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Abstract

Features of the S, potential energy surface of formaldehyde

0
relevant to its disSociation‘to molecularproducts,'H2 +.CO, to .
radical formation, H + HCO, and fo'reerrahgemenf to hydroxycarbene,
.HCOH; havevbeen studied by means oflgg initio calculations. A
éradieﬁt procedure was used to locate and to characterize bofh
equilibrium and transition state geometries. Basis sets of at
least double zeta (DZ) quality were empioyed £hroughout and many
calculations involved.more flexible basis sets‘including polariza-
tion functions; Force constants, normal modes and‘vibrational
frequencies were calculated.at the'SCFrlevel'fer stationary points
on the surface. Extensive cenfiguratioﬁ interaction (CI) calcula-
tions were also carried out. |

For the molecular dissociation the eneréy barrier including
the effects of polarization functions and‘electfon_correlétion‘Was
4.06 ev (93.6.kcal mole—l, 32700 cm-l).  Correcting for changes in
zeroepoint vibrational energy gave an approximate activation emergy of

3.76 eV (87 kcal mole T

+ 30300 em™ 1) with an estimated error of

+ 0.2 eV (+ 5 kcal mole Y, + 1700 cm 1). The energy required for
the rearrangement Qf formaldehyde to trans-hydroxycarbene was
calculated to be 3.85 eV (89 keal-mole-l, 31000 cm-l) at the DZ +
polarization +_CI.level with the inclﬁsipn of zero point corfec;ione.
‘The large imagihary frequencies associated with the reactive motion

imply sharp:and thin bafriers'through which tﬁnneling is estimated to

be of considerable:importance. Based on the calculated features of the



'iptroduction_

The photoéhemistry and>phbtéphysics of fOrmaldéhyde have
atﬁracted a‘jréat dealZOf attention in recent years. There are
 numerousl reasons why a'detailédvundérstanding of the photon
chemistry of forméldehyde would be of very»gréat'value. As the
smallest'carbonyl cohtaining moleculé, it is not uhreasonable to
suspect that formaldehydé may serve as a prototype for the higher
aldéhydes and ketones. The spectroscopy of formaldehyde has
 been well studiedl,_pfovidiﬁg_the prereqﬁisite information for
detéiled tests of va;ioﬁs theoriész' 5: radiative and nonradiative
}transitions in polYatomic moiécules. Formaldehyde’has practicgl
use in.laser‘isotope separation schemés foratbe enrichment of
carbon, okygen,vand hyé.lrogeniisotopes.3 ~ Formaldehyde is an
abundant and critiéally important-interSteliar spécieS}’ Itv
also plays a very importanf role in the photochemiétry of air
pollgtion.s_ Thé mechanisms and quéhtum'yields for formaldehyde
photoéissociatidn represent major uncertainties iﬁ_the modelling
of'polluted atmospheres;6' Clearly avqareful theoreticai examinétion

of selected‘aspects of fotmaldehyde_photochemistry wduld be of
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"considerable importance to a number of areas of chemistry.

Experimental Background : _ o o . §
Important processes following the production of the first

excited singlet state of formaldehyde by absorption (m* <« n,

. 1. . . L e °o . 7
_ Az « Al) in the reglonk3530A to 2300A are:

H,CO (8,,v') » H, + CO (1)
+ H + HCO , O (I1)
+ H,CO(S ,v") + hv' (II1)

" The- quantum yleld for fluorescence (III) is usually negllglole from a
:photoehemiCal viewpointjalthough,cho does-fluorescevat ene;gies'near
tae Slbdrigin in the'zeroipressure limit.f64 It is generally agreed8 that
the molecular precess (I)_predomiuatee fot energies neartthe Sl
origin at 3.495eV (80.6 keal mole™l, 28188 cm ') while the im-
portance of the fedical precess (I1) incfeases with inereasing
exditation energy. At 3130£ (3.96eV; 91.3 kcal moie_l,-3l900'cm-l)
Horowitz and Celvertslvfound that the sum of the quantum yields'

for processee I and II is approximately‘unity withvthe molecular .

. quantum yield 0.32:0.03 and the radical guantum yield 0.68x0.03.

- An overview of the experimental situation is given by Figure 1,
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adapted from Houston and Moore.? The overall dissociation of formaldehyde
1 ’ SRS 1.+ 1o+

( Al'SO) to ground state molecular products, H2( Zg) and CO("r") is nearly

the-_rmoneutrallo and is symmetry allowed. So‘formaldehyde also correlates

byfsymmetry with the grbund'state radical products, H(zsg)‘and HCO(2A'), in

a process which is overall‘endothermic by 3.79 eV (87.5 kcal mole_l,

9

1.

30600 cm” The lowest excited triplet state of formaldéhyde (3A2, Tl’

1,11

1, 25194 cm )

(7 « n)) with its origin at 3.124 eV (72.0 kcal mole”

also correlates by symmetry with‘radical products. The Sl state (1A2,

l(n* +< n)) of fqrmaldehyde with origin at 3.495 eV (80.6 kcal mc')le'—l

28188 cm_l correlates with ground state H plus a linear 2l excited state

1, 11

of HCO at ~ 4.92 eV (113.5 kcal mole_l, 39700 cm ). Thus from symmetry

" considerations aldne, it is most probable that the dissociation to ground

state molecular products occurs on the So surface, while the dissociation
to ground state radicals could occur either on Tl or on SO'

In important experimental work, Houston and Mooré9 investigated

the mechanism of the molecular photodissociation of formaldehyde by

monitoring the appearance rate and vibrational distribution of the CO

photochemical product. For presSures as low as 0.1 torr, the

Cco product appeared with a rate more than 100 times slower than
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ethe decey_rate.of tbe first excited singlet state of formaldehyde.
‘This-fact'wae interpreted as indicating ehe,presencevof a long-
1ived'intermediate state petween S, and molecular brodudte. ‘HOWever,_
vat low pressures (theicellisiohleSS regimelz) tﬁere are no prbdud;.
etuQieS-end,.;ndeed,vit is.poseible that no H, { CO.is produced in
the absence of,cqllisions.

Housten and Moore’ examined various possibilities for the
'"intermediete state." An obvious candidate for the intermediate-

state is T

1+ .The mechanism would then be SfWAﬁ T, MMy S5,—> H, + CO.

Such an iﬁtermediate'would explain the production of molecular
products ih the ﬁriplet benzene photosensitization of formaidehyde.13
'VA nonradiative decay proeess Such_as TlumL§Solcould,then geverniehe
lifetime. Ho&ever, the triplet model lacks e direct collieionless

_ mechanism for triplet production. Brand and SteVens14 found Sl - Ty
perturbations in the formaldehyde spectrum'te be sparse, and the

Py

sharp lines due to'those which do eccur make it unlikely that the tr:Lpletr'j
vibronic level density at the'Sl origin is sufficiently high to allow
collision free decay.

Tl to form a manifold for Sl

#r

v,



Highly vibrationally ex¢ited So also presents itself as a

natural intermediate. Yeung and Moore's calculated SIww»SO internal

o

. a__ . . S = .
. conversion rates2 match the observed lifetimes of Sl fairly well. How-

ever it must be postulated tha£ these. highly excited vibrational levels

‘of So are so weakly coupled to the continuum that they exist for

: : s 9
many microseconds before dissociation, a hypothesis which is

quite unlikely. It was also suggested that a geometry such as

" HCOH might play a role or that other processes, such as the formation of

collision complexes, might be involved.
Clark, Moore and Nogarlsahave recently further investigated

the radical dissociation of formaldehyde. At the Sl origin.

for DZCO, nonreactive quenching dominates and no. photochemistry 1is

obsered. .As the excitation enefgy increases, it appears that first
molecular dissociation oécurs and then at higher energy a threshold'for
the radical process is passed énd a relatively constant proportion

of rédicals and_moiecules is produced'with total quantum y%eld near
unity. For H2CQ the resﬁlts were‘similar but molecglar'dissociation

began at the S, band origin with a quantum yield of 0.7.

1
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‘Molecular dissociation and quénching'competed between the S, origin

1

and the threshold for radical production, with both processes apparently

‘caused by collisions of ambient gas with an intermediate state formed by

The branching between molecular dissociation

nonradiative decay of Sl.'

and quehqhing was interpreted_asvinﬁolviné an intermediate state‘which'
is near a dissociation thréshold;

~,Clark, Moore, and Nogar;5a found that dissociafion to.radicéls,
H2C0.+ H ; HCO, é#ﬁibited an abrupt energy tﬁreshold between 3.68§.§nd
3.773-eV‘(85'énd 87 kcai mole_l, 29728 and 30427 cm;l), which is wifhin
expgrimental efror df thé best thermodynamic.valﬁes of‘Benson, 3.768 i

0.087 (86.9 + 2, 30400 + 700),1%2 and Warneck, 3.825 + 0.069 eV (88.2 *

1.6 kcal mole_l; 30850 + 550 cm"l).16b More recent experimental work

by Reilly, et al.15b has further confirmed the radical energy threshold

to be 3.73 * 0.04 eV (86 * 1 kcal mole ', 30100 * 350 cm '). Thus the

photochemical dissociation occurred at or just below the thermo-
chemical threshold. Therefore, there is no potential barrier along

the radical dissociation pathway. The dissociation does not occur

‘

on the Sl or Tl surfaces which appear to have substantial barriers

to radical dissocation. 1’ In addition, the observed

“
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constanqy.bf H-atom quéntum yield for‘v§rioué_rotational levels
was iﬁtérpfetedby Tang,_Fairchild( and Lee18 és consistent with
two competing phoﬁodissociation prOCeSSes,'ﬁhe radical and the
molecular( éccﬁrring from the 50 manif0;a'f§1iow%hg the SI;WNQ‘SO
internal qonversion.

The constgncy of the radiéél/moieéule braﬁching ratio above
threshold obseryed by.Clark, Moofe‘and NogérlSﬁwhere the H2 + CO
IChannel.havs " 0.21 to 0.58 eV (v 4.9 to 13.4 kcal mole }, ~ 1700 to
4700 cm-l) and the H + HCO chénhel v 0 to 0.37 eV (v 0 to 8.6 kcal
mole;l, & 0 to 3000 cm-l) excess energy implied that the diésodiating
species  does not have a statistical distribution of internal energy
(RRKM).19 An explanation in terms qf two cOmbeting channels for
collision-induced‘dissociation of the iﬁfermediafe state was not
favoréd by these workers‘sinée a more gradual increase of radicai
yield above threshold would have been expected..

