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ABSTRACT

" Excited electronic states of glyoxal, (CHO) :haVe'been

studled by ab initio self-con51stent field (SCF) methods using

a double zeta ba81s set of contracted gau881an functlons The
vertical excltatlon energles from the optlmum ground state
'géometry were.defermined for 20 trans and 20 cis excitéd'states;
These included all singlet andvtriplet n>m* and mr* excitations
and the lowest n*o* excitations. Geometry optimization

was pérformed for the three loﬁest cis and-Egggg states. Two

very_low—lying unobserved triplet states, transraBuvand cis

3B2, are predicted by these calculations to be within about

15,-000'cm_l of the correspondlng ground states, maklng them the

lowest excited states of glyoxal. The next lowest lylng states
were the observed trans 3Au’ lAu and cis 1B15 for which the
geometry optimization provides a basis for comparison with experi-

ment. The ekperimentally observed states arise‘from an n > .T

excitation, but surprisingly the lowest triplets arise from

o . ‘ ) * ' o
m + m excitations. The geometry of these m » 7m triplets is

strikingly different from that of the ground state and is in

closer correspondence with a biradical structure.
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INTRODUCTION

While many excited states of carbon monoxide, formaldehyde'

1

and other carbonyl molecules have been'identified, fewer

states of the éimplésf dicarbonyl, glyoxal, have been observed.

Brand identified the first excited states of trans—glyoxal as

lAu and“3Au from his vibrational analysis of the 4550 A absorption

band.? Following the description of McMurry,® these states
were associatéd with én n (ag) > ¥ (ay) excifation. Extensive
high resolution spectroscopic studies have beén.made by Ramsay
and coworkers.“‘s_ln addition, they made the first observation

of fhe cis form of glyoxal and identified the lBl excited state
o . ’ o 7-9 o )
in rotational analysis of a band at 4875 A. This state is

* (bl) excitation and a 3Bl state

~associated with an n (al) + 7
is presumed to occur in the same region. There has been no

direct observation of other glyoxal excited states,’though a

simple molecular orbital picture suggests a total of 32 n - ™

% ' :
and = > m states.

'In addition to their spectroscopic‘intéreSt,‘the excited
states of glyoxal are importanf'photochemically. Glyoxal has :
been found td-photodissociate into hydrogen, carbon monoxide,

10_1%

 formaldehyde and CHO radicals. "And the disSociatioh'product'
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yields have been related to individual electronic states.

The reactive chemistry of'carbonyl molecules also depends on
the nature of the excited states. For instance, Yardley has
proposed.the exisfence of either a biradical intermediate

or a’ charge -transfer complex between 3A trans glyoxal and

olefins.

'Finding'additional excited states by direct ébsorption
'spectroscopy .appears llmlted because tran31tlons from the ground
state to some of the possible low-lying states are’ dlpole forbldden.

Specifically, these are the Ag and Bg states of trans—glyoxal and the

Aévstates of cis-glyoxal. Also, higher energy states may be more

difficult to'identifybbecause of the observed increasing
v 1
diffuseness in the spectrum at shorter wavelengths. Recently, a

lBg.state of glyoxal has been tehtatiVely identified at about

30,000 cm'1 above the ground state, with the forbidden transition
. . . ‘e . .' - . . - ) i - 18
presumably induced by interaction with the solvent in a matrix.

;In blacetyl CH COCOCH the observed change from small molecule

3’

to statlstlcal or large molecule behavior in radlatlonless

relaxation has been attributed to a 3Bg state occurring energeti—
. . .19 -

cally near the 3A_u'state. This may support the possibility of

avlow#lying singlét—triplet,pair of Bg states in glybkal.
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With only three excited states of glyoxallclearly
identified and potential difficulties in extending expefimental
excited state information, theoretigal considerations are
appropfiaté.‘ Theoreti¢al methods may be useful in predicting
the ordering of excited sfates and invpfoviding some basis to
support indirect experimental state identifications. And, in
fact, sevefal'semi-empiricalvstudies have considéred giyoxal

