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Abstract

In contrast to the electronically excited propynal at 193 nm undergoing aldehyde C—H and C—C bond ruptures, on pulsed TEA-CO
laser irradiation, multiphoton vibrationally excited propynal undergoes concerted dissociation generating CO and acetylene. Vibrational
excitation in the CO product is detected immediately following the, @Ber pulse by observing infrared (IR) emission atdn. The
decay of the IR emission was studied as a function of propynal pressure. A vibrational—vibrational relaxation rate constantofiL O (
by propynal is found to be 1545200 Torr 1 s~1. With the collisionless dissociation of propynal, the evaluated unimolecular rate constant
of (1.5+£0.2) x 10’ s72, vis-a-vis RRKM calculations, gives an average IR multiphoton excitation level of propynabag kK6al mot.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction channel to form CO and £H,. By observing that most of
the available energy is channeled into internal energy of the
The gas phase photochemistry of small aldehydes and ke{fragments and only a small amount in fragment translation,
tones has been the subject of numerous investigations andhey suggested that the dissociation or bond rupture mech-
has been reviewed recently by several autljprS]. Much anism is via predissociation with a strong participation of
effort has been devoted to the investigation of formaldehyde, the internal degrees of freedom.
the smallest member of the carbonyl series of compounds To understand the dissociation mechanism under true vi-
[3]. Excitation of the $(n, =*) state leads to the formation brational excitation conditions, infrared multiphoton disso-
of H, and CO following a predissociation procgds How- ciation (IRMPD) of propynal from its ground electronic state
ever, at higher § excitation energies above the threshold has been studied. In contrast to the radical channels in the
of 86 kcal/mol[5], a competing C—H bond fission channel UV photochemistry, we report concerted molecular dissoci-
opens up producing H and CHO radicals. ation of propynal, when irradiated by a pulsed L£laser,
Propynal HG=C—CHO is of particular interest because producing CO and g¢H» as primary products. As the con-
it is the smallest unsaturated carbonyl compound. As com- certed channel is near thermoneutral, a significant amount
pared with formaldehyde, the aldehydic C—H bond fission of vibrational excitation energy is expected to be associated
energy has been determined by Willmott et 8] as with the primary products. IR emission of the hot fragment
86.6 kcal/mol, indicating the absence of stabilization due to CO (v > 1) is monitored and also its collisional relaxation
acetynyl group. In gas phase photolysis at 300-400 nm of rate with the parent molecules is obtained.
propynal with the(n, *) $; or Ty excitation, Stafast et al.
[7] found the molecular photoproducts CO angHg, after
internal conversion to the ground state. Whereas Haas et al2. Experimental
[8] reported three dissociation channels in the molecular
beam photofragmentation of propynal at 193nm, radical The experiments were performed with a static system at
channel to form @H and HCO, hydrogen atom channel room temperature. The conventional setup which includes
involving aldehyde C—H bond fission, as well as molecular a photolysing laser, a stainless steel cell and an IR detector
with appropriate signal processing system is showkign 1
* Tel.: +91-22-5505-148; fax:91-22-5505-151. The stainless steel cell used in this IR emission experiment
E-mail address: pkc@apsara.barc.ernet.in (P.K. Chowdhury). has two orthogonal pairs of optical windows made of KCI.
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Fig. 1. A schematic diagram of the IRF apparatus: (1),G&>er, (2) Ge and BaFconverging lens, (3) photolysis cell, (4) HgCdTe fast detector to
trigger biomation, (5) concave mirror, (6) circular variable filter (OCLI), (7) In-Sb detector (77 K), (8) preamplifier, (9) biomation digitizerh§0
recorder and (11) Faraday cage.