As will be discusséd in the following section, theéretical
work, particularly the study of Lﬁcchgse and-Schaefen28 providéd

firm evidence that the lowest singlet state of hydroxycarbene,

HCOH, 1lies only v 52 kecal mole_l above the ground state of
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formaldehyde. This thedretical'prediction led E. K. C. Lee‘and
cqfworkers to examine Careful%y possiblejexpgrimenﬁal manifesta-
tions of the HCOH spécies. In a very recent baper, they have
feported\some evidence.fqr the occurrence of hydroxycarbene-in‘
»forﬁaldéhyde photolysis systeﬁs. Sodeau and Léézo posfulated.
thét glchaldebyde (CHZ(OH)CHO), the primary pfoduct in the mercury
arc'lamp phthleis of formaldéhyde in aﬁ Ar ﬁatrix,_arose ffom
v the insertion of‘a singiet hydroxycarbene into the CH bond of a
ground state’formaldehyde moleCule.-'They attributed an unusuélly
large deuterium.isotope effect whiéh was observed to the intra-
molecular rearrangement, CHZO + HCOH. They further sﬁggested'
that the 1ongfli§ed'precutsoriof H2,+ CQ in the gas phase photo-
lysis might be gig—HCOHAand‘that the photochemical isomefization
invb}ving hydrogen atOm,migfation might be resppnsible fo;vthe
radiationless decay of the A_IAZ sﬁate.of formaldéhyde which shows

a large deuterium isotope effect.?®



Theoretical Background

Early theoretical work on'carbonyl photochemistry was limited to

~simple symmetry:correlatiOn‘arguments and attempted to identify and to

gualitatively describe the nature of the photochemically active stétes.21

_Mdre recently, ab initio SCF MO and CI calculations have appeared
17,22,23

\ ‘ L : 24-26
for both the radical and molecular dissociation of

So, Tl and‘sl,formaldehyde.' Ab initio SCF and CI calculations

on hydroxycarbenes " have also been reported in the literature.
The most reliable previous work on the molecular
. L. ' ' 26 .
dissociation of formaldehyde by Jaffe and Morokuma involved
ab initio MCSCF calculations with a split-valence (4-31G) basis
set. Preliminary minimal basis set SCF calculations with CI on

the So’ S, and T

1 1 surfaces indicated that only a planar asymmetric

pathway on SO leads to molecular products with a barrier of less

1

, 40300 cm 1Y) .23

than 5eV (115 kcal mole ). However, the barrier

to molecular dissociation was found to be 4.85 eV (112 kcal mole-l,,
39100 ¢m'l) at the minimal basis set + CI level, considerably in excess of

the experimental threshold which was believed to be within

~0.05eV (~1 kcal mole—l, a few'loo_cm°l) of the Si origin at
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1

3.495eV (80.6 kcal mole —, 28188 cm‘l). In the 4-31G MCSCF

ca—lculations,z.6 18 configurations wére inc;udéd, haVing been
seiectedvto properly describe the;Hzco,vH2 +.C0, and H + HCO

‘limits. In addition, a 52 cénfiguration CI consisting of éll.
ofher;valence shéll double‘exqitations was éarriéd'out at the
equilibriuﬁ Qeometry.for H2¢o»and at the saddle point geometry.

A Cs saddle point_fér the molecularldissociatioh'pathway was lo¥
-cated with_a barrier height of 4.55eV (105 kcal mole™t, 36709 cmf;);
At the MCSCF molgcular transition étate geometry, the 52 con-
figuration CI gave 4.52eV (104.2 kcal mole-l, 36500 cm—l), and a
‘polarized basis set MCSCF caiculation (6;31G*) gave 5.22 év (120 kcal

1

molé_l, 42100 cm ~). The increase invthevbarrier with the addition of

polarization functions'was considered to be an artifact due to the lack of
configuration and/or geometfy'optimizatiOn. Calculated force

constants for H2CO at the saddle point‘géometry were used as-

, | .31 o |
input to a normal mode analysis. A good description of the

molecular dissociation pathway involved motion of H, across the

CO bond axis followed by the elongation of both CH bonds. The

calculated zero~point vibrational energy of the five real
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Vibrational modes for the transition

state was 0.4%eV (11.2 kcal molefl, 3900_cm‘1) aé'comparéd to the

o . : : .'_',_k_l
experimental value of 0.70eV (16.1 kcal mole ™, 5600 cm 1y'' for

all six of the vibrational modes of H2CO. A zero point energy
correction thus lowers the barrier for H,CO ~ H, + CO by v 0.21 eV

1 l»

(t 4.9 kcal mole™t, ~ 1700 em™1) to 4.34 ev (100.1 kcal mole™t, 35000 cm”

The ab initio calculations'on the radical dissociation of

: . L. K . _ o 17 e
formaldehyde involved minimal Slater (Hayes and Morokumaf' or minimal
‘Gaussian (STO-3G) '(Grimbert-andSalém)23 basis set SCF plus CI.

As the CH distance increased,the SO surface monotonically increased
in energy to form the ground state of H + HCO, with departure of

' . L 17 .
the H atom in the HCO plane preferred. - The Sl state monotonically

\ v _
increased to reach hydrogen atom plus the first excited Klinear)

, L . 17 : ¢ .
state of the formyl radical. The Tl state reached a maximum
(the saddle point or transition étate),fthenadecreased to ground

N 17 } . .
state H + HCO. Hayes and Morokuma calculated a barrier of 0.4 eV
(9.2 kcal mOlefl, 3200_ém_;) in Tl above ground state HCO + H. As discussed
"previously, the presence of such a.barrier was important in determining

that formaldehyde-prbbably dissoéiates to radical products on the
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17 to an avoided crossing

So surface. The barrier was attributed’
of a m° MO whose energy stayed relatively constant as the CH

bond was stretched and a o* MO which drastically fell in energy -

27529 have

:Caléﬁlations on hy@roxycarbene by Altmannvgg QLL
been reported which concentréted on formaldehyde as a modei for
the formation of oxacarbenes, as is Observed'ekperimentally in
thé photolysis of certain qulic ketones. SCF calculations at
the split—valehcé (4—31G) level27 ind?cated that the easiest
pathway for migration of H from C to O Qas in the plane of the

‘molecule fbg So. At the 4-31G SCF lével, sfggggg hydroxycarbene

1

(SO) lay only ~2.2eV (~50 kcal‘mole_ , ~ 17500 cm—l) above formal-

dehyde_(so), but the barrier for the rearrangément (CHZO - HCOH)

1

-~ 36700 cm T

was ~4.6éV (~105 kca; mole; )Q Since this bafrier was
much greatef than that for radical dissociation; it was argﬁed that
a dissociationfrecqmbiﬁation mechanismvwould be;prefefred to a
unimolecular rearrangement for the formation of hydroxycarbene

( , . _

from formaldehyde..

Much more extensive calculations involving polarized basis
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sets and treating electron correlation by large scale CI were carried
. 28 . . .
-out by Lucchese and Schaefer. . These calculations did not examine
the So rearrangement barrier but did accurately locate the energy |
difference between formaldehyde'(so) and s-trans hydroxycarbene
v (So). Using a double zeta plus polarization basis set plus

~extensive CI, the energy difference was 2.48eV (51.7 kcal mole—l,

20000 om 1

). Thus, so trans HCOH‘laf v1.26 eV (v 29 kéai'mole—l,
oy lOlOOvcm—l),below the experimental.value for the Sl ofigin in HZCO.'
Pople et il;30 have located the tranéition state for the CH,0(S_)~
f?fEEEEE HCOH (So)lrearrangemeht'using an SCF graaient.method.apd a
6—31G*basis set. Wiﬁh thevinclusion of polarization funqtions and
of electron correlation'effecté,by fourth order Mgller-Plesset pertufba—
tion theory, the -barrier héight was founa to be‘4;06 eV (93.7 kcal mole_l,
32800 cm 1),
In this work, the transition state for the mo;ecu;ar disso-
ciation of formaldehyde haé been located at both the double zeta
and double zeta plus polarization_SCF levels by a gradient method.

Extensive configuration interaction calculations allowed for the

effects of electron correlation on the barrier height. Force
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cqn%tants have been calculated at the éaddle pbint‘geometry and
used in-a normal ﬁode»anaiysi§38 té;fufther characterize the
transition state.
The radical dissociation of Sétformaldehyde has been éxaminedv
by two gonfiguration SCF (TCSCF)VcalCulatibns.with a doUblevzeta 

O to dissociate

basis set. The TCSCF calculatiqns allow_CH2

smOothly £o grqund sta£e H + HCb; The TCSCf orbitals were further
usea,in CI calculations based_qn.two reference configuratioﬁs'
.de$ignéd to be of a quality compafable to 'calculations on

the ﬁpleculér:pathway,

The transition state forvthe'réarrangement of So‘fofmaldehyde
to So s:ﬁ;ggg hydroxycérbene was logated at the double zeta basis
'set Séf level employing the gradient ﬁethod. The effects qf pqlarf
ization.functions and of configuration interaction on the rearrange-

ment barrier have also been studied.