and dicarbonyl excited states. Both Hug and coworkers

21
and McGlynn and coworkers , using CNDO calculations, indicate

' % . . ' :
that of.the n + 7 excitations, the lowest two should be agra,
for trans and-al->b2 for cis followed by ag.-*bg and aj*a,. For

both gig and Egggg, the-separatiohs between the two éxcitatiqns
were found to be about 1 ev in bcth'calcﬁlafidns. In the.mofé
éonventional'notation usedbhere,-bé and bl representations

are necessarily interdhénged compared with the usage of Hug and
McGlynnf This gives a By state fdr»their é1+b2”‘how,a1*bl)
excitétibn, as observed.

Unfortunafely;,bnly_Kato and cdworkers.consideféd,w N ﬁ%
stateé.in addition.to ﬁ+n*'_statés;2“:Their results are in
agréement'with’the.ordering of n*n* éxcitationé,-ﬁut in édditidn,

. 3 . . - o

they show a #i+m" Bu state occurring between 3Au and Bg n>m

states. Furthermore, the ordering of ground state n and w



orbitals is somewhat unexpectedly close. Ab initio calculations
2§=27 S -
on the ground state have been in reasonable agreement with

this_ordering of the valence mo1ecu1ar orbitals (MO's). . And

27

. . ' * L :
as already poilnted out, this suggests m+T excitations could

be among low-lying states. As yet, no ggvinitio.calculations'

~ of glyoxal excited states have been reported.
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THEORETICAL APPROACH

Used in the calcuiationé was a double-zeta basis set of

- Dunning-contracted gaussian functions,?® C(9s 5p/4s Zp),

v0(9s 5p/4s 2p), énd H(4s/2s). 1In calculations on the ground
state of glyoxal,27bthis basis set has comparédvfavqrabiy’with ‘
those used in other ab initio caléulations.zs’z"29'3° A
detailed réview.of basis sets has been presented elseﬁhere.3i

In the previous calculation on the ground state,?’ the

closed shell occupancies were confirmed to be .

2

2 . 2
7
2g

2 2 2
5bu 6ag

lau 6bu_1bg

for the trans form (CZh symmetry) and

2 4.2 2

6aZ 5b3 1b2 6b3 1al 7a
'v_for»the gig formv(Cz'v symmetry) . The‘ﬁ.out-of-plane_orbitals
fraﬁsform:as_au andbbg for trans and az’ahd bi forvgig, ‘The

n or oxygen non-bonding orbitals are the highest fillgd ag,’bu,
alvand b2 MO's. A pictorial representation of the m and 7

MO's is‘given'in Figure 1. The orbitals are ordered by increasing
vnumbér of nodes. While fhe repreéentatidn méy éuggest a pdSsible
ofdefing of excited states, calculations were performed for all

: * * _
possible n + m and w + 7 excitations because of the close

spacing of n and m ground state MO's.



and two n*0 -
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.Exciféd state‘OCQupanciéé were_méde by.promotiﬁg:one
eledtron'from each ﬁiand m 6rbital‘td_an unfiiled orbital..
As shown in Tables I and II, for both cis and EEEEE forms,
thefe are ten such occupahcies arisiﬁg‘from ali’n¥n* and usd i
* excitations.\ Each'occupanéy; of course, can pro-
duce a singlet‘éhd'tfiplet‘state for a total of 40 states.

Single configurationvself-consistent—field (SCF) calculations were

perfOrmed”for_these 40 states. Arbitrary numerical prefixes

have been assigned to distinguish states of the same symmetry.
0f course, only for the lowest state of each Symmetry are the
pfesent Calculations truly variational. The vertical excitation

energyzwas calculated for all states. This is the energy of a

given state at the geometry which is opfimum for the cis or

27 ‘ . .
Excited state calculations were performed

only for the planar.forms of the molecule. For gauche formé,

thé'syﬁmetry is reduced to Cz,'for which-dnly A and B states
aré;défined; and there is no longer a unique correspondence
5etweén orbital quupancies and -electronic states. »Hence,
the_simpleét réasonable gg_initio description of many of the
analdgdus gﬁgggg electronic sfates of glydxal wbuld réquire

configuration interaction.
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With the intérest of comparing SCF.results with ;.
expériment, a pértial geometry optimizétion was per-b
formed for the observed states. Compafison'of these
optimized‘fesults with experiment may enable one to
precisely predict the énergies of unobserved. states.
From ground state iesults, it was expected that carbon-
hydfogen bond length and CCH angle optimization would
not improve the energy as much as optimizihg the carbon-
carbon and carbon-dxygen bond 1engths and perhaps the
3 1

