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Photodissociation of glyoxal: Resolution of a paradox
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Photofragmentation of glyoxal, 8,0,, under collision free conditions proceeds by internal
conversion from S; to vibrationally excited Sy, which is observed to dissociate into
H,+CO+CO (28%), HCO+CO (65%), and HCOHCO (7%). Early molecular orbital
calculations placed the barrier for the formaldehyde channel 12—-20 kcal/mol above the three body
fragmentation channel, contrary to what would have been expected from the branching ratios. The
best calculational estimate of the barrier for the three body fragmentatior-&&sal/mol higher

than the reported activation energy for the thermal decomposition of glyoxal. These problems have
been resolved by the more accurateinitio molecular orbital calculations reported in the present
note. With the complete basis set extrapolation method of G. Petersson and co-workers using an
atomic pair natural orbital basis s@@BS-APNQ, the calculated heats of reaction that are within
0.4-0.8 kcal/mol of the experimental values for glyex#l,+2CO, H,CO+CO, and 2 HCO. The
barrier computed for KCO+CO is 54.4 kcal/mol, in excellent agreement with the high pressure
limit of the activation energy for thermal decomposition of glyoxal. The computed barrier for the
three body fragmentation is 4.8 kcal/mol higher than th€EBHCO channel, in agreement with the
observed lower yield for this channel. @001 American Institute of Physics.
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The collisionless photofragmentation of glyoxal hasthe experimental conditior’S.The experimentally observed
been investigated for more than two decades by experimentphotofragmentation yields are 28% for reactidn, 65% for
and theoretical mearts'? The spectroscopy and photophys- reaction (2), and 7% for reaction3) under collision free
ics of glyoxal has been studied extensively and is well unconditions? However, previous calculations had placed the
derstoodfor Iea_dmg fefefen_CES. see Ref. After excitation  transition state for reactiof) 12—20 kcal/mol higher than
to the lowest singlet, tﬁse dissociation productgC®, CO,  for reaction (1).!* Therein lies the paradoxdow can the
and H are observed:® Collisions promote intersystem yie|d be higher for the reaction with the higher bartier
crossing from the singlet to the lowest triplet, which frag- In the years since the last computational study of this
ments into formaldehyde and carbon mgnoﬁdﬁnder col-  systermt® more accurate computational schemes have been
lision free conditions, intersystem crossing is not Observeddeveloped Methods such as &21° CBS-APNOZ and
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a;}nd S, ha?j a I|fet|rtr)1e fcl)f the order 01;);(? SI,Q fret“m":jg ;0 various extrapolation techniques using the cc-VnZ basis sets
,t € groun state. y uorescen(:gS 0), (, ef. 6 and by and CCSDT) (Refs. 14, 2] can calculate energy differences
mte;rnal coqver5|oﬁ. The _photodlssomatlon _expe_rlments to chemical accuracyl kcal/mol or better These three ap-
typlcally excite the zelro point level &, or Iowllylng wbra- proaches agree very well for the heat of reaction and barrier
tional bands such as;8Internal conversion yields a highly height for formaldehyde dissociation ,€0—H,+CO 1415

excited ground state with 63—65 kcal/mol excess energy. .
. . . The CCSDT)/cc-VnZ extrapolation methods are too costl
With this energy, three channels for fragmentation are oper]f,Or glyoxaEIQ éince the CBS?APNO method is more accura)t/e

C,H,0,—H,+CO+CO (1)  and cheaper than G2we have used it to study the glyoxal
system. The present calculations were carried out with the
—H,CO+CO (2)  GAussIAN series of program&:
In the CBS-APNO method, geometries are optimized at
—HCOH+CO. @ the QCISD/6-311Gq,p) level of theory. The optimized ge-

The first reaction is an archetypal example of a three bod™Metries are compared in Fig. 1. The triple whammy struc-
fragmentation and has fascinated the experimental and the8re agrees well with earlier calculations at the CCSD/DZP
retical communities aliké-*2 The observation of KHas a level when the structure is constrained to be pldfi&tow-
product confirms this pathway, since there is not enough erVver, this is found to be a second order saddle point. Full
ergy to produce Kby secondary fragmentation of HCOH or Optimization leads to a transition state with a dihedral angle
H,CO (barrier of ~80 kcal/mol or morg*3~1¢ Theoretical  of ~90° between the carbonyl grouffsig. 1(@)]. The poten-
calculations have characterized the transition state for thitial energy surface is very flat and the twisted transition state
three body fragmentation reacti§n'? (whimsically termed is only 1.1 kcal/mol lower than the planar second order
the “triple whammy” reactioi®13. Calculations estimate saddle point. Reaction path following at the
that the barrier is low enough to permit this reaction undeMP2/6-311G¢,p) and B3LYP/6-311Gqd,p) levels of
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TABLE |. Enthalpies of reaction and barrier heights for the dissociation of

