfirough channel (4) at wavelengths shorter than 248 nm,

alcohol can be formed by intermolecular proton transfer ketoWhile the hydrogen atom elimination channels (3) and
enol equilibrium process [20-23]: (5) emerge from the photodissociation of acetaldehyde at

205 nm [17]. Channel (3) dominates over channel (5) due
to the different transition energy values: 24.4 and 42.5 kcal-
mol. Other reported channel [29], which leads to hydrogen

) . ] ] neutral molecule elimination, is:
The energies of the first excited electronic states of acetalde-

hyde are shown in Table I. CH3;CHO — CH,CO+ Hy (6)

CH;CHO = CH, = C(H)OH 1)
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TABLE |. Excitation energies of acetaldehyde.

Excitation energies, eV

Calculated Observed
Authors® Wiberd’ Gwaltney Robin Kim Limao-Vieira
(a) Singlets
Functional B3LYP B3P86 B3P86
1A' (n — 7) 4.357 4.354 4.29 4.32 4.28 3.69 4.275
1A 6.198 6.470 6.76 6.79 6.82 6.82 6.824
1A 6.758 7.007 7.29 7.47 7.46 7.456
1A 7.120 7.388 7.70 7.75 7.73 7.749
1A 7.336 7.643 7.89 7.80 7.75
1A 7.883 8.114 8.35 8.54 8.43 8.434
1A 8.271 8.557 8.76 8.75 8.69 8.628
1A’ 8.626 8.618 9.30 8.90
(b) Triplets:
3A'(n — 7™) 3.729 3.618 3.65 3.679
3A(n — ) 6.015 5.950 5.72
3A 6.067 6.317 6.58
3A 6.648 6.874 7.16
3A 7.107 7.365 7.67
3A 7.28 7.593 7.89

“Time-Dependent Density Functional Theory, Functionasl B3LYP and B3P86, 6-3114/@1a) basis set.
bTime-Dependent Density Functional Theory, Functional B3P86, 6-311445basis set.
¢Equation-of-Motion Coupled Clusters Method, [5s3d2d/3s2p] basis set.

All of the above processes, channels (2) to (6) can tak@hotons and the products that can emerge as result of pho-
place in one photon absorption regimes and the resulting neteionization and photodissociation.
tral products have been reported. For instance the absorption
of one-photon of 266 nm allows the neutral molecule reac .
the S; state. If there is not an excess of energy transferrer;' Experimental

during the excitation, the, state can decay ®, by aninter- o hhotoionization and photodissociation of acetaldehyde
pal conversion processes IC, and form other products [29,30],‘,&IS analyzed using the experimental setup previously de-
including CH, and CO. scribed [33]. Briefly, a sample of acetaldehyde ((99%), pur-
In the present work, the photodissociation and photoiontnased from Sigma Aldrich Chemical Corp) was used as
ization of acetaldehyde in the multiple photon absorptiongceived. The sample was connected to a pulsed injection
regimes were investigated at wavelengths of 266 and 355 NPalve, IOTA-ONE. A cooled molecular beam of acetalde-
and intensities of radiation in the rang@® to 10" W-cm~2.  hyde, with helium as a carrier gas was produced by adiabatic
Radiation interacts with a cooled molecular beam of acetalde(:»(pansiOn in a high-vacuum chamberat 10~ torr. The
hyde produced by the adiabatic expansion of vapors into 8y|sed valve was synchronously coupled with the laser pulses
high vacuum chamber at 18 torr. The resulting ions were \ith an opening time of 25@s to achieve an operating pres-
analyzed using a home-assembled Jordan R-TOF mass angye of2 x 10-° torr. The 355 nm laser radiation was pro-
lyzer. duced from the third harmonic of a Nd:YAG laser, operating
On the basis of the detected ions at 266 and 355 nm, thgt 30 Hz repetition rate (Spectra Physics). The laser pulse
processes were identified as D-I and I-D, respectively. Thevidth is 5.5 ns and the energies per pulse from 1 to 30 mJ.
number of photons required to form a particular ion was cal\vhen it was required, 266 nm photons were produced from
culated accordingly with the Keldysh approximation [31] andthe fourth harmonic by pumping a second crystal, frequency
compared with the reported electronic energy levels [32,8]doubler, with 532 nm pulses of radiation. Thus, 266 nm pho-
Along with those, based on the detected ions, the differenfons with pulse widths of 3.5 nm and energies per pulse from
dissociation pathways were proposed. 0.1 to 10 mJ were used. The laser radiation (with a Gaussian
This work gives new insights on the molecular physicalprofile and linearly polarized) was focused into the interac-
processes present when acetaldehyde molecules interact withn region using a 15 cm focal length lens. The diameter
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FIGURA 1. Experimental setup. 1. Pulsed valve, 2. Sample reser-
voir, 3. Valve,4. Skimmer, 5. Electrostatic lenses, 6. Extraction and 3,0 mj

acceleration plates,7. RTOF Electrostatic lenses, 8.9 Detectors.
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at the focal point was 80.um. Under these experi-
mental conditions, radiation intensities betweer? Hnhd
10" W-cm~2 were achieved. The cooled molecular beam ‘

interacted orthogonally with the laser radiation at a point lo- |. ] i i |J| AL “Ii_,‘ ., Lo
cated between two parallel plates continuously polarized at o0 50 10,0 15,0 20,0