Au’ A, 3Bl and 1Bl,'these last th;ge

structural parameters were quite nearly optimized by a

CCO angle. For

.-simple pa?abolic fit of energy to parameter value, fitting
one pafameter at a time. The changes in energyvfor‘thé
CCO angle were small and so, only the C-C and C;O bond
lengths were optimized in the two 1owést unébsérved étates,

3 + 3n
Bu‘and BZ'
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RESULTS AND DISCUSSION

The calculated energies of the forty excited states at
geometries corresponding to the cis or trans ground state
optimum structures are given in Tables I and II, aﬁd_represented
in Pigure 2. The lowest vertical excited States are the observed
l-A' (n+v*) and l—Bl (n+ﬂ*) states, though their energies
relative to the ground state are higher than experlmentally
determlned Next are the Egggg 1—3Bu and cis 1—3Bé states, both
o> TT*.excn:atlons, and then another set of nm»7w * states; 1-B

and lfA2. Transitions to the lBg state from_the trans greund
state and to the lA2 state from the cis ground state are dipole
forbidden. The positions of states lying above around 60,000 cm—l
ehoﬁld be treated skeptically since Rydberg states.(not treated

- _ v A _ %
here) become important in that region. The m*0 states were guite

high in energy‘and need not be considered in discussions of the

low~1v1ng electronlc states of glyoxal
For all occupanc1es, the triplet state 1s lower in energy

than the singlet and for most, the s;nglet and triplet are falrly

. * . ) . . i
‘close. The exceptions are the two Bu (m+m ) trans excitations

" .o F- . . . : . . ' . s
and the two le(ﬁ+n ) cis excitations. For these, the singlets

were as much as 40, 000 cm l‘highe'r' than the corfesponding triplets.

'These large singlet- trlplet separatlons may be in-

- part an artlfact of the chosen ba81s set, whlch dld not include

dlffuse or Rydberg-type functlons. For an 1ncrea51ng number of

* .
ST 81nglet states, it is now becomlng clear that a purely
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valence-like description of the electronic étfucture is
inadequate.aé'a“ However, several test calculations using
diffuse pn'functions loﬁered-the total energies of these
T - w*isinglet statés by less than 0.0l hartree.

The geometry optimizatioﬁ gave rather minor

~ changes for the n-n states, but substantially lowered the

3Bu and 3Bz'states. The results are shown in Table III. The

promotion of an electron to the lowest n* MO, with a node between

carbon and oxygen, produced a lengthening in.the_C-O_separation

for'3Au,'lAu,'3B-1 and'1 1.' Also, the carbon-carbon distances

were slightly shortened for these states. The CCO bond angle

changed little for'the trans singlet and triplét but did increase

38 and 332, an electron is excited from a

in the cis states. - For u

T MO with no nodes to the lowest n* MO. In the ground state, the

filled m MO is energetically just above the second highest océupied n
3 3

orbital (see ref. 27). At vertical excitation, the B, and “B,, as
expected, lie above the-BAu and 381, respectively. But-at_the‘équi—
| ' 3 3

iibrium geometry for the B, and "B, states, the carbon-carbon bond
length is contracted by about 0.15 A amd the'cafbon—oxygen bond
length is aboﬁf 0.15 A longer than in the ground state. Their
energies now bécome lower than any other excited state. |

The calculated dipole moments of the giglstates are given
in Tébie Iv. The dipole moment of the lowest nam B, singlet
and‘tfiplet is about the same as the ground state. For most
excitatiohs, théﬁsinglet and tripietvhave véry'nearly equal
dipoles. The exceptions are the 1-32 (ﬂ*ﬂ*) and 3-32 (m>1¥) .