Theoretical Approach

The standard Huzinaga—DunningBZ double zeta Cartesian
* Gaussian basis sets were employed in most calculations. A more

flexible contraction of this basis set ((955p/4s)/[6s3p/3s])32a’
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was alsq examined at the double zéta optimized geometries. Polariéa—'
tidn was iptroduced by sets of standard p-type Cartesian.Gaussian
functioné with exponenﬁ 0f8 centered on the hydrqgens. .In order to
" be able to énalyfically evaluate th_e-grad_ient;sf33 d functions on
‘carbon and oxygen were simulated by linear combinations of standard
. p-type Gaﬁssians with expénent O.é displaced 31ight1yv(i 0.1 i)
aloné the local Cértesian éxes and fixed to 5e of opposite bhase._

At boﬁh the equilibrium and the distorted transition state geometries
of formaidehyde, the simulated d polarizatioh functions and ordinary
'd—tyée Cartesian Gaussians yieldéd the same total SCF enefgy to
within 1 x 10_6 hartree.“ Limited optimization of_the pOlarizaﬁion
function exponénts was also studiéd. At a few points SCF calculations
only were carried out using two sets ofvpolarizatioh functions oﬁ cC,
0, apd H with-exponents'uA(C and 0) 1.2 and 0.4 and ap(H) 1.0 and
0.33. To.further assess'any basis set limitations in the present
- work SCF calculations on critical points of the surface were also
performed with a largeh(lls 7p 1d/6s lp)/[7sk5p 1d/4s lp] Gaussian
320. |

basis set. The contraction was designed to allow maximum

flexibility for the valence orbitals. The d function exponents
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were taken to benQ;8 férquth,c ana.o_andia'H p exponerit of 1,b
was_usedf
V SCF and.gradient:caiculatiops were'carried éut using‘TEXAS,.
an 39 initio gradignt (force) progfam which.is a modified version

34

- of the MOLPRO system.~~ The energy gradients weré'evaluated'

analytically by the force method35 and used in searching for the
‘dptimized geémetries for_formaldehYde, for the molecular transitiOn

state, and for the hydroxycafbene rearrangement saddle point.

Starting from an initial-guess at the transition state

33



of the analytically evaluated forces using central differences.’

-16~
geometry; the gradient norm was minimized to accurately locate
the saddle point geometry. At the final geometry, Cartesian

fcrces of less than 1.0 millihartree/bohr were obtained. Second

~derivatives of the energy (force constants) in internal coordinates

were calculated at the optimized geometries by numerical differencing

36

For the force constant calculations, the integfal evaluation

threshold was decreased as was the SCF convergence criterion in

order to allow coordinate changes of t0.00lz-and t0.5°vin the
numerical differencing. A~¢heck on numerical stability was made

by examining the off-diagona; elements of the force constant
matrix.35b Each coupling term was evaluated twice--once involving

the force on the.i—th'coordinate evaluated_at a displacemeﬁt of
the‘jth_coordinate and once the force on the jth coordinate when

the i-th cqordinate was dispiaced.' Thevagréement of the values to at'
least 2 parﬁs in a_fhousand pfovided a.check on numerical stability.
The calqulated ttansition_stéte'force constant matrix was diagonalizec
to check'that there was one and only one negative eigenvaiue_for this

geometry, as is required for a true saddle po.int.37 A normal
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mode analysisvwas performed using a modified version of the
NORCORD program38 to further characterize both formaldehyde and
- the molecular tfansition state.
Near Hartree-Fock limit SCF geometries are generally quite

. 39 . | . 0 .
reliable, with bond lengths 0.01 to 0.02A too short relative to
experiment and bond angles accurate to a few degrees. Since theearlier

4-~-31G MCSCF calculation826 showed that even at the saddle point for the
~molecular dissociation the Hartree-Fock configuration has a coefficient
of greater than 0.97 in the MCSCF expansion, the DZ and DZ+POL SCF
optimized geometries are expected to be reliable. The effects of electron
correlation on the barrier height for the molecular dissociation

were investigated by extensive configuration interaction cal-

: - . . 4
culations at the SCF optimized geometries. The direct CI method’
. 41 : 42

was used as implemented as part of the BERKELEY system of
mihicomputer—based programs. The lowest two MO (the core) were

frozen in all the CI calculations and the highest two virtual

orbitals (the'complements of the frozen core) deleted. With

these minor restrictions, all singly and doubly excited Hartree-

- . . 43 . ) ‘ . : , .
Fock interacting configurations relative to the SCF configuration
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. 2 2
‘in szz (;al) (2a1)

22 2 .. 2 2 2
Gap? “ap? app? sap? apy? (2p))?
or in cr (1a"? (2an2 Gan? (4an? (5an? (6an? (1am? (7an?

were included. ;With the double zeta basis set 1137 1Al‘configur—i

- ations were involved for formaldehyde (CZV)_and 2121 1A' configuf¥
‘ations for the‘molecular_transition'staté-(cé). ' For the polarized
baéis set, 5025 lAl (cév)_or 10221'lA'(CS) configurations were
.employed.
Davidson's formula: " (1 - c ?) a; here C
avi n's formula: L = C4 ) Egp where Cg
~is the coefficient of the Hartree-Fock configuration in the CI
‘expansion and AESD.thé‘energy lowering due to singly and doubly
excited coﬁfigurations was applied to estimate the importance of
‘higher (than doublée) excitations, specificallylunliked clusters.
o s : 45
- For the radical dissociation, TCSCF calculations were.
employed since such a scheme haé sufficient flexibility to give_a
proper description of the homolytic fission of the CH bond. The
7a' MO (n Cs_symmetry)was representéd'by a Generalized Valence Bond
. 46 : . : - ' o
(GVB) pair to give what is essentially a TCSCF procedure involving

cbnfigurations with-(7a')2 and (8a')2 as the highest occupied

molecular orbitals.
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The GVB orbitais were ﬁsgd as the starting point for a CI
ca;culation on the radiél diésociation pathway using thevBERKELEY
genefal CI progr§m42 ihvolving all singly and doubiyvexcited Hartree-
Fock interacting configuxationé with reépect to the two referepce
cdpfigurations_(cs):

(1212 (2an)? (322 (a2 (5an? (6a)? (1am?2 (7a")2

and .

For the double zeta basié_witﬁ ihe two core MO frozen and the two
highest yifﬁual orbitals deleféd, 4055.1A' configurations (Cs
. symmetry) were ihcludedf An approximate,unlinked‘clgster correction
. : 2 2 '

of Fhe'form (1 - (Cl- + C, ))AESD where C; and C, are the CI
coefficients of the two reference configuratiéns was also used.

The transition states forvthé rearrangement of CH,0 to HCOH
'wefe‘also-located at_the double zeta level byvthe force methbd.‘:
Analogous polafigation basis set and direct CI calculations tobthose
described above for the molegular transition state wére carried out.
28

In addition, larger direct CI calculations than previously reportéd

- were carried out on s-cis and s-trans hydroxycarbene (SO). The
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barriers to rotation and inversion from s-cis to s-trans hydroxycarbene
were also calculated.

'All calculations were performed on a Harris Slash 4 minicomputer.47
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Results and Discussion.

The Molecular Photodissociation of Formaldehyde
A. Structures and Energetics

The total-energies_6f‘formaldehyde and of the transition stateifor
thé molecularvdissociation at various levels of calcglation aré_presented.
~in Table 1. _Thevgedmetries used weré obtaiﬁed.at the DZ or DZfPOL.SCF
ievéls. The 4-31G MCSCF}results dvaaffe and Morokuma26 and the
Garfison, Schaefer, and Le;ster48 neér-Hartree?Fock.limit energy of
fo£maldehyae aré iﬁc}uded fof comparison. The DZ+PQL SCF energy of
this work is 0.0204 hart?ee higher than the near Hartree-Fock limit
value of formaldéhyde.48. Addition éf a second set of dland p polariza-
tion functions to the DZ+POL basis resulted in an SCF energy Qf
-113.9017 hartrée fof thevDZ+POLvoptimized geometry which is within
0.0132 hartree of the.near Hartree-Fock limit. Thevless contracted
(9s 5p/4s) ~» [6s 3p/35]'basis set was used in calculations at the DZ
((9s 5p/4s) ~» [4s 2p/2s]) optimized geometries to examine the_changes
in the forces with increasiﬁg flexibility in the contracted basis. It
haé been suggested (e.g., referepce_Sl)»that é very flexible contraction

scheme is of considerable importance in force calculations. The size

of the‘forces.on the DZ geometries with the [6s 3p/3s] basis aliows an
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estimation-ef howvdifferentvthe {653p/3s] optimized geometry would
.be from the_DZ ene. The forces in the various internel coordinates
.inereaeed from values of less than 1 x 10 3 hartree/bohr for the
DZ SCF:optimized'geemetries for fofmaldehYde and the_moiecular
transition etate to an average of 4vx'1.0_'_3 hartree/bohr for the
[6s3p/3s] set. The force on the CO bend is the only ohevto inCreese'
dramatically and is of sueh a magnitude to suggest a shortening
 of thie bohd.by,% O.dl i in going ffom the DZ to the t653p/351 basis
veets,_The energy barrier to the-molecular dissociation deereased.by only

1

o ' v - -1 : :
0.02 eV (0.6 kcal mole ~, 100 cm ) on going to the less contracted basis

set. Since the increase in the forces was not excessively large and
since the energy difference between fbrmaldehyde and the molecular

transition State'was nearly constant, the DZ'SCF'optimized geometries

-

were adopted as fairly representative of unpolarized basis set

results.

The DZ SCF energy barrier for the molecular dissociation was

1

1 39700 em™t). The

_calculated to be 4.93 eV (113.7 kcal mole
increased flexibility in the basis set given by polarization fﬁnc—

.tions leads to a decrease in the barrier due to a relatively
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better desériptionvdf thé highly distortedvmolecular transition
State Structﬁre. .(see Figure 2). ~With the addition of polarization
- functions énd the reoptimizafibn of geometriés ﬁhe»energy of
formaldehyde decreases by 0.0638 hértree and that of the transition
.1§tate by 0.0773 haftrée;‘ Thus, the DZ + POL SCF‘energy barrier
is reduced to 4.56‘ev (105}1vkcal mole'll 36800 ém"l) which is,
in fact, quite comparable to the»4—3LG MCSCF'result ofv4.55 ev.
(104.9 kcal mdle—l;,36700¢m—l).26 The addition of a second
set of polarization functiqns'gave a fqrther slight decrease in
the barrier to a value of 4.49 eV (103.6 kcal mole-l, 36200 cm_l)f
The [75 5p 1d/4s_lpjvresu1t for the DZ + POL’optimizéd equiiibrium
.geometry_is f113.9134_aﬁd for the DZ 4‘POL mqlecular transition
-113.7464 yielding a value .fér the

mdlecular'dissociation barrier of 4.54 eV (104.8 kcal mole_l,

36700‘cm'l). Extrapolating from these results along with accumulated

experience it iS'probable'that the Hartree-Fock limit barrier for
‘the molecular dissociation is m4,4'ev (v 102 kcal mole_l, N 35500 cm_l).