5.0 and 4.5 keV, corresponding to the extraction and the ac- Time of Flight, ps

celeration potentials, respectively. The distance between th
plates was 0.8 cm. Holes of 10 mm diameter at the cente
of each plate with a fine metal mesh were used to extract )

the positively charged ions from the interaction region. The [ co
ions were driven along the field-free region of the reflector
R-TOF analyzer and eventually reached a double microchan-
nel detector after they were refocused; Figure 1 shows the
experimental setup. The ions arrived to the detector, accord-

I?IGURA 2. TOF spectra of acetaldehyde at 266 nm.

+

ing to their masses. The resolution archived was of the or- c,H,0"
der of 3000. The current signal was pre-amplified, voltage- CH,* /
converted, digitized and sampled in time using an EG&G Or- ” — , | HCo'

tec multichannel analyzer. The resulting detector signal after € . CoHa /

each laser pulse was processed using a temporal window 0; - ‘I IJ T“I Ll som

50 s and 80000 channels at 0.625 ns per channel. Signalsg
from 5000 laser shots were added to obtain the final spectrag CH;0"
Spectra were obtained at different energies per pulse in the \
intervals from 0.1 to 10.0 mJ at 266 nm and 1.0 to 20.0 mJ at
355 nm.

b ISP AT " 3,0mj

3. Results and Discussion

The ions from Pl and PD process were characterized by R-
TOF mass spectrometry technique. The spectra were mea . —t ——d —d
sured at different energies per pulse. Each ion current was 00 5.0 10,0 15,0 20,0
analyzed as it changes as a function of the energy per pulse. Eime.of Flight, us

When the photon density increases, new ions can be formeg,cura 3. TOF spectra of acetaldehyde at 355 nm.
and the TOF mass spectra changes, see Figs. 2 and 3. If

two photons of 266 nm (9.32 eV) are absorbed, it results irtons and gets ionized and dissociated Fig. 2. The main ions
the dissociation of the molecule along the C(O)-H coordi-detected in the TOF mass spectra correspond tgGIH

nate to form the CHICO, represented as channel (3), and(43), HCO"(29), CO" (28), CH{" (15), CH{" (14), CH"

the ions are formed later. The photophysical processes afd3), C™ (12), and H (1). Minor quantities of HO*" (18),
mainly dissociation-ionization since only very low current of HO* (17), and H~ (2) were also observed The ionskg}

the parent ion was detected. The acetyl radical absorbs ph¢27), GHJ (26), GH* (25), and G~ (24) were also present

1,0 mj
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they can be interpreted by the possible presence of the tau-
tomer vinyl alcohol that leads to the formation of such ions.tag_e 11, Calculated energy values, in eV, from the number of
Additionally, we observe CH3CHOH which can be producedphotons absorbed using the Keldysh approach [31].

from dimmers of acetaldehyde present in the original sample

At 355 nm and low energies per pulse, such as 1.0 mJ, lon Wavelength, nm lonization
the molecular ionization or dissociation processes are poorly 266 355 Energy*, eV
observed. Increasing the energies, as to 3.0 mJ per pulse, the  y+ 14.39 _ 13.60
presence of the molecular parent ion, SEHO™, the acetyl CHY o 13.75 10.64
cation, CHCO™, and CO, are evident, Fig. 3. As the en- . ' '
ergy per pulse increases, around 5.0 mJ, the cations; C CH; _ 14.31 10.40
CHT, CHj", CH; and CHf" were also observed. CHy 9.78 14.27 9.84

The presence of CH is a signature of intermolecular hy- CH; 9.69 13.99 12.61
drogep transposition, \{vhich takes .place due to the C-C.bond oH+ 13.74 _ 13.02
breaking via the roaming mechanism, channel (7), as it has H,O" 10.15 . 12.65
been previously reported [29]. N

CaH3 13.69 — 8.25
CH3CHO' — [CH; : H: CO|j" — CHf +CO (7) cot 9.73 13.61 14.01
oH CHO"™ 8.57 10.61 8.12

Hyd.rogen cleavage tp produceHs a nqp—favored channel; CH3CO" 9.41 1053 8.03
HT is detected only in very low quantities. Contrary to the N
case at 266 nm, the ions resulting from vinyl alcohol dissoci- CHsCHO _ 9.87 10.23
ation were not present. *From reference [37].
3.1. Energies of the Processes Rydberg states occur. The excited molecule can decay to