Radiation from a pulsed TEA-COlaser (Lambda Physik  experimental configuration, was about 50¢mThe propy-
model EMG-201E) entered and exited through one pair of nal was synthesized by the procedure of Sa@rand
KCI windows. The laser pulse energy was measured by adistilled before use. A conventional greaseless glass vac-
pyroelectric detector (Gentec, model ED-200). The IR emis- uum system was used for degassing the propynal by several
sion was collected at right angles to the laser beam by an-freeze—pump—-thaw cycles and for sample preparation. The
other pair of KCl windows. A 2in. diametéf2 gold coated reaction products were analyzed on a Fourier-transformed
concave mirror was placed behind one of the KCI window IR (FT-IR) spectrophotometer (Cygnus 100, Mattson) and
for enhancing better collection to the detector placed in front a homemade gas chromatograph (GC). In GC analyses, CO
of the other window. The radiation after appropriate filter- was analyzed on a molecular sieve 5A column and ther-
ing with band-pass filters and cold gas cell was detected mal conductivity detector with helium as the carrier gas,
by a liquid N, cooled In—Sb detector (Judson Infrared Inc., whereas acetylene was separated on a silica gel column
J-10 D, photovoltaic type), equipped with a sapphire win- at room temperature and detected with a flame ionization
dow and a matched preamplifier. The output signals from detector.
the preamplifier was fed to a biomation (Gould 4500) dig-
ital oscilloscope for digitization and averaging. The output
of the averager was plotted usingral chart recorder. The 3. Results and discussions
laser pulse picked up with a room temperature HgCdTe fast
IR detector was used as a trigger for the transient digitizer. 3.1. IR laser chemistry
The overall time response of the system was abouj.4,2
but the detector was found to be susceptible to radio fre- IR spectroscopic analysis of propynal has been reported
quency pick-up interference from the laser. Therefore, the [10]. Propynal has a strong absorption band at 1697%cm
detector assembly was shielded by a Faraday cage made oflue to C—O stretch, a band at 2106 @ndue to G=C stretch,
copper cylinder to minimize the electrical interference. The two strong absorption bands at 2858 and 3326tmue
laser beam, being focused by a combination of a;BaRs to C—H stretch. It shows a very strong absorption band at
(f = 200cm) and a Ge lensf(= 10cm), was used for 944 cnr! due to C-C stretching mode which has an average
irradiating the propynal gas sample and a band-pass inter-absorption cross-sectian= 6 x 10~2°cn?. On irradiation
ference filter transmitting at 4¢m (FWHM 50 cnml) was of 2 Torr propynal with a pulsed CQOaser at 10P(20), i.e.
used to isolate the proper wavelength region. 944 cmrl, in loosely focussed geometry with a fluence of
The IR emission spectrum was obtained by using a 10-20J/crA, the FT-IR absorption spectra were taken. Ab-
circular variable IR filter (CVF, OCLI 902) which was sorption feature appeared at 730¢his assigned to acety-
directly mounted on the detector for the maximum signal lene. The absorbance of the peak at 944 tatecreases with
collection efficiency. The band-pass of the filter, in the the number of irradiating laser pulses. The decomposition
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yield per pulseg, is given by the following expression: respectively. The emission at 1700cthhas been assigned
_ In([propynalb/[propynal},) to the> _C=O stretch of _propynal. The abov_e assignments
o= o (1) are confirmed by recording the spectrum using the cold gas

filters with acetylene and propynal, respectively. With a CO
where [propynaf] and [propynal] are the propynal concen-  gas filter, the longer wavenumber side of the 2140¢tm
trations before and after irradiation withpulses, respec-  band disappears and the shorter wavenumber side corre-
tively. sponding to the &C stretching mode remains. Molecules

On GC analysis of 2Torr propynal after 100 g@ser  excited in high vibrational levels can decay via IR emission,
pulses tuned at 10P(20) with a fluence of 15 Faime prod-  dissociation and quenching. The deactivation by IR emis-
uct yield obtained was as follows: CO (100%), angHg sion is rather slow and has a decay time of about (11}
(99%). The amount of CO formed accounted for the total but this process may be important at very low pressures.
oxygenated products and that it satisfied the stoichiometric Propynal molecules excited below their threshold energy
need, i.e. moles of C& moles of GH». The overall mass  |evel for dissociation, are cooled down by this IR emission
balance between the yields of these products and propynaland collisional energy loss processes.
dissociated was within the experimental accuracy-@fs. A typical time resolved fluorescence signal at 2140¢m
On repeating the irradiation in presence of NO or oxygen, the is shown inFig. 3. This is characterized by a rapid fluores-
nature of the products as well as their mass balance remainegence rise and a considerably slower decay which is single
unchanged. This fact suggests that the products are formedxponential to within experimental error. The rise-time of the
via non-radical dissociation channel of propynal induced by signal is limited apparently by the band-width of the detec-
IR multiphoton excitation in the ground electronic state.  tjon system. The rate constant, with the above limitation of