Effects of electron correlation on the barrier height were

included by large scale CI.calculations. The DZ + POL + CI energy
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_of 4114}1922 hartree fér'f§fmaldehyde is probably the‘lowest tbta;
energy yet calculéted forrthis mqleéule52 and ié 0;2577 hartréé
‘béiow’the DZ‘+.POL SCF energy of this wbrk;‘ More‘impo;taﬁtlj, CI

- lowers the moleCular-dissociatibn energy barrier by 0.58 eV (13.4
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kcal mole”!, 4606 oml) Dz basis set; or by 0.34 eV (7.8 kcal
'mole"l, 2800 gm'lj'pz+ PdL’pasis set. .Clearly at the

Dz level CI is not only'introdueing correiation but also compen-
seting for basis set defieiencies, thqs givipg larger changes in
_cOmperieon to the DZ + POL Ci; The lowest barrier determined as
e‘the difference between two variationally'calcplated energies is
4.22 eV (97.3 kcal mole L, 34boo.cm“i) from the largest calcula-
tions. Sincekexperience wi;h CI calculations, particularly on
transition states, isvmueh more limited than with SCF work, it is
more hazardous to'estiﬁete'the limiting value for the barrier
including correlation‘effects. Using Dayidson'e formula to
estimate the energy_loWering due te unlinked clusters produces

‘a further decrease in the barrier of 0.21 eV (4.8 kcal mole_l;,

1

1y bz + CI or 0.16 eV (3.7 kcal. mole T, 1300 cm 1) Dz

1700 cm”
, ' 53 . ' : . .

+ POL + CI. Recent work . has suggested that this correction formula,

although possibly not of extremely;high accuracy, does give the

right trend and order of magnitude; In this light, it is certainly

reasohable to adopt the position that the molecular dissociation

1y

‘barrier could be as low as 4.0 eV (92 kcal. mole—l, 32000 cm”
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In a more speculative vein, any calculated barrier will probably

| | -1 -1 .
not be more than ~0.2 eV (~5 kcal mole =, ~1600 cm ™) below this
vélue.

The optimized geometries for formaldehyde and the molecular
.tfansitiOn state at the DZ and DZ + PQL,SCF levels are given in
L . . » L 26 ' '

Figure 2 along with the 4-31G MCSCF results. and the experimentally

estimated r_ structure of formaldehyde;49

COmparison of the
theoretical and experimental geometrieS’of formaldehyde allows
an estimation of the experimental geometry of the molecular transition -
etate for which, of course, only theoretical results are known.
The SCF optimized_geometries for formaldehyde are essentially
identical with those recehtly reported by Bell.szb_ Slight differences
in the DZ + POL SCF geometry are probably due to the choice of
different p polarization function exponents on hydrogen. The DZ +
POL SCF geometry gives CO and CH bond lengths slightly too short
- ;\ )
and an HCH angle very slightly too small relative to the experimental
: 49 s C s ' o
Iy Structure. - - The molecular dissociation transition states

found in the DZ or DZ + POL SCF and force calculations are

qualitatively quite similar to that found-by Jaffe and Morokuma
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invtheiri4-3lG MCSCF grid search.zs'z'6 The transition states

are‘planar with one CH bond_very'much elongéted'and thé other
onif.slightly stretched relative to their ya;ues in férmaldehyde.
Intereétingly,.both hydfogens'iie on the same side Qf the CO bond
axis in the transition state. Thé‘distortion of the;molecuie

from sz

symmetry by the unequal stretching of the CH bonds allows

the system to avoid what is an orbitally forbidden process in Cov

55

symmetry . However, to attain the lowér-Cs symmetry in which

the molecular dissociation ié.orbital_symmetry allowed,a substantiél
price‘must be paid in termS'of'distortiqn energy, resulting in a
high barrier.

For the DZ,+.POL SCF geometfy,‘the HH disﬁance in the transition

state_is very large compared with the experimental equilibrium. bond

4

length of the product H, (r_ = 0.7416 A).~ The DZ + POL CO

2

distance is ~0.04 i shorter than the calculated length in formaldehyde

v _ e ' . ‘
and at 1.151 A lies somewhat closer to the experimental distance

’ . o .
in the product carbon monoxide (re =1.1282 A) >4 as opposed

) . . ) ) ) : .
to the reactant formaldehyde (re = 1.203 A).49 , Comparing the

DZ + POL SCF structure and the‘experimental.ré geometry of formal-



-27~
dehyde, it may be anticipated that the e#perimentdl r, structure
iof the transition state would have-Cb and CH distapces ~0.01 g
ionger than and approkimately the same angular variables as in_the

DZ + POL SCF calculated geometry.

B. Force Constants and Vibrational Frequencies

At the DZ SCF level, full sets of harmonic force constants
were determined for the molecular transition state and, for com-
parative purposes, for.formaldehyde. These force constants are
reported in Tables 2 and 3. For formaldehyde, the calculated
: . ' ' ' 51 ' L .
force field of Meyer and Pulay and the experimentally determined

. L . 56

general harmonic force field of Duncan and Mallinson are also
included. 1In the present:work, the force constants have been cal-
culated at the DZ SCF optimized geometry rather than at the experi-
mental geometry as is frequently recommended,35b'51'57 The
procedure adopted here provides the most consistent comparison
between fOrmaldéhyde and the transition state, where such a shift
to an experimental geometry is impossible.

The formaldehyde force constants are given in symmetry coor-

dinates to allow easier comparison with the earlier work.  Considering

the diagonal elements of the force constant matrix, the force
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constant corresppnding to the-CO'sttetch ie.a12% larger ;han and;
the eymmetric and asymmetric stretch cdnetants ~16% smaller than
the:experimental veluesi However, it shquid be noted that diagonal
stretching force constants are very seneitive to the choice of
reﬁe;ehce geometry{35b. The.5ymmetric bend and wag force eonstants
give agreementiwiﬁh experiment, comparable to_thaﬁ.of the.previous
calculetion.51 The diagonal out of plane deformation or weg
force censtants’of planar molecules are coﬁmoniy more serioﬁsly'
overestimated at.the SCF 1evelvthan are.ether force constants.35b
The interaction‘force.constaﬁts also show good agreement with ex-
periment.  In particularfvFl2*(CO/s.CH).is positive andilarge
(0.76) for an interaction.term and Fys (S.CH/s.behd) is small and
negafive. The caleulated DZ SCF ferce constants are not of ex-
tremely high accuracy telative_fo experiment. However, with the
pessible exception of the imaginary frequency along the reectioh
coordinate_for Which enharmonicity may be of gfeater importance,
there is nojg priori reason'to assume'that the force constants

¢

of the molecular transition state will not be of comparable accuracy

4

to the formaldehyde ones. Thus, for purposes of calculating the
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change in zero pointvvibratidnalenergies, the present force.constants
'sﬁoﬁld be adeguaté.

At the molecular transition state, thg force constant for
the CO stretch in calculated to be 16.2 mdyn/g at the DZ SCF level.
On the basis of the result.for the CO stretch in formaldehyde,>
this value is ~1 5% too_la;ge rélatiVe to experiment and thus the
experimentalvco stretching:fqrce constant at: the transition state
is probébly .14 mdyn/i. Such a result may be compared with the
experimental CO stretching coﬁstants (in mdyn/g) in fo;maldehyde

56 5
12.9 formyl radical 14.2 8 and carbon monoxide 19.06.

54

As might be expected from é consideration qf the optimized transitioq
state geqmetry} the carbonyl;group is most comparable to that in

thg formyl rédicai}‘ The short CH bond at thevsaddle point has a

normal stretchipg force constant Qf-4.86 mdyh/i associated with it
while the very long CH bond h§s_a cqfrespondingly sma;i force constant.
The large negative diagonal element:for the one OCH bena is;aséociated
with motion.a;ong‘the‘reaction éoordinate_swinging fhe H2 acrqss

(

the CO bond axis. 1In the coordinate system chosen in this work,

a number of the interactionvconstantS‘are quite large.
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The calculated force constants wéré used to determine the
normal modes and Vibrationa} freqqencies of formaldehYde and the‘
. molecular transition state. The results aré shown in Figufes 3

and 4. The experimental_frequéncies_of formaldehyde are also

51

included, The DZ SCF formaldehydeivibrgtional mddes.which are
prihcipally stretches (thevtop three ffequencieé'in Figure 3)
arevoverestimateé by 10415% relative to experiﬁeﬁt and a similar
“situation probably holds for the transition state. The modes in
-CHZO_which are‘principally in-plane bends'(calculated to be 1435
and 1332 ¢m—1) are in significan#ly better agreement with the
experimental frequencies than are the stretches. .It has been
suggested that it may be possible tovsimply scéle ffequencies
obtained from SCF calculations to agree with experiment. Clearly
at the DZ basis'sét level of the forge constant calculations in
_this'work, the frequencies for modes domiﬁated by stretching and
bending would haVe to be treated differently. For simplicity,

a scaling of -15% has been applied.to all'freqUencies. ‘This
scaling qhiéfly corrects for the lack of CI and reduces the

calculated stretching frequencies sufficiently to place them in
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_ qud agreement (within 2Q to 60 cm—;)'with experiment. The
scaled yalueé are given inbparenthesés in the figures. Such

S a scalrﬁg'adversely,affectsrthe lower frequéncy mddes'which 
are chiéfly bends and for tﬁeSe:it may be @ore appropriate to

consider the unscaled results when comparison to experiment is

1

made. The_calculated imaginary frequency of 26921 cm © for

the molecuiar transitiqnvstate suggestsvthat the barrier is
fairiy thiﬁ and_Sharp asAwell aérbeipg quite high. Quantum
mechanibél tgnneling of‘H2 throﬁéb such a barrier may’be_important
to the molecﬁlar-photodissocration process.