_ _ the triplet statels, along the channels G€O-H or CH;-
For multiple-photon absorption, the number of photons andCHO. But, if the photon density increases the three-photon

from them the energy for the formation of a particular ion absorption is possible and acetaldehyde molecules are ion-
via ionization or dissociation processes can be calculated ugzed. At 266 nm and intensities of radiation of %160

ing the ion currents measured as a function of the radiationo!! w.cm=2, the dominant process is the dissociation-
intensity, applying the Keldysh relation] = A - I" [31].  jonization; the molecular parent ion was poorly observed.
Where,Y is the ion yield of a particular ion, is the intensity The formation of G H;O™ is possible by three different
iation i —2 o . )
of radiation in Wem™=, n _ _ dissociation mechanisms; two of them arising from the neu-
is the number of photons for the formation of the ion, andyy4| molecule dissociation, channels (3) and (5), followed by

A is a function of the nth order cross section. At low energiesionization, making two the number of photons needed for the
per pulse when the process follows the Keldysh's relation, thégnization of neutral CHCO, see Table II. Another channel
valuen can be readily calculated. As the radiation intensity it jeads to the formation of GHCO™ is the direct neutral

increases, it is possible to reach the saturation limit, and thﬁydrogen elimination from the molecular parent ion, channel:
calculated values ot decrease. Calculatedvalues and the

equivalent energy for the main detected ions of acetaldehyde
at 266 nm and 355 nm are shown in Table Il along with their

ionization energies, previously reported [34]. : . ~¢
Most of the energies calculated from the number of pho-The formation of the rgd|cal H at 266 nm, onlly.takes
lace by one mechanism, the molecular dissociation chan-

tons leading to a particular ion are in good agreement wit

the reported values. In some cases, the number of photorfg~I ; E]Z);nfg(!?\gfgbk;};:gggatr']%?(')n-;hli:;ﬁrggoi?]lgggﬁ? (;tf.gonmof
n gives the energy to form a particular ion coming from the u P ng lonizatl

neutral acetaldehyde or from the acetyl radical produced afte'?'co at 266 nm is in good agreement with the reported ion-

the acetaldehyde dissociation, Table II. ization potential of 8.12 eV [37], see Table II.
CO™" arises from two different mechanisms, by dissoci-
3.2. Dissociation-lonization at 266 nm ation of acetyl cation, channel (9), and from dissociation of
HCO radical cation, follow by ionization, channel (10).
Accordingly to Table | the absorption of two 266 nm pho-

CH5;C(O) H"" — CH3CO" + H' (8)

tons allows the neutral acetaldehyde molecule access differ- CH;CO" — CH; + CO™" 9)
ent electronic states. The energy of one photon exceeds the . " )
S7 state, but it is not enough to reach thie state, however, HCO™ — CO™ +H (10)

at high photon densities such as in the present experiments,
two-photon absorption is possible. The two photon supply an  Finally, the formation of B results also from two differ-
energy of 9.32 eV and electronic transitions to molecularent processes, single dissociation: C-H, bond breaking, from

Rev. Mex. Fis62 (2016) 206-212



210 J.C. POVEDA, I ALVAREZ, A. GUERRERO-TAPIA, AND C. CISNEROS

1.8 4 C-C bond dissociation:
- /% CH;CHO*" — CH; + HCO™ (14)
Four photon channels
B 14 1 Hydrogen elimination:
g 12 Ratio CHI — CHJ +H (15)
) CH,+ CO"/CH 3+HCO+ HCO" — CO" + H’ (16)
1,0
] C-C bond dissociation:
0.8 1
CH3CHO' — CHJ + HCO (17)
% 00 106 26 30 40 46 Hydrogen transposition via the roaming mechanism:
Energy per pulse, mJ CH;CHO" — CH + CO (18)

FIGURA 4. Ratio of ion yield of the two main radical channels in

the Photodissociation of acetaldehyde at 266 nm. Double bond dissociation:

+- ~ : +
cations such as GHCO', channel (11), and HCO, chan- CH;CHO™ — CH; +H + CO (19)
nels (12), Fig. 2. CH3CHO" — CHf + H +CO (20)
CH3;CO" — HT + CH,CO (11)