Not surprisingly, these are the same excitations which gave the

large singlet-triplet separations,
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Predictidn of States

Several factors must be considered when predicting the
physical observabilityiqf'states on the basis of SCF calcu- -

lations. Aside from the quality of the chosen basis set, one

must'eétimate effects of geometry optimization, correlation

energy, and differences in vibrational zero-point energies

3

between states. The partial geometry optimization of the A,

1 1

A, and B, states and the complete optimization of the cis

27 can be used to estimate some of the

and trans ground states,
unknewn effects. The partially optimized singlet states are
‘about 9000 cm’ -1 above exper1menta1 0-0 excitation energles
The 3A state is also about 30% higher in energy than experi-
mentally found. A more complete geometry optimization and
possible &ifferences in zero-point energies could-probebly
aceoﬁnt fer~nd more than 1000 cm ' of the discrepancy.

| | - The remaining errors are due either to incompléteneSs
of the basis set or correlation effects. In light of this,

it is interesting to note a recent Hartree-Fock (i.e., large

_ o * .
" basis set) study of the n + m singlet and triplet states of

.fprmaldehyde.35 There Garrison et al. found the SCF excitation

enetgies'to lie ~ 8000 em'l below experimental values. ThiS'would

at first suggest that the glyoxal excitation energies are too

high because of the basis set. To test this, vertical excitation

enetgies were calculated for formaldehyde using the same'basis

- set astwith glyoxal. The geometry used was the experimentally‘

determined ground state structure.}
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The results of these calculations, shdwn in Table v,
agrée with the larger basis set study?®® in finding the n ~» n*
energies too low. This suggests that the excitation energy
errors introduced by our double zeta basis may be quite Small_
for glyoxal. However, this in turn implies that the true
Hartree-Fock excitation energies in glyoxal are too high,
whereas in formaldehyde the opposite is the case. This
result cautions us against models in which glyoxal is thought
of as a éupefposition_bf two formaldehyde molecules. .Interest-
ingly, an analoéous mbdél'has been successfully used by Dunhing;‘
Hosteny and Shavitt®?® to discuss the electronic states of
butadiene in terms of thoée of two ethylene units.

- Our conclusion at the present time concerning correlation
effects in leoxal is that they are somewhat unpredictable and
can result in errors as 1arge as 9,000-cm-l ihbHartree-Fock
excitation energies. Should more'expe;imental information |
become available, it would be possible to calibrate SCF resﬁlts'

for related systems, e.g., acrolein, and thus make rather accﬁrate

semi-empirical predictions.



0004307 08¢9
_12_

We ‘can now attempt toestlmate the p031t10ns of the next
*®
set of n»m states. The four l-_Bg and 1—A2 states were
oalculated to have vertical excitation energies greater than

.1 * . . _
40,000cm l. The m MO for these and the lower pairs

of states is the same. »Since_the n orbitals are largely non-

’interacting; we expect the same geometry'changes,_correlation

effects5wand'SCF error as with excitation from the other n

~orbital. - Therefore, we estlmate that the 1-3Bg state 0ccurs

about 29,000 cm -1 to 35,000 cm -1 above the ground state, with

the 1-3A2 perhaps slightly lower. In correcting the singlet

state energies, it is possible that the singlet-triplet

separation shouid be larger than calculated. However, cis
exc1tatlons Whlch gave particularly large 31ng1et trlplet separa-
tions had substantlally different dlpoles.‘ We con31der the reasons
for thlS later, but at this p01nt we note the agreement in dlpole

moments of the l 3A2 and 1 A2 states. Then, the 31m11ar1ty of these

-states and the analogous trans states with the lower observed

. *:
‘n+m. states, places the singlets above the triplets at an energy -

which can be taken as the experimental lAu - 3Au difference,

‘roughly. 3000 cm';. This could support the recent experimental

identification!® of a lBg state.