For formaldehyde, the zero point yibratiqnél energy determined
from thé:sixrcalculated vibrational frequencies.is 0;79 eV (18.3

kcal mole_l, 6404 cm—l)-Which may'bevcompared.with\the experimental

vvalue of 0.70 eV (16.1 kcal mole-l

,_5631'cm.—l)'.5l The calculated

zero point vibrational energy of the five real vibrational modes of

1

the transition state is,0.5l eV (11.7 kcal mole -, 4085xcm-l).

n\Thﬁs a change in zero pointrenergy of ¢_0.3 eV (7rkcal moie-l,

2400 cm™!) lowers the calculated barrier from 4.06 eV (93.6 kcal mole”

1
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1

“1) to 3.76 eV (~87 kcal mole T, ~30300 om ). a

32760.vcﬁ
redﬁétion of 4.9 kcal inole-l in the ﬁoledular dissociation barrief
due to»zer¢ poiﬁt_co;rections was célcuiatéd previously by Jaffe
'and Morokunma -

The effect of Cindn the éeomefries and force consténts of
formaldehyde and the molécuiar transition state ﬁa; investigated
" by reoptimizing thé CQ bond length at the DZ % CI level and deter-
. mining the CO stfetching'forCe constant by taking numerical secona
derivatives of the CI energies. As_expected, the inclusion of
electron correlatiéh lengthens thevbond distances and decreases
_the'fofce constants relative to their SCF values. In formaldéhydé,
the Cb bond length increases by 0.030 i,_from 1.217 to 1.247 i,
while the associated s£ret¢hing force constant dec;eases by 2.8
mdyn/i frqm 14.4 to 11.6 mdyn/g with the inclusign ovaI. The DZ
cI résglts for formaldehyde aré thus very similar fo the Jaffe-
Morokuma 4-31G MCSCF values?®  of R(CO) = 1.24 A and F,, (CO)
ll.9:mdyn/£. With CI, the CO distance in the molecuiar transition 

o Py . E .
state changes by 0.035 A from 1.170 to 1.205 A and the force constant

o _ ° : _ o '
‘decreases by 2.7 mdyn/A from 16.2 to 13.5 mdyn/A. It is encouraging_
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(in tefms of ﬁhe use of CI calculations at SCF optimized ggometries
t;)dete;miﬁe,the Qiésociaﬁiqn barrier) that both the formaldéhydg and
'tﬁe_moleculaf trahSition state geometries undergo similar chaﬁges
in-bbnd'lgngthsand force constahtsvwith the inclusion of electroﬁ
correiation effects. The g;rdrs involved.in using CI calculations
at SCF geometrieé fdr formaldehydé'and féf the transition state
may well approximately canéel.

The Radical Photodissociation of Formaldehyde

Calculationsvwere ¢arriéd out bn HZCO(SO) dissociating to H +
HCO at the»DZ basisvéét level to compare the energetic requirement
with that for the molecular dissociation. The total energies for
points élong the assumed radical-dissociation pathway are givén
in Table 4 and ﬁhé potential curvés illustrated by Figure 5. The
sindgle qonfiguration restrictedVSCF results (OCSCF) are included
merely to illuétrate the well knowp inébility of this method to
give a‘reasonable_deécription'of‘dissociation to bpehfShell Speqiesﬁ‘
At least a ﬁwovconfiguratibn SCF (TCSCF) procedure is neceésary to
-even gqualitatively describé the radical dissociation. At the formal-

dehyde equilibrium geometry (R = 1), the TCSCF total energy is



_34_

0.0108 hartree below the OCSCF resul£. However, as R increasgs
the second configuratidn_in the TCSCF_becdmes iﬁcreasingly importéht
as‘evidehced by the _lafgér‘energy lowerings reiativg to the
bCSCF éhergy. By R = 5, the TCSCF curve.leveié off a£ the energy‘
of H(2S).+,HCO(2A") while>the10CSCF'cufve continues to fise._

-vThé éalcuiated TCSCF dissociatiop-énergy is 3.88 eV (89.5
kcal 'mble-l' 31300‘¢m_%) which‘may be cohtfasfed with the previous

minimal basis set + CI values for this quantity of 4.40 eV (101.5

| ) | 119 _ | , \ ;
kcal mole l, 35500 cm 7)) and ~4.63 eV (~107 kcal mole l,

~ 37000 cmdl) (Figure 1 of reference 23). Subséquently, CI calculations'

were performed using all singly and doubly excited configurations
with respect to the two reference configurations involved in the
TCSCF calculation. Although the TCSCF + CI total energies decreased

by nearly 0.2 hartree relative to the TCSCF results, the CI dis-

sociation energy is calculated to be 3.82 eV (88.2 kcal mole_l,

30,900 cm 1) in excellent agreement with the TCSCF value of 3.88 eV

(89.5 kcal mole-l,'31,300 cm-;). ‘In this case, CI has merely

shifted the potential curve down in total energy (see Figure 5)

without much affecting the relative energies of formaldehyde and
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the radical products. Applying a quadruple excitation correction of

the form (I-(Ciz + C22))AESD, where Cl and-'c2 are the CI coefficients

of the two reference configurations in the DZ CI, leads to a barrier

height of 3.79 eV (87.4 kcal mole-l, 30600 cm—l). The experimental

values for the radiéal.dissOciation'energy are 3.69 to 3.77 eV

-1.15a

- (85 to 87 kcal mole;l, 29700 to 30400 cm ) 3.77 £ 0.09 ev

1, 30400 + 700 em™ 1) 1% ana 3.825 + 0.070 ev

(86.9 * 2 kcal mole~

(88.2 + 1.6 kcal mole'l, 30850 + 550 cm‘l).16b

The apparent agreément’with experiment of the TCSCF and TCSCF +
CI dissociation ene?giés is‘rémarkable._ Howeyer, the experimental
values implicitly include.the‘zgro'point energy correcﬁions between
formaldehyde and the formyl.radical{ Using the.experimentally

observed vibrational frequencies, the zero point'vibrational energy

1.51 12,16

120519 is 0.70 (16.1 kcal mole ', 5631 cm 1)1 and for 12cul®o

for CH2

1

0.34 eV (7.8 kcal mole—l, 2700 cm ~). The change in zero point

1 (0.36 ev, 8.3 kcalvmole-;) is,‘Of course,

energy of ~ 2900 cmf
chiefly associated with the loss of one CH stretch in thé formyl

radical relative to formaIdehyde.v.Correcting the DZ-TCSCF or

DZ-TCSCF CI radical'dissociatidn_barriér of 3.82 to 3.86 (88 to
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89ikcai mole—;, 30860 ﬁo 31100 cm-l) by the zero point changé gives
a final bérfiérvheight of 3.47 to 3.51 eV (80 to 81 kcal mo;e-l, 
28000_to-28350_§m-1). Including both thevZeré point vibrationalx
energy correétibn'énd'the'qﬁadruples cérrectibn for thé DZ results,  the
éa;culations predictia barrier‘Qf'3;43leV (79.1 kcal mole-l, 27760 cm,l);

Compafing'the_TCSCffand TCSCF +‘CI.dissociation enefgies, it
is‘a?péfent th;t”correlation effectsvlaréely cancel between formaldehYde
and-hydrogén atom + fofmyl fadical.” The‘méjor chgﬁge in theoreticél-'
procedurg'likely to affect the barrier height.£6 radi¢al dissoci;tion
woﬁld be the addition of polarization fuhétions'to fhe basis set.
TCSCF calculations wéfe carried out ﬁOr'ermaldéhyde at thé DZ +
POL SCF optimized geometry ahd fér the separated radicals with
ﬁ(CH) =7 in units of the D3 + POL SCF optimized CH bond length.

The £étal’energie§ are fqrméidehyde —113.5058 and radicals -113.7644,
and thus the éalculated barrier is 3;85vev (88.7 kcal mole-l, 31000
em™ 1), which répresenfs a‘Slight increase relative to the DZ TCSCF
value. The largest basis set TCSCF result ((lls 7p 1d/6s 1p)/

[7s 5p 1d/4s 1p]) for the radical dissociation energy is 3.84 eV

(88.5 kcal mole—l, 30950 cmfl). Applying'the zero point energy
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correction to the DZ + POL barrier then gives 3.49 eV (80.4 kcal mole_l

28100 cﬁ-l) és the energy requirement for radical dissociation. A
similar correction to'the {7s Sp ld/4s 1p] barrief yields an energy
requirement of 3.48 éV.(Ssz kcal mole—l; 28050.cm—l) for thg radical
reaction. The fadical thresho1d isvunderesfimated by v 0.2 eV (5 kcal

i

mole—l; 1700 cm_l) relative to the expefimental value.

The Rearrahgement'of Formaldehyde to Hydroxycarbene

The total energies foormaldehyde, the rearrangement transition
state and Ezggﬁ—hydrOXyéarbene at various levels of theory are
presented'in Tabley5. Ehergy differences between the équilibriﬁm
structures CH20 and trans-HCOH and the rearrangement transition
state-cpnnécting them are.given asvare total energies of cis-
hydroxycarbene and the height of the relaxéd rotational b;rrier ,
between trans- and gi§fhydr6xycarbene. _?ll calculatiops were
performed at fully optimized'pz SCF geometries. The.mqst
extenSive_previous cI calculatioﬁs»byaLucchese and Schaefer
gave energies of -114.1338‘ha%tree for formaldehyde ;nd -114.0154
hartree'for,E£§§§+hydroxycarbene and thgs an energy separation

of 2.24 eV (51.7 kcal mole T, 18100 cm !). The largest CI

calculations of the present work produded energies of -114.1922

’
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hartree and ~114.1084 hartree‘for CH20-and‘transfHCOH giving

an”energy difference of 2.28 eV (52.6 kcal mole_l, 18400 ém_l).