the experimental response time, for the rising signal is found
3.2. Time resolved IR emission to be the same at 2140 and 2800¢qviz. 8x 10°s~ 1. De-
cay rates were determined from the IRF decay curves by fit-

Upon excitation of 2 Torr propynal by the GUOaser ting semilog plots of fluorescence intensity vs. time. These
operating near 943 cmi, very strong IR fluorescence was rates were measured as a function of propynal pressure over
observed. The fluorescence spectrum takenua By using a range 0.3-3Torr. The slope of the plots of the decay rates
the circular variable filter is shown iRig. 2, showing two at 2140 cm! against propynal pressurEi¢. 4) gives a de-
bands at 2800 and 2140 cth The broad emission band at  cay rate constant of 1540200 Torr*s~1. This is assigned
2140cnt! has been assigned to the vibrationally excited to the intermolecular V-V relaxation of CQ (= 1) by
CO (v =1), CO (v > 1) and the &C stretching mode of  propynal’s near resonang vibrational mode (&C stretch)
excited propynal. The broad emission at 2800 émvith at 2106 cn! which is about 37 cm' lower than the CO
a shoulder at 3240cnt has been assigned to the C—H vibrational quanta. The V-V relaxation rate constant of CO
stretching mode of propynal and excited acetylene products,(v = 1) has been reported to be 819 Tdrs~* by CF;Br
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Fig. 2. IR fluorescence spectrum a8 in the region of 3333—1600 crh after CQ, laser excitation of 2 Torr propynal.



262 PK. Chowdhury/Journal of Photochemistry and Photobiology A: Chemistry 154 (2003) 259-265

10

o
|

IRF SIGNAL (A.U.)
N
I

Ve

| L 1 [ |
] 250 500 750 1000 1250

TIME /ps

Fig. 3. IR fluorescence of the CQ & 1) fragment at 2140 cri after CQ laser excitation of 1.1 Torr propynal. The decay rate is governed by vibrational
energy transfer to propynal.

[12] and 4700 Torr!s~1 by CHsCHO [13]. Although the vibrational excitation, i.ev > 1, which is likely to decay by
vibrational relaxation rate with propynal has not been re- steps. The above decay rate constant, 1540 farrl, may
ported earlier, the rate constant of CO=£ 1) could presum-  be considered as a lower limit. Recently we have observed
ably be higher than our measured value of 1540 Tbsr L. [20] a V-V relaxation rate constant of CQ@ (= 1) with

Due to large availability of product energy, it seems possi- acrolein as 1240 Tort s—1. The IR emission bandshape was
ble that some of the CO molecules are formed with higher reproduced with an average vibrational excitation of CO with
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Fig. 4. Deactivation rate of COv(> 1) IRF at 2140 cm? vs. propynal pressure. The slope obtained is 154800 Torr1s1.
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Fig. 5. The CO ¢ > 1) IR emission intensity vs. laser energy fluence (J&mat the 10P(20) C@laser irradiation of 2 Torr propynal.

v = 4[21]. However, such a detailed spectroscopic analysis the ground state. Haas et {8] reported three dissociation

of the emission spectra at 2140thtould not be performed  channels in the molecular beam photofragmentation of

here, due to the overlapping emission of propynal’s near propynal at 193 nm: first, the radical channel to forsHC

resonantyz vibrational mode (&C stretch) at 2106 cnt. and HCO; second, the hydrogen atom channel involving
In another study, the IRF intensity at 4. was mon- aldehyde C-H bond fission; and finally, the molecular

itored as a function of the COlaser fluence: the result is  channel to form CO and £H,. The fission energy of the

shown inFig. 5 The CO ¢ = 1) production appears to  aldehydic C—H bond has been determined by Willmott et al.