Perhaps the most critical estimate is’required'for the two -
_ e v
1ow-1y1ng m+7_  triplets. Once again, we expect that further
geometry optlmlzatlon would not 31gn1flcantly change the energles

of the 1-3B and 1—3B states. Lacking a_conflguratlonylnteractlon

2

.
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calculation,'cerrelatibn effects are difficult to estimate
reliably as discussed earlier. But the sufprisingly low
energies of these m + m states suggests that their corre-

lation energies may be less than that of the glyoxal ground -
1

‘state. Thus, the 3Bu may occur between 12,000 cm” and

22,000 "c,:m-1 of the ground state, after estimating the theo-

retical uncertainty. Similarly, the 3

found between 11,000 cm™ ! and 21,000 cm” ! above the cis

B, state might be

ground state. While 21,000 cm™l and 22,000 cm™! represent
npper limits to_the calculation uncertainty,'spectroscepicc

studies*™® at energies as low as about 18,000 em™1 do not

“indicate the-presence of these states. ThUS' it seems llkely

that these w1ll be the lowest excited states of glyoxal
In the vertlcal ex01tatlon energles a very substant1a1
break is found between the states so far conSidered and'thev

higher states. Since even a sizeable»downward correction

- would not place these among the low-lying states, no attempt

has been made to predict the true energies of the higher states.

1 1

" The Au and B1 states demonstrate an 1nterna1 con31stency

of'the calculations Spectroscoplc results have placed the 1

about 335 cm” 1 below the 1A state*’® using the determlned

value® for'the'ground state cis-trans separation of 1125 cm-l\

If instead;vthe-calculated separation?’ of about 2070 cm__1 is

1 1

uSed,-the B1 state will be 600 cm-1 above the Au,"And thls

- ‘compares well with a difference of 715 cm-l_in the partially :

optimized;ﬁcalculated 1B1 and lAu state energies.



-14-

Electronic Structure

The underlying interest in ab initio calculations on
dicarbonyls is to ‘attempt to relate the electronlc structure.
and hopefully,'chemlcal properties of the whole system to the
simpler,electronic structure of a carbonyl group. And this
should be useful‘in,understanding the chemistryvof large carbonyl
systems. . In gronnd state caiculations,27 a cemparisbn beiween‘.
.carbdn mondxide; (CO)Q_and glyoxal made possible a better

interpretation of the ordering of n and m valence MO's.  The’

excited states show an even more significant relationship.

Many‘excited states of carbon monoxide have been observed and

'studled experlmentally 1536 In an ab initio conflguratlon
interaction study of carbon monox1de, 0'Neil and Schaefer found a
dominant configuration for eleven bound states including the

.\ .

observed states.?®

experlmentally observed states:

1) 162 202 302 40?2 502 1md 2w

(2) 107 202 30?2 wo? 5o 1n* on
The stafes:srising from occupancy - 1 haVe e'fairly snall singiet—
.triplet separation.®® But the & %Ivstate and & I state,
which arise from occupancy 2 , differ in'energy by about 2 ev.
' This is snggestive of the leBu3 3-Bu, 1—82'andﬂ3—B2.excitafions

in glyoxal.

Two occupancies were found to yield the eight .



' 1-B, electron occupancies of glyoxal.
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The probable'existence'of a carbon monoxide dimer has

been shown in theoretical calculations.®®”*® Potential curves

have beeﬁ obtained showing three bound states of (CO)2 in a

constrained linear (Dmh) arrangement, with the lowest state,

32&, being bound with respect to the lowest available dissociation

limit. The occupancy which gives rise to these states is,

2 . 2. 2, 2. 2. 2.2, 2, 2. 4, 2. 2
(3) log v29g_ 3cg 4og SOg lou 20u 3ou 4cu lng 1nu Zﬂu _

This QccupanCy, however, does not correlate (for collinear

geometries) with the ground state occupancies of two CO
molecules. In fact, the interaction between ground state
co molecules is replusive (excépt'for the long range at- .
traction), both in a linear arrangement_s8 and non-lineaf