Thus, it is confirmed that relative to the S origin of formaldehyde

(expérimentally9 at 3.495 eV (80.6 kcal mole-l, 28188 cm—l))

hYerXycarbéne-is §_low-lying isomer;

The trans conformer of hydroxycarbenevlies slightly>lower
in epéréy than does thé_gig fofm at gll levels of.calculatiOn in:
this work. Altmann, et glL?7‘found the E£§g§ isomér 0.30 eV
(6.9 kvcalv mole” ', 2400 cm_l).>more'st_ab1e than the cis with 4-31G
SCF calculations while the most sophisticatedvcaléulatidn of
Lucchese and ScﬁéeferZSplaceé 2232§ 5.8'kcal.mo1e_¥ (0.25v¢V,
2000 cm—l) below EEE; In the present work, ﬁhe energy aifferences

1

rahge from 7.7_kcal molc_a_1 (0.33 ev, 2700 cm. ) . (DZ SCF) to 5.0

1

kcal mole ' (0.22 eV, 1700 cm ') (DZ + POL CI + QC) with trans

\
the more stable. The addition Qf.polarization functions to the
basis set, configuratiOn'iﬁteraction, and the unlinked cluster
correction all very slightly favor cis relative to trans thus

somewhat reducing the energy separation from its Dz SCF'valﬁe,

Optimizedvgeometriés at the DZ SCF ‘level are shown in

'

A
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Eigure'G_er formaldehyde, the rearrangement transition state,

trans- and cis-hydroxycarbene and the relaxed_rotation transition
state. In the isomeric hydroxycarbéhes, the OH and CH bond
distances'are very similar and have values quite comparablé to

those calculated for H,0 or CH, (see references in [39]). The

'hydroxybarbene CO bond length of 1.337 ﬁ is considerably shorter

. [}
- than a single CO bond distance such as the value of 1.437 A (4-31G SCF)

or 1;474 2 (experimental) in methanol.39 Thus, it seems apparentithat th
CO bond in hydroxycarbene has éomévdouble bond character, The

OCH bond angle of 103.8° in the Eggég form is quite comparable

to that of the HCH angie Qf 102.4° in.CHz,(lAli.39 The COH

angle of ll4.4°'is}largér than the HOH angle in water or the

COH angle in methanol éossibly to minimize unfavorable carbené

lone pair--0OH bond interactions. For the cis form the OCH and

COH angles open up by 3.8° and 7.2° respectively and the CH and

- OH bonds lengthen slightly:to'relieVe steric interactions between

" the. hydrogens.

The geometry of the rotational transition state and the

height of the barrier to rotation are consistent with the view
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that the.CO bond in hyaroxyqarbene qqntains'some double bond
charactér; The relaxed-rotation‘invqlves a transition state
with a COvbond length of 1.376 i'at a conformation in which the
.CH‘and OH bonds are nearly ofthogonai. The dihédral angle is
‘88,0° in a system whére byvconvenfion the gigispeéies is
defined to have a dihedral'a#glesof 0° and the trans, 180°.
The'léngthening of_the CO'bénd'bY'm 0.04 g relative td hydroxy-
carbene in the néarly orthogOnal confbrmation is associatéd with

the destruction ofin bonding between C and 0. At the Dz SCF

level the caiculated rotatidnal barfiervfrom trans to cis of

24.5 kcal mole—l (1.06 ev, 8570 cm-l) is in good agreement

with the 4-31G SCF result of Altmann, gE al.27 The inclusion

~of electron correlation effects by CI raises the barrier by

2.9to 3.0 kcal mole™! (0.125 to 0.130 eV, 1010 to 1050 cm 1)
to v 27.5 kcal-mole T (v 1.19 eV, % 9600 cm 1). Aan SCF calcula-
tion including polarization functions gévé a barrier of 27.7

1

kcal mole ~. It is probable that the experimental rotational

barrier would bé quite large and ~ 29 * 3 kcal mole-l.

+Although a detailed_geometry'optimization'was not carried out,
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preliminary DZ SCF célculations on a structure with the HCO group

linear (i.e., on a transitiqn state for inverSion at the carbene
center) indicate tha£ the energyvrequired for invérsion is
substantiélly greatefvthan_that hecessary.for rotation.

"The tfansition state for the rearrangement of formaldehyae
to Eggggéhydroxycarbene was locatedvby‘a gradient procedure at
the DZ SCF 1ével and ig planar,in‘agreement-with,earlief grid
séarch methdds.z7 The t?anéition state for the rearrangement
more_closely-resembléslggggﬁ—HCOH‘than CHZO,particularly in the
CO bond distanceAas might'pe.anticipated on the basis of-tﬁe
Hammond postulate59 fo;ia re;ctiqn whigh'ié strongly endothermic
if viewed in the‘Sense_CH26~§ HCOH. The trans;tion state geometry
is quite ‘similar to that.found by Pople, et 5£L30 at the 6—3iG*'
SCF level of calculétion.

Since the CH

2Ov_to HCOH rearrangement represents a six

dimensional optimization problem;any global view of the energy
hypersurface has been lost and it is impossible to be absQlutely
certain that the transition state located is the only saddle point.

However,; it is prbbably the most important oné in the sense of being
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tﬁevhighést point‘on‘Egg minimﬁm energy pathway from feactants tb
pfédqcts.6l The planar transition state deScribed above isba true
'transition State37 in the senée of the force céns;ant matrixvhaving one
7‘and only-one'negative eigenyaiue,.but this fact aoes not guarantee its
uniqﬁénesé;

Searches for other poSsiblé transition states es?ecially non-
Lplahar ones of’iower symmetry than the pianar kCé) one found were
undértakeh from a numbér_pfvdifférent starting geometries. With
othéf geOmetrical paraméte;s closé to the optimuﬁ values in the
planar trapsition-staté the’bridgihg H wés moved out of the plane
such that the dihédral anglev(reiative to a cis form) was 135°.
.The'energy increased”bytonly vl kcaI mole-l bﬁt‘no transition
state could be located in thié fegionvof space, as the forces on
the interna1 coordinates we;eflérge and affer ten SCF and gradient
calculétibns_it was cleérvthat the system was returning to the , R
previousiy.locatea p;anartransitiqh_stéte geometry with a
vdihedral éngie.éf 180°. Another seriés of calculations
ihveétiggted the’possibility of a concerted shift of the

H2vgroup across the CO axis and on to cis-hydroxy-carbene

in a planar_fashion, : The energy was some 50 kcal mole~l
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 (2-éV, 16000 cm-l)'higher than thevreérranggment transition state
previouély lo§ated'and theré was no indiCatioh Qf the forces
decreasing to zero as ié réquired for a'saddle point. -Startingv
from geometficai vafiables similaf to those for the planar ﬁransi—
tion state,but with,the btidging H now‘in‘a.plane at a dihed;al
angle of 909 a fﬁrﬁher set‘qﬁ.calcglatiOns Wés performed. The
energy was v 20 kcal mole~) ( o.9‘ve'v,_ n 7000 cni;l)‘ higher than
- for the planar transition state and the force on the o bond was
alWays.large‘ih spite of anijariétions in'theuother'geometrical
parameters sugéesting that thé‘only transition state likely to
be found in this région of the hypérSurface is‘theVSimplevrotational
transition state With-R(CO) =1.376 g'already found and diScussed
above. All these calculations sﬁgéest(but, of coursé,‘dé not érove)
thét théfe_is'nd nqn—planarvlow energy transition state for the
rearrangement of forméidehydé to hydroxycarbene with a geometry
similar to the planér rearrangement transition state ioCated.
| - o g
The energy barrier for the reafrangement'df formaldehyde to
trans-hydroxycarbene Viavthelplanar transition state 15_4.67 eV

(107.7 kcal mole , 37700 cm 1) at the DZ SCF level. The addition
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of polatization'functions_reduces this barrier to 4.37 eV (100.7
'kcai mole_l, 35200 ém-l) using the DZ SCF optimized geometries. The

large basis set‘([?s'5p 1d/4s 1lpl) SCF result for the barrier  at

these geometries is 4.39 eV (101.2 kcal-mole-l; 35400 cm-l). A Hartree‘
Fock limit for this barrier of 4.53 eV (104.6 kcal mole_l,_36500 em™ 1)
30

"has béen~suggestéd previously on the basis of 6-31G" calculations.

Singlé and,doublé excitation CI using the DZ + POL basis further

1

~decreases this energy requirement by 0.39 eV (8.9 kcal mole-l, 3100 cm )

1 1

to  3.98 eV (91.8 kcal mole ~, 32100 cm *). This result may be

compared with that of third order M@gller-Plesset perturbation theoryé30
4.18 eV (96.3 kcal mole T, 33800 cm 1). With the inclusion of an

approximate correction for unlinked cluster effects,44 the barrier

falls to 3.85 eV (88.8 kcal molé-l, 31000 cm_l). Fourth order

singles, doubles, and quadruples Mgller-Plesset perturbation theory30

gave 4.06 eV (93.7 kcal mole™!, 32800 cm™1). Considering the

reverse'reaction, trans-hydroxycarbene to formaldehyde; the CI
barrier with the polarized basis set is 1.70 eV (39.2 kcal mole ~,
13700 cm-l)_whiCh decreases to 1.56 eV (36.0 kcal mole-l, 12600
cm-l) with the use of the unlinked cluster correction.44 This

AN v : v 28,60
fairly large barrier does not support previous suggestions ’ '
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that the singlet hydroxycarbene-formaldehyde rearrangement might
possess a‘relatively small barrier by anaIOgyAwith.the singlet

vinylidene-acetylene rearrangement for which the barrier is

60 1

1, 3000 em™h).

predicted®® to be v 0.37 eV (8.6 kcal mole”
Harmonic-erce fields“for both'Egggg apd gié hydroxycarbene-

'were determined at the DZ SCF optimizédlgeométries using

‘forces ébtained from DZ SCF éaidulations. The calculated force

.constants are presented in Table 6vand were used in the determina-

tion 6f the normal modes'énd vibfatibnal fréquencies illustrated

in Figure 7. The éamé caution as ad?iséd earlier for the vibrational

- analysis of formaldéhyae should also be taken with these results.

The highest frequency mode is an OH stretch at 4075 (3646) cm” 1

and 3965 (3370) cm_; in trans'and cis HCOH where the yalues in
parénthesés have been scaled down by 15%. The'scaléd values serve
as the best prediqtibn for the expérimentai frequencygdf‘the
hydroxycarbene OH stretch. 'The two isomers have reasdnably.we11 
separated fréquencies'and it'should_be possiblevtb identify.both
of them experimentally by'théir infrared.spéctra‘if they can be

matrix‘iSOlated. . The predicted frequencies are also quite different



~46-
ffom thosé of ermaldehyde (recall Figure 3), the,moét
likeiy preéursor in hydroxyca;beqe syntheéis.