We suggest that the formation of the C@ation could be
HCOt — Ht + CO (12) produced through channel (19) or by the dissociation of
HCO™, channel (16). Channel (20) contributes to increase
For the main dissociation channels, the C-C bond dissociahe ion current of CHi, also obtained following the chan-
tion that produces CHand HCO radicals requires an energy nel (17).
near 4.15 eV, while the C-H bond dissociation that produces If CO™ formation proceeded by the dissociation of
CHs CO and H, requires 3.85 eV [28]. HCO" ions through channel (16), we would expect higher
Figure 4 shows the ratio of ion currents @ED + ion currents of HCG for low-density photons, but this was
H*/CH; + HCO™ calculated from the integrated signals ob- not the case. Then the probability that €Gs formed
tained from the TOF spectra. Below 2 mJ the ratio increaseghrough channel (19) is the highest.

indicating that processes: GKCO + H is the most favored. From a theoretical point of view, the C-H channel dom-
inates over the C-C channel when the molecular parent ion
3.3. lonization-Dissociation at 355 nm dissociates. Experimentally, the ion yields of {EO+ were

) higher than those of CH at the energy per pulse intervals
At 355 nm, based on the detected ions, we can propose @qq in our experiments. As it was pointed out the absorp-
mechanism for the formation of ions identified in the TOF ;01 o¢ three 355 nm photons (10.47 eV) yields sufficient en-
spectra, see Fig. 3. The absorption of one 355 nm pho?ogrgy for molecular ionization (10.23 eV), and an excess of
(3.493 eV) does not supply enough energy to reach the firgl,o 0y s available, enabling the C-H dissociation. Whereas
excited state S1 (4.29 e¥, — 7" transition) [35]. The ab- o c_c hond dissociation requires higher energies such as

sorption of two photon supplies sufficient energy to reach the{hose that should be supplied by the absorption of four pho-
So electronic state (originally at 6.822 e¥, — 3s) Ryd- tons (13.76 eV).

berg transition [5,36,12,6] see Table I. If from this state the

molecule absorbs one more photon, then it can be ionizedy 4 |ntramolecular hydrogen transposition

confirm that the ionization takes place by a [2+1] resonant

absorption, via thess (5}) vibrational state of the S2 state At 266 nm, the spectra were characterized by the appear-
[12,16,36,38]. Since three photons yield energy of 10.479 eVance of fragment ions different from those obtained by the
it is enough to ionize the neutral molecule. From the molecdirect DI process of acetaldehyde. Such ions are the result
ular parent ion, various dissociation channels are proposed @f the dissociation of the ionized vinyl alcohol. The ratio
explain the TOF spectra, based on the absorbed energy (nurf the ion currents resulting from the dissociation of vinyl

ber of photons) as follows: alcohol and acetaldehyd® Y Ich,=cron/ D IcHscio)H) Was
Three photon channels calculated at the energies per pulse used in our experiments,
Hydrogen elimination: and the results are presented in Fig. 5. For energies per pulse
< 1 mJ, the ions coming from vinyl alcohol were present.
CH3;CHO™ — CH;CO" + H (13) However, as the energy per pulse increases, the acetaldehyde

Rev. Mex. Fis62 (2016) 206-212



DISSOCIATION-IONIZATION AND IONIZATION-DISSOCIATION BY MULTIPHOTON ABSORPTION. .. 211

At 355 nm there is a resonant process, the neutral
molecule is ionized, however only their daughter ions were
observed in the TOF spectra, see Fig. 3. Excess of energy al-
lows the equilibrium to the formation of vinyl alcohol cation,

CH=CHOH CH;CHO their daughter ions were observed, but not as efficiently as it

% A occurs at 266 nm.
o ":S 1
<
g o8 4. Conclusions
>
04 Multiphoton I-D D-I studies are an excellent tool to address
1 1 11l the main process that take place when photons interact with
02 Ty T Tl neutral species. In the present work, it is reported the analysis
of photoionization and photodissociation of acetaldehyde us-
00 RS AR T ing laser radiation of 266 nm and 355 nmin a cooled molecu-
e L %0 40 18 %8 lar beam. TOF-MS spectra are presented. At 266 nm, photon
Energy per pulse, mJ absorption is followed by a D-I mechanism, while at 355 nm,
FIGURA 5. Ratio of ion yields of vinyl channels to acetaldehyde the I-D mechanism occurs. Some new dissociation channels
channels at 266 nm. were proposed based on cations detected from the I-D or DI

processes.

dominates, that is possible because the acetaldehyde molecu- At 266 nm, the spectra show a signal attributed to the

lar dissociation is faster than hydrogen intramolecular transdissociation-ionization of vinyl alcohol, which arises from

position, as the energy per pulse increases the signals frofi¢ gas phase molecular equilibrium of the acetaldehyde

dissociation-ionization of vinyl alcohol are only a small frac- transformed into to vinyl alcohol. For the case of 355 nm

tion of the total ion current. a cuasi-resonant processes is observed and there are several
As it was previously mentioned, the energy barriers fordifferences with the 266 nm spectra.

enolization were calculated for the neutral and cation forms

of acetaldehyde. In the neutral form, the energy barrieizcknowledgments
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