7 However, by going to pathways of sufficiently

1

approacheé.2

low symmetry, it appearsk°'that the Ag state of (CO)2

can dissociate readily to two ground state CO molecﬁles-

The lowest dissociation limit accessible to t:_he'3

Zé state
of (CO)Z_is X'12+p1us i 3H. Finally; occupaﬁcy'S df the

dimer cdrrelates, though not uniquely, with the,l-Bu and
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This three—wayICOrrelation of excited states and
occupancies is élso indicated by the structures of the
co, (CO)Z'and'glyoxél states. Experimentaliy, thé carbon
monoxide bond length is about 0.1 A longer in the & 3H
staté than in'the ground state. Similarly, thé C-0 bond
length is about 0.14'& longer in the 3Bu an_d‘3B2 states
of glyoxal than in the-ground state. The minimum in the
C-C di'stance‘.po'tential for CO-dimer was found to be 1.335 A.°°
For the analogous glyoxal states, we find the C-C distance

‘to be 1.353 in the trans form and 1.350 A in the cis form.

Correlétibn of additionél states is much more difficult,
since occupancy 1 of carbon monoxide. has two open-sheil n
MO's. Such a correlation will not be unémbiguous and can
give doubly excited glyoxal states. The most important result
of‘tﬁe discussion of CO, CO-dimer and glyoxal_sta&es is the

3Bu and 3Bé states. vSpecifi;

‘rationalization of the low-lying
cally, an électroﬁically ekcited CO monomer is required-to fofm
the ground state of (CO)2 and in glyoxal; this state becomes a
very léw-lying_n > 1" state. |

Explanation of the anomalous singlet-triplet separatibn'éﬁd
dipole-differenCes of.the l-Bu, 3-Bu, 1-B2 and'3-B2 excitation |

requires examination of the wavefunctions. Considering as an example
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the l-B2 states, we noté that onlyva few orbitals provide
different singlet-triplet cohtributions to the total dipole
moment. Among these afe the filled lbl and open shell 2b,

MO's. Their net contribution is greater for the singlet than
the triplet,vbut in addition, the relative mégnitudes of tﬁeir
contributibns is reversed between the singlet and triplet. 1In
addition,'atdmic Mulliken’popuiations and the orbitals themselves
show remarkable differences between the singlet and triplét. |
Basically, the lbl’and 2bl MO's tend to be more delocalized

in the triplet fhanbsinglet. In the singlet;‘the filled 1bl

MO is localiied on the oxygens, whereas in.the triplet it ié
the'halfefilled 2b1 MO which is localized on the oxjgens,
Immediately, this accounts for the larger dipole moment of

the singlet. The half-filled la, orbital is similar in both
singlet and triplet. Standard quantum mechanical arguments
WOuid say thatithe unpaifed singlet electrons, with opposite
spin, can occur at the same spatial pqsitions where highly
repﬁlsive,'but in the triplet can not. For ;he 2bl orbital,
this prdduces greater singlet state 1oca1izatiqﬁ. With the

two 1_b1 électrdns now forced to_lbcaiize dn the oxygens, the
singlet-triplet energy sepafation.is increased. The ﬁlausibility

of this interpretation may be enhanced when CI wavefunctions for

v L o . * . .
- these states are available. For the other m » = - excitations,

the arguments are analogous.



-18-

Of perhaps primary importance in this wofk, is the
nature of the predicted low-lying 3Bu andeB2 states. We
first point out that the localization of ;he bl MO's causes
the states fo'be biradicals. This is consistent with the

32-, which has been described as a biradical?®®

CO-dimer state,
and which correlates with the glyoxal m - n* triplets. It
is worthwhile to note that the singlet states which arise
from the same excitation are not biradicals because of the
singlet-triplét 1b1-2bl MO reversal in localization. The

carbon-carbon bond of the 3 3

Bu and B2 states is essentially
a dduble bond, consistent with the bond length shortening,

and thus the structures can be represented as

0- H 0- 0-
/
c=C c=C
/ AN / \
H 0. H H
3 3
Bu B2

As with 35~ CO-dimer, the high reactivity of a biradical'
could make the observation of theée states difficult.