' DZ SCF force coﬁsﬁantsvand Vibfationalvfr¢Queﬁcies were.
"also determinéd for the rearrangement transition state and are
preseﬁtéd in Tabig 7‘and'Figure‘8.. The strong éoupiing éf the
'distahge ofvthe migrating hydfogen-to carbon and the angle
O—C;Hmig'is obvibusf The large negative.diagonai element for
»the_o—c-ﬁmiqvanéle'reflects thé strong:involvémentvof'this
¢oordinate ip tﬁe rearfangément reaction path. ‘The out of.plane
mpde is of high f?equeﬁCy involving.as it does both OH and CH
stretching. ' The reéction coordinaﬁe hasvan'associéted
Vibrational frequency éf 27051 cmnl or 2299i cm-l if scaled,’
,’whichvreflects:a fairly:thin barrigr throﬁgh which tunneling
'bva may.be important ih any experimentgl rearrangement.

These vibrational frequeﬁcies were used to calculate Zero
point vibrétional enérgy_corrections to the rearrangement barrier.

For transFHCOH the six calculéted_vibrational frequencies yield
a zero point vibrational enefgy of 0,78veV (17.9 kcal mole_l,

16300 cm-l). Recéll.that'for CHZO the calculated zero point energy
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was 0.79 eV (18.3 kcal mole-l, 6400'dm_l). ‘The five real

\

frequencies of the rearrangement transition state result in a

1

zero point energy of 0.82 eV (18.8 kcal mole_l, 6581 cm ).

‘Thus zero point energy differences cause the best calculated

1

O to HCOH rearrangement barrier of 88,8 kcal mole ~ (3.85

2
eV,vBilbd cm—l) to iﬁqrease to.89Q3'kcal mole_a’-l (3.87 ev,
l). ‘This slight increase.in the rearrahgement barrier
due to‘changés in zero point energies may'be contrasted with the

decrease in the barriers observed for the molecular and radical

dissociation processes when zero point energy corrections were

- considered. Both the molecular and the radical reactions possess

Very "loose" transition states and consequently less vibrational

energy than the #eactant formgldehydgf However, the rearrangement
transition state is‘clearly a "tight" structure containing more
vibrational energy thus giving a zero.point correction in the
Qpposite direg#iqn. ‘Coﬁsidering the reverse reaction, trans—HCOH
1

50, the best calculated barrier of 1.56 eV (36.0 kcal mole —,

12600 cm 1) increases to 1.60 eV (36.8 kcal mole 1, 12900 cm 1)

with consideration of zero point energy effects.
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.The beét éalculétédvbarfiet_in,this work fér.the rearrangement
‘of fbfma;dehyde'to Ezgggjhydroxyc;fbene-of ~ 3.86 eV (v 89 kcai
ﬁolé_l, y 31100cm—l)is‘quitevéimilaf to the value of ~ 3.77 eV
(v 87-kcalvmole—l, v 30400 cmf;) predicted for the dissociation‘ -
of fOrmaldehyde to moiecuiér products. A simpie consideration
of the transi#ion stétes fbr these twb processes(Figures 2 and é)'l
-would,suggest tha£ both may be dynamically difficu;t in the sensé_
of nuclear least motiqn. »prever, the molecular dissociation.ié readily
rdbsérvéd.experimentally‘and‘it wéuld appear likely that the rearrange-
ment to hydroxycarbene.which enérgeticaily, and at least qualitatively
dynamically,?haé similér requiremeﬁts mayvalso1occu£'in fOrmaldehyde

- photolysis systems.

The Mechanism of the Photodissociation of Formaldehyde

The present work provides what are the most accurate theoretical
results yet determined for the transition state geometries and
barrier heights of formaldehyde on its Sb surface dissociating

to give molecular:or radical products or rearranging to hydroxy-

carbene. The most detailed picture of the mechanism of formaldehyde
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'photolysis will only emerge when the results of this work as

regards'the_potential'energy.surface are incorporated into

Ll . . . 24,62
detailed dynamics calculations. Some dynamics work 6

on the
dissociation of fofmaldehyde has begun'to éppear but it has

been édméwhat hampered by the_previous lack‘of'quantitatively
reliable Vélués for the bafrier he;ghts of the various‘proceSSes.

In order ﬁo place the present calculated results in a better
perspective-rélative'to experiment( the S0 to T4 adiabatic
éxcitatioﬁ.energy which is well‘known experimentallyll‘ﬁo be
3.12 ev (72.o kcal mOle'?,.25194 cm'15 was calculated at the
DZ + POLSCF % CI le?el of theory. The optimized TL geometry was takenv

52 ' . . '
from Bell. b At the SCF level an SO—Tl excitation energy of

2.11 eV (48.6 kcal mole_l, 17000 cm-l)-is predicted in the

. ’ . . 4
present work as compared to the near Hartree Fock limit value 8

1

of 2.18 eV (50.3 kcal mole Y, 17600 cm T). A large scale CI

using the T

1 SCF MO and including all Hartree-Fock interacting

single and double excitations was performed. 12508 3A"

configurations were explicitly included ih this calculation
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which gives a T, state energy of ~114.08485 hartree. Thus, the

1
SO_TI énergy difference is 2.92 eV (67;4 kcal mole-l, 23600 cm_l)

| which may be_dompared, for example; with the Lucchese and Schaeferz_8

result of 2.99 eV (68.9 kcal mole t, 24100 cmfl) where important

'COnfigurations were selected'on the basis of perturbation theory.

\

‘The inclusion of the-approkimate unlinked cluster correction44

modifies the preéent result for the eX¢itationvenergy to 3.01 eV

(69.5 kcal mole-l,'24300 gm‘l) to be comparéd-with the experimental

1

ly. 'Thus the best

‘value of 3.12 eV (72.0 kcal mole ~, 25194 cm’

Tl energy is v 0.1 ev (2.5_kcal_mole—l; 900 cmfl) too low. It

is anticipated that for theﬁsl'energy (to which implicitly all

experiment results are;referenced) calculations of the quality
of this work would give results in error by approximately the

same amount and in the samevdirection as for Tl’ Thus an SO-Sl

~adiabatic .excitation energy of ~ 3.38 eV (v 78 kcal mole-l,

27300 dm_l) should result from theory as compared to the experimental
value of 3.495 eV (80.6 kcal mole ', 28188 cm™ 1)

‘The calculatedvbarriers for the rearrangement and
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molecular dissociation invoiving as they do the energy differences
between a stabie equilibrium strﬁcture and a transition state may
not be quite as'éccuratelywdetermined.(i.e.; withih 0.1 eV (2.5
kcal ﬁole-l, 900 cm_l))vas the energyvdifferences between two stable
f'stfuctures such as the Sy and_Tl geometries. It.is anticipated that
the various baffiers calgulated in the-present,work may'be reasonably;

L.

assigned error estimates of v * 0.2 eV (£ 5 kcal mole—l, + 1700 cm
" Collecting thg most accurate'théoretical results including zero point'
eﬁergycorrectionsf;om'the previous seétions, the molecuiar dissociation
barrier is_predictéd to bé 3.77 £ 0.22 eV (87 £ 5 kcal mole_l,i30400.r
1700 cm-l and the hydroxycarbene rearrangement energy 3.86 * 0.22 eV

(89 + 5 kcal mole T, 31100 + 1700 cm ). The radical.dissociation is

of somewhat different charécter than either the moleculér dissociation
or the rearrangement_in that the transition state is the infinitely
separated radical fragments. Since it is uéually the case that
rearréngement barriers are slightly overesﬁimated (e.g., [25,»26]5_§nd

that dissociation energies are underestimated in high level theoretical

work, it is probable that the actual radical threshold should be slightly
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larger'(by'perﬁapsv3 £o S kcai mgie_l) {0.13 to 0.22 eV, 1100

to 1700 cm—l) and the ﬁblecular éhd rearrangement barriers T

smallefvby-a similar amounf; It is cléar that the eﬁérgy
»requifemehts‘fqr the fadiéal and'molegulafldiséociation path-
waysvare'very similér,in agreement with-experin}ent.ls‘a It is

‘also clear fhat'thé rearrangemént fo hydro#ycarbene can not be

definitely ruled out on enérgetiq grounds.and may play éome

role in_fo%maldehydé photolyéis.

The preSent results‘strongiyvsuggest.thaf there is

a small 3-5 kcal m'ole_l (0.13—0..22 ev, 1100—1700 cm_l)

barrier above the S, origin of fdrmaldehYde to the three photo-
chemical processes studies. Othervwork both experimenta19’15’63'
and theoreticaj?d'éfs divided on whefher or not unimolecular photo-
'dissociation'of formaldehyde Should occur at the energy of the

S, origin. The dissociation dynamics calculations of Elert, et gkfd'Gz
could best rationalizé>the delayed appearance of CO product fgund
by Houston and Mocreg.if £here was a barrier}(perhaps'of 0.50 ev

%

(11 kcal molé_l,_4000 cm™ 1)) above the S, origin. Both H,CO and

D,CO would theh'merely radiate at the S origin and not undergo
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‘photOChemistryr The time lag for CO appearance was then associated
with collisiqnal éctivation'ovgr the barrier. However,'very.recent
expériments by»Wéisshaar,_gE_gl;63'andby Luntz64 have indicated that
Hzco decays npnradiafiVely in,thg zefo,pressgre limit leaving'open the
question of zero pressure photochemistry.by CH20 ét thefenergy of
tﬁe_sl 6rigin; The reéuits of the present work support the view
that there is a éﬁall barrier above Sl to molecular or :aaical
dissociation or to isomerization to HCOH and thus that excépt for -
reaction due to tuhneling,'fqrmaldehyde should not uﬁdergo truly -
unimolecular photodissociation at the S, origin.