glyoxal?
A H?,ZQS A HIZQS
C,H,0,—H,+CO+CO
MP2/6-311G¢l, p) -10.9 54.9
B3LYP/6-311G,p) 1.1 55.5
CBS-APNO -1.8 59.2
experiment —-2.2+0.2
C,H,0,—H,CO+CO
MP2/6-311G¢l,p) -5.3 56.6
B3LYP/6-311G,p) -0.2 51.6
CBS-APNO -1.4 54.4
experiment —-1.8+0.2
C,H,0,—HCOH+CO
MP2/6-311G¢l,p) 50.5 59.3
B3LYP/6-311G(,p) 52.8 56.5
CBS-APNO 51.2 59.7
C,H,0,—2HCO
MP2/6-311G(,p) 68.5
B3LYP/6-311G(,p) 65.2
CBS-APNO 70.7
(d) (e) experiment 71.%0.2

®Enthalpies at 298 K in kcal/mol; experimental data from Refs. 25-27.

FIG. 1. Transition state geometries for glyoxal dissociation optimized at the

QCISD/6-311Gd,p) level of theory.(a) glyoxal—H,+CO+CO, (b) and

(c) structures on the glyoxalHCO+HCO path (see text, (d)

glyoxal—H,CO+CO, and(e) glyoxal-HCOH-+CO. lected in Table I. The reaction enthalpies computed at the

CBS-APNO level are in very good agreement with the avail-
able experimental dafd-?’ The B3LYP energetics are also

theory confirms that this transition state connects glyoxal anéh good agreement. Similar trends in the quality of the cal-
H,+CO+CO. culated energetics were obtained foyG—H,+CO.*®

Two transition states have been reported for reaction The barrier height for reactiofi) calculated at the CBS-
(2),'* with the one arising frontransglyoxal being 2-3 APNO level is ~5 kcal/mol higher than the extrapolated
kcal/mol lower than the one fromis-glyoxal. These were value of Scuseria and Schaefer for the planar strucfure.
calculated to be 12—20 kcal/mol higher than the structure foifransition state theory using the MP2/6-318G{) results
the triple whammy channét. The present calculations con- indicates that at 298 K, the activation enerds,, is 0.6
firm this at the CBS-APNO levéFigs. 1b) and Xc)]. How-  kcal/mol higher than the barrier enthalpy. The calculated bar-
ever, SCF stability calculations indicate that these structureser height for reaction2) is 4.8 kcal/mol lower than for
have sizable singlet—triplet instabilities. Starting from thesereaction(1). Transition state theory again places the activa-
structures, optimizations using spin unrestricted MP2 calcution energy 0.6 kcal/mol above the barrier enthalpy. The re-
lations lead back to glyoxal without a barrier. Examinationported experimental activation energy for the thermal de-
of the geometry suggests that these structures may be on themposition of glyoxal is 47 kcal/mdP considerably lower
glyoxal—2HCO pathway. The energetics discussed belovthan the calculated value. However, this frequently quoted
support this conjecture. activation energy was based on a fit of the experimental data

The correct transition structure for reacti@®) is shown at high temperatures to a reaction mechanism and rate con-
in Fig. 1(d). It is a 1,2 hydrogen shift across the C—C bond,stants. This made use of the results of earlier calculations to
with the CCO angle for the departing CO nearly linear andestimate the difference in the activation energy of reactions
the HCO group in the nascent formaldehyde rotated to accefgl) and (2) (the authors did note that some of the resulting
the shifting hydrogen. The C—H distances for the migratingnumbers were anomaldis A direct comparison with the
hydrogen are typical for 1,2 hydrogen shift$* and the experimental high pressure rate constfBs= 55 kcal/mol
C-C bond is still intact, similar to other 1,2 hydrogen (Ref. 28] shows excellent agreement with the present calcu-
shifts?* Reaction path following confirms that this transition lations.
structure connects glyoxal and,EO+CO. SCF stability The “barriers” computed for structures in Figsthl and
calculations show that it is stable with respect to spin unred(c) are 75.4 and 77.3 kcal/mol, respectively, with closed
stricted calculations. This transition state is 4.8 kcal/molshell, spin restricted CBS-APNO, i.e., 16-18 kcal/mol
lower than the triple dissociation transition state at the CBShigher than the transition state for the triple dissoci-
APNO level.This resolves the paradox between the observedtion channel, similar to the earlier calculatidhsProb-
photofragmentation yields and the calculated barrierlems with these structures were described above. Their ener-
heights gies at CBS-APNO are close to the energy of HCO

The calculated energetics for reactiofd3—(3) are col- +HCO (70.7 kcal/mal, supporting the suggestion that
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