be linear in the fluence range studied, with a threshold flu- [6] as 86.6 kcal/mol, indicating the absence of stabilization

ence of about 2 + 0.2 J cnT? required for the initiation of  due to the acetynyl group. The above results suggest that

IRMPD in pr?pynal. When the experiment was repeated for there are three primary dissociation channels of propynal:

the 2800 cmi+ IRF, a much lower threshold fluence of about . o

0.5+0.1 J cnT2 was obtained. This appears to be the thresh- HC=C-CHO— CoH, + CO,  AH" =2kcajmol ()

old fluence required for the excitation of propynal through _ _

quasi-continuum where energy randomization populates its HC=C-CHO—~ CH=C+HCO,

v2 C—H stretching vibrational mode at 2800t AH° =117 kcajmol (la)

3.3. Dissociation mechanism of ground state vs. CHO— H+CO, AH® = 16kcaymol (1b)

electronically excited propynal
HC=C-CHO— HC=C-CO+H,

The propynal UV spectrum shows a very weak absorption AH° = 87 kcal/mol (INa)
starting from 414 nm and extends towards shorter wave-
length. The absorption spectrum becomes slightly strongerHC=C-CO— HC=C + CO,
from 382nm onwards. These absorption systems are as-, o _ 46 kcaymol (llib)
signed to the n~ =* transitions from the groundgSo the
first triplet (T1) and singlet (9), respectively. At 206 nm, it  The reaction enthalpies are estimated on the basis of group
shows a strong and diffuse absorption band which has beernadditivity methodq15]. Reaction (I) produces CO directly
assigned to ther — =™ transition[14]. In the gas phase via synchronous C-C and C-H bond rupture, whereas re-
photolysis of propynal with thén, =*) S; or T1 excitation actions (II) and (lll) produce CO as a secondary product
at 300-400 nm, Stafast et 4¥] found that the molecular  via the dissociation of the formyl and HEC—CO radicals,
CO and GH. are produced after the internal conversion to respectively. The reportg@] mass spectrometric detection
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of the product yields in the molecular beam photodisso- be treated as a competition between collisional deactivation

ciation of propynal at 193 nm suggests that all three re- and unimolecular decomposition, i.e.

action channels (I, Il and Ill) open up with almost equal (k)

probability. a=———0a«
In comparison with the UV photochemistry, our results (k) + wp P

clearl_y indi_cate th_at multiphoton vibratio_nally excited Propy- \where values of the mean rate constétor the unimolec-

nal dissociates via molecular mechanism (I). Formation of 5y gecomposition can be evaluated at different added

CO via (Il and Il) requires a minimum of 133 kcal/mol. Iy iter gas pressureB, by using the deactivation efficiency

the current experiments, CO is produced with a significant 8 and the hard sphere collision frequengyfor SFs. The

vibrational excitation, in spite of an average propynal multi- yeactivation efficiencyf) of SFs is considered as unity and

photon excitation level of 75 kcal/mol (cection 3.3. Fur- w = o8 RT/w)Y/2. Adopting o (propyna) = 4.8A and

ther, in absence of any radical bearing @oduct or any o(SFs) = 4.2 A, collisional frequency ) is calculated to

effect by radical quenchers, the reaction channel (Il and Ill) e 90 % 106 s~ TorrL. (As P — 0,a — ag.) The values

is ruled out. With an exit barrier of 66 kcal/mol involved in ¢ (k) are dependent on the mean internal energy content

the dissociation of propynal via (1), the nascent acetylene of the propynal molecules which decreases as the colli-

and CO molecules are expected to be formed in their vibra- gjo, rate increases. This results in an exponential decrease