As mentioned earlier, another model in terms of which.
to discuss the electrpnic spectrum of glyoxal involves the
superposition of two H,CO molecules. This sort of "molecules
in molecules" model has been successfully used to describe .

‘several excited electronic states of butadiene recently.??

In the same spirit we present in Figure 3 a correlation of
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the lowest triplet states of glyoxél with the ﬁ +.n* and
T > ﬂ*vstates of formaldehyde Note of coufse that this
model applies only to geometries of glyoxal rather compa-
rable_to those of formaldehyde. And we see that at the
ground state equilibrium geometry, the n #>n* state of
glyoxal is indeed'the lowest excited state,:és_is the case
for formaldehyde.. However, changes uponvexcited state
geometry optlmlzatlon are so severe as to bring into
‘question the valldlty of this simple model. In addltion,
Figure 3 shows that at the vertical geometry the lowest_
T > ﬁ* state falls below the second n +.w*”étate.' Thus
one can reasonably conclude that the "coupling" of the
two fragmehtsvis rather strong in glyoxal.

The final consideration of this work is the correlation
of cis and g;gg§ excited states. The compiicated.pattern of
vertical excitations in Figure 2 has severai interesting
features. After placing thell-—3Bu and 1-3B2.states'below.the

l-Au’and l—Bl states, respectively, it can be seen that the

'Au trans states correlate with Higher energy A, cis states.

Similarly Bl states correlate with higher Bg states. This

would indicate that population of the unobserved A, andB2

1 states could probably be followed by isomerization. If‘there 
is little or no barfier to the isomerization, then the existence
of'theseIStates might_éxplain‘short wavelength diffuseness in
‘the glyoxal spectrum. At still higher-energies;‘n +vn*; T > .

o * _ _ v
and n + ¢ states are considerably mixed. There will be several
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% _
avoided crossings and some n ~ m states of one isomer will

%* o
be found to correlate with 7 + 7 states of the other isomer.
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Table I. Trans-Glyoxal Excited States.?

Excitation Open Shell MO's ~ State Symmetry Triplet Energy Singlet Energy

Ground State

*
n*u

a

7a_ 2a
-8

1b  2a
g

6b 2a

7a_ 2b
g

1b 2b
g

6b 2b
u “°

la  2a
_ u

e 09 0

7a_ 7b
. u

2b
la g

7a 8
) ag

1Ag - -226.5182
14, ~226.3940 ~226.3741"
1 Bﬁr -226.3680 -226.1762
1B, ~226.3231 ~226.3074
14, ~226.2480 -226.2u50
2 Bg -226.2224 -226.2114
2 A, -226.1511 -226.1474
2 A ~226.1495 -226.1385
2 B -226.1082 © -226.0904
3 B, -226.0814 -225.9734
3 A, -226.0188 -226.0072

Each_exqited 6ccupancy‘produces a singlet and triplet state of the given symmetry type.

Arbitrary numerical prefixes distinguish states of the same symmetry. Energies

correspond to vertical excitation and are in atomic units.
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3
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Table II. Cis-Glyoxal Excited States.?

Excitation Qpen,Shell MO's State Symmetry = Triplet Energy Singlet Energy
Ground State o : - : lAl _ - _"' . -226.5088
® o v o : B ' o
> ' 7a, 2b_ . -226.3899 - . -226.3705

: n x| T o al 1 1 ,Bl : >. 38 A
T la2 2b1 1 Bé -226.3628 -226.1856
A ' o '
n*m 7al 2a2 1 A2' -226.3314 -226.3164
* ' o -
ﬂ+ﬂ* _ lbl 2b1 1 Al -226.2468 . -226.2430
nrn _ 5b2 2bl 2 A2 ~226.2086 -226.1971
* _ : '
n*m : 6b2 2a2 2 Bl ' -226.1474 : -226.1365
x '
T ' 132 2a2 2 Al -226.1420 ~-226.1382
x ' ' _
n*d . 7al 7b2 2 B2_ -226.0888 ~226.0669
n*o 7al 8al o 3 Al | -226.0812 -226.0699
& _ SN :
™7 - ' 1b. 2a,- 3 B -226.0705 -225.9613
: 1 482 2 . | o |
a

Vertical excitation energies are in atomic units.