0 2

tionally excited states. of (k) with the Sk buffer gas pressure. The plot of ky(
vs. Sk pressure is given irFig. 7. Extrapolation of the
3.4. Energy distribution and dissociation rates plot to zero Sk pressure provides with the rate constant,

ko ~ (1.540.2) x 10’ s~1, for the dissociation of propynal

By irradiation with the pulsed CPlaser tuned at the under collisionless conditions. _
10P(10) line, the dissociation yield of propyna)was found Rice-Ramsperger—Kassel-Marcus (RRKM) calculation
to decrease by addition of §F 0.5 Torr of propynal. Plot of of the rate of dissociation leads to an estimate of the inter-
a vs. SK quencher pressure yielded a straight line as shown Nal energylof the propynal molecule. A frequency factor
in Fig. 6. IR spectra of the post irradiated sample was taken 0f 1094 (s™7) = 14.4, and an activation barrier dfact =
to see if there is any depletion of the Sfoncentration and 68 kcal/mol have been reported for the unimolecular disso-
any products formed from $Fdissociation. However, no  ciation of propyna[17] which generates CO and acetylene
SFs dissociation could be monitored. It has been found by us @S products. Unimolecular rate constek(s) are calculated

earlier[16] that the decrease in decomposition yield could Using the conventional RRKM theory and the sum and
density of states are calculated using Whitten—Rabinovitch

approximationg18]. A rigid activated complex has been

assumed for the concerted CO elimination from propynal.
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Fig. 6. Dissociation yield per pulsex) of 0.5 Torr propynal at 10P(10) Fig. 7. Multiphoton dissociation rate constakj és a function of buffer
CO; laser irradiation as a function of added buffer gas pressure gf SF  gas pressure SF
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Table 1
Parameters used in RRKM calculations

Vibrational wavenumbers (cnt)

Propynal molecule (Ref10]) Activated complex
3326, 2858, 2106, 1696, 1389 981", Same as propynal except those numbers with asterisks replaced by 1850, 1200, 700, 550, 510, 150, 140
944, 650, 614, 261", 205", 193¢ and 130. 944 is dropped since it is considered as the reaction coordinate(sioly = 14.4, critical

energy= 68 kcal mot !, reaction path degeneraey1

The C-C stretching mode at 944 cihas become the re-  a function of propynal pressure. A vibrational-vibrational
action coordinate and other related vibrational frequencies (V-V) relaxation rate constant of CQ (> 1) by propy-

are adjusted until the agreement reaches betweermAthe nal is found to be 154@ 200 Torr 1s~1. The threshold
factor and the corresponding values calculated from the pre-fluence required for the IR multiphoton dissociation of
dicted entropy of activation. The frequencies taken for the propynal has been found to be 2.1 Jfcronder collision-
activated complex and other parameters used in the RRKMIess condition, propynal dissociates with a rate constant of
calculations are given iable 1 In correspondence with (1.5 + 0.2) x 10’ s~1. RRKM calculation with the above
the dissociation rate of.% x 10’ s™1, one obtains a mean  dissociation rate, suggests an average IR multiphoton exci-
excitation energy of propynal to be about #5! kcal/mol. tation level of propynal to be 7% 4 kcal mot?.

In the dissociation of propynal, CO and acetylene will
carry away most of the internal energy, because acetylene
has a large number of low frequency vibrational modes. If Acknowledgements
statistical partitioning of the energy is assumé®], the
CO vibrational mode will have about 8.5% of the total en- It is a great pleasure to acknowledge Dr. J.P. Mittal for
ergy released in products. As the total energy available for valuable discussions and K.A. Rao for helping with the GC
products Eigtal = Nhv — AH®° + 3RT) is about 75 kcal/mol,  analysis. The author wishes to thank Dr. T. Mukherjee and
an average vibrational energy associated with CO is nearlyDr. A.V. Sapre for their keen interest in this work.
equivalent to a vibrational qguantum.

RRKM theory is a statistical treatment, which calculates
the rate of a system crossing a hypothetical transition state.
In principle, it can predict nothing :_apout the state _distri? 1] EK.C. Lee, R.S. Lewis, Adv. Photochem. (1980) 12,
bution of the products. At the transition state the dissoci- [2] w.M. Jackson, H. Okabe, Adv. Photochem. (1986) 23.
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