_9z_



Trans

Cis

2 Not optimized; ground state value assumed.

Table III.

Optimized excited states.

length, carbon-oxygen bond length and carbon-carbon-

The carbon-carbon bond

oxygen angle were optimized for the lowest excited

degrees.

Ree Roo
1.508  1.215
1.492  1.2u1
1.494  1.24u
1.353  1.356
1.516  1.213
1.492 1.236
149y 1.281
1.350 1.356

Energy Relative to g.S.

. . - 0 ' .
states. Bond lengths are in A and angles are in

< Energy

CCco (a. u.) ( cm-1)
121.1  -226.5182 0.0
121.0  -226.3959 26,850
121.7 -226.3766 ) 31,090
;21.1a -226.4504 14,890
123.2 -226.5088 0.0
1éu.7 -226.3921 25,620
1125.i ' —225.3733 29,740
123.2a -226.4480 13;340

..LZ—

60

£
K

B 0

¢

0

o/
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Table IV. -
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Excited state dipole moments. By symmetry,

all trans-glyoxal states have a zero dipole

"moment. Cis excited state dipole moments

. were calculated from the SCF wavefunctions

corresponding to vertical excitation. Values

~are in  Debyes.

1, (g.s.) 4.79

1

1 331 4. 76 E 1 131 4.80.
1 352 3.04 1 lsé 5.13
1%, w12 1,1A2 4. 32
1%, 4.82 ' 1 1A1 4.53
2 %A, u.29 ' 2 1A2 4. 28

B, 3.64 | 2 181 3.67
2 %A, 2.92 2 lAl 2.91
2 %8, 1.07 2 1B, 0.73
3 3Al 3.08 3'151 2.86
3 3B, 3.78 3 1B, u4.75
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Table V. Formaldehyde Electronic States.

, , Energy = Excitation Energy
Excitation =~ State (a.u.) ~ (em-1)
Ground State A, ~113.8295 0.0

. 3, -113.7426 19,100
la, ~113.7286 22,100
e Ay -113.6738 34,200
1A, -113.6674 35,600
o+ B -113.5737 56,200
131 -113.5401 63,500
n>o B, -113.4909 74,300
132 -113.4732 78,200

@ calculations were donevwith the same basis set as that used
for glyoxal; Energies correspond to vertical excitation at

the experimentally determined geometry'!' of the ground state.

Note that the m - . 1A1 state calculated does not correspond

to physical reality, as it has a large Hamiitonian matrix

element with the lAl?gfouﬁd state of formaldehyde. CI calculations
place this state much higher. See, e.g., S. D. Peyerimhoff and

R. G. Buenker, in Chemical Spectroscopy and Photochemistry in

the Vacuum-Uitraviolet (Reidel,'Dordrecht—Holland, 1975).
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FIGURE CAPTIONS

Qualitative representation of glyoxal w
] ' :
and m molecular orbitals. Shading represents

the'phase difference between lobes.

The excited\states of glyoxal. Energies correspond

to vertical excitation from the cis or trans ground

state. Triplet states are shown with solid lines
and singlet states with broken lines. Symmetry
state designations are given for each singlet-
triplet pair of states and correépond to excitationé

given in Tables I and II. Correlation lines between cis

~and trans states connect states which must correlate

on the basis of symmetry, but do hot represent any

internal rotation potentials.

Cdrrelation of the lowest triplet states of leoxal

with those of two.férmaldehyde molecuies.



k £ ’ ) 7 ¥ ¥ . ..
: SRR - U4 \5 tJ f_iﬁ 9 9 '

-31-

Ib,

XBL753 -2581

. Fig. 1



-226.0

- 226.1

> -226.2

Energ

-226.3

-226.4

' -226.5

- _32-

v . v _ \
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Energy (hartrees)
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0.0% ~—Ag

trans(HCO),

2 H,CO

Fig. 3

cis(HCO), . |
Optimized
geometry
XBL754- 2756



LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
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