The present.calculatiOns'bf,Vibrational frequeﬁcies clearly
show that observéd differences15a in reactivity of-H2CO ana D,CO
may be understood in tefmSJof’normal isotope effects, i.e.,
differencés in zero.bdint.energy and quantum mechanical tunneling
effects. The vibrafional analyses were repeated substituting D

for H and the zero poiht energy cérrections to. the molecular

dissociation and rearrangement barriers computed. Fof.CDZO > D, + CO,
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the effective barrier height is 3.83 eV (88.4 kcal mole %, 30900 cm 1)

1 1

.as compared to the value of 3.77 eV (87.0 kcal mole , 30400 cm

,0. Similarly, for CD,0 > trans-DCOD the corrected barrier is

for CH
3.98 ev (91.7 keal mole” ', 32100 cm ') while for CH,0 it is 3.87 eV
(89.3 kcal molé-l, 32l00_cm-l). " Thus, the observed lower reactivity

15a

of cbzo as compared to CHéO for the molecular and radical dissociations

“is at . least pértially‘dﬁe‘simply:to the lowér zero point energies
of the:deuterated species. )
As has beén mentioned previqusly, the réaction coordinate
. frequepcies of 2692i cm T (scaled: 22881 cmfl) for the molecular
dissociation and 2705i cm~ 1 (scéled: v2299i,cm-l) for the isb-
merization to hydroxycarbené are suggestive of relatively thin
and sharp barriers through whigh.qﬁanﬁum_mechanicai tunneling may
be important. . To provide an estimate of tunpeling'effects, the
problem was treated iq a'very simple manher as.a symmetric one
'dimensionél Eckart barfiér.- The resulté'suggestéd a significant

’

role for tunnelind.



_55_

'In a very recent paper on tunheling corrections to the rate
constant for unimolecular reactions within the standard transition
- state theory,‘MillerGS-has employed the calculated vibrational

frequencies, energies and geometries of this work to show that
tunnelihg effects are quite significaﬁt for rates of lO9 sec-ler

slower in the collisionléss photochemistry of formaldehyde. At

energieslnear.the S, origin at 80.6 kcal mole T (3.495 ev, 28188

1
 cm_l) the rate of tunneling for'HZCO +’H2 + CO throﬁgh a zero-point

1

energy corrected barrier of height 87 kcal mole - (3.77 eV, 30400

cm_l) is large enough to explain the experimental observation of
molecular products at the Sl origin. Tréns—HCOH also tunnels rapidly

to CHZO. At energies equal to the electronic excitation energy

plus the relevant zero point energies Miller65 finds that H,CO

2

dissociates to molecular products at a rate & 41 times greater than

D2COE The hydroxycarbene rearrangement reaction has a ratio

k of v 33 at these energies. Thus tunneling effects also

HCOH/kDCOD

serve to clearly-differentiate between isotopically substituted

'formaldehydes.
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- Concluding Remarks

The present‘calculatiéns providevdecidedly more accurate
‘values than previously ayailable for»enefgy barriers of qritical »
importancé to formaldehyde photochemistry. Significantiy, the
‘energy required for_photéchemicai isomerization to hydroxycarbene
is only slightly gfeater'than that fdr the.rédicalvqr holecular
phqtodiésociations;” It is probable thétlsome acéount of HCOH neéds

. ) . . } 66 ‘
to be taken in ermaldehyde photglysis._ of equal significance,
the ;alculafions predict.ajsmall.barrier above the Sl band

origin to any photochemical reaction by:formaldehyde.
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“Table 1

Level of Theory.

DZ SCF

[6°

3P/35)1scF

DZ + POL SCF

DZ + DOUBLE POL SCF

(11%7P19/6%1P) /(755P19/451P 113, 0134

4.31G MCSCF

'DZ + CI

Dz
Dz

'_DZ

a.
b.

C.

+ CcI + oc®

+ POL + CI

b .

Near Hartree—Fock Limit?

+ POL + cI + oc®

Reference [26].

Tbtal Energy

L | -1
Total energies (in hartree) and energy differences (in eV, kcal mole ~, and
'bm-l)»for formaldehyde and the molecular transition state at various levels
of theory.

- Reference [48] at the experimental geometry.

- Unlinked cluster quadfuples dorrection.

- ‘Reference [44].

AE
| ' - -1
Formaldehyde Molecular Transition State eV kcal» mole cm
 -113.8307 -113.6496 4.93 113.7 39700
-113.8391 -113.6588 - 4.91 113.1 39600
-113.8945 -113.7269 - 4.56 105.1 36800
-113.9017 ~113.7366 4.49 103.6 36200
-113.7464 4.54 104.8 36700
-113.9149 -- - i -
-113.8029 -113.6356 4.55 104.9 36700
-114.0353 -113.8756 4.35 100.3 35109
-114.0519 ~113.8997 4.14 95.5 33400
-114.1922 ~114.0371 4.22 97.3 34000
-114.2185 ~114.0693 4.06 93.6 32700

.-.79_



Table 2 Calculated forcé constantsa in symmetry_coordinatesb for‘formaldehydé:at’the

DZ SCF optimized geometry.

- Force ' This Work ' Previous Calculation[51] Exptl.

_59_

Constant Description DZ SCF at DZ optimized geometry at experimental geometry ‘ (51,56] -
Fiq co 14.4 | | ~ 13.646 12.90+0.11
Flzv Co/s.CH | 0.76 ’ - 0.797 | ‘o.slltd;llz
Fi3 CO/s.bend .. 0.35 L 0.411 | 0.388+0.020
F,) s.CH 4.2 | | 4.885 4.999+0.034
Fyy s.CH/s.bend T -0.14 | - -0.131 ~ =0.122+0.014
Fisq s.bend = . o "' - 0.63 '1_ - _ 0.634‘ ' 0.572+0.003
Fuq as.CH : 4.1 o - 4.791 e' 4.872+0.022
Fyus as.CH/rock ©0.12 | o.i46 | ©0.212£0.025
Feo rock | | S 091 - 0.907 ~0.838%0.003
Fee wag | | o.as o ~0.501 ~ 0.403:0.002

i : o_ ) ’ ) .
a. Units are mdyn A 1 for stretching-stretching, mdyn i/rad2 for bend-bend and mdyn/rad for"
bending-stretching force constants. - ' :

b. Symmetry coordinates are defined by: ay: Sl(CO) = AR

_ ok ,
— g% -
S3(s.bend) = 6 (ABl + A82 2Ad)
‘ _ =%
18 S4(as.CH) = E» (Arl - Arz)
—_ 2 -
b2: 56(wag) = Ay

where R is the CO bond lengths, r; and r, the two CH bond lengths, B, and Bé the two HCO . . .
angles, o the HCH angle and y the angle O0f O out of the HCH plane.
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Table 3 CaICulated forgé constahtsa in internal‘coordinatesb for
' the molecular transition state at the DZ SCF optimized -

geometry.

R(CO)--iR(CHl)" R(CH,) _i(QCHl)~> ¥ (OCH,) _O0.0;P;(HCH)

R(CO) 16.2  1.19 0.01 . 0.87 ~0.67
R(CH;) ~0.70 'v?o;zs ~0.81 0.83
Reemy)  a.8s 113 2.00
¥ (OCH,) | | 0.60 vl;lO 
¥ (OCH,,). - | SRR - ~2.08
0o.0.p. (HCH) -'1 - | T ©0.33

a. Units are mdyn i—l for stretching—stretchihg, mdyn Zok/rad2 for bend-
- bend and mdyn/rad for bend-stretch force constants.
b. 1Internal coordinates are defined by:
~ R(CO), R(CH;), R(CH,), <OCH,, <OCH,
and O out of the plane of HCH. _
Hl;cqrrésponds to the very long CH bond relative to formaldehyde

and H, to the shorter bond. Recall Figuré 2.
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Table 4 One configuration SCF (OCSCF), two configuration SCF

2

-(TCSCF) and two configuration SCF plus configuration
interaction (TCSCF + CI) calculations on the radical
dissociation of formaldehyde. _
Energles in hartree. R, the reaction coordinate, in
unlts of the DZ SCF optlmlzed CH bond length in formal-
dehyde which is l 084 A.

R OCSCF TCSCF TCSCF + CI

1.0 -113.8307 f113.8415v -114.0376

1.5 ~113.7496  -113.7852 -113.9807

2.0 -113.6586 -113.7277 -113.9264

3.0 -113.5479  -113.7005 ~113.8990

5.0 --a  -113.6989 -113.8971

7.0 --a ~113.6989  -113.8971

a. No satisfactory COnvergehce was obtained for the OCSCF procedure}
Approximate energies are R = 5.0, -113.48 hartree, and R = 7.0,
-113.46 hartree. ' o



Level of’

Tabie 5. Total energies (in hartree) and energy differances (in eV, kcal mo].e_1 and cm-l) for'formaldehyde, the rearrangementa

Rearrangament

transition state, trans-hydroxycarbene, the rotational barrierb and cis-hydroxycarbene.

.Theory Formaldehyde.c eV kcalAgole- cm‘-1 Transition State ev kcaiAgole’l 'cm-1 g;%%g;ycanbene ev Rocig;gn:élzéfrier
DisCF —i13.8307 4.67 107.7 37700 - -113.6591 2.65 . 61,2 21400 -113.7566 1.06 24.5

DZ+CI -114.0353 4.34 100.0 35000 -113.8760 1.99 46.0 16100 . -113.9493 1;19 27.4
DZ{-CI+QCd ~114.0519 4.23 - 97.5 34100 -113.8966 1.85 42.7 © 14900 ‘—113.96#7 1.19 27.5

DZ2+POL SCF ~113.8945 4;37 109.7' 35200 -113.7340 2.24 51.8 18100 —113.8165 1.20 27.7

§Z+POL cI -114,1922 3.98 91.§ 132100 -114.0459_‘ 1.70 39.2 13700 -114.1084 - -

DZ+POL CI+QCd -114.2185 3.85 88.8 31100 -114.0770 1.56 36.0 12600 -

a. Rearrangement from formaldehyde to trans-hydroxycarbene.

b. Trans- to cis-HCOH by relaxed rotation about the CO bond.

c. From Table 1.

d. Unlinked cluster quadruples correction. Reference [44].

-114.1344

cm hydroxycarbene
8570 - -113.7444
9580 -133.9385
9620 -113.9543 .
9690 -113.8072 ?
-- -114.1000
-- -114.1265
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Table 6.,Cal¢ulated'force constants® in internal coordinatesb for trans-

and qis—hydroxycarbene. DZ SCF results at DZ SCF optimized

deometries.

trans-HCOH
R(CO)

" R(CH)

 R(OH)

¥ (OCH)

¥ (COH)
torsion

Cis-HCOH

R (CO)
R (CH)
R (OH)
¥ (OCH)

¥ (COH)

torsion

R(CO) .

7.54

R(CH) R(OH)
0.16 0.06
5.43 -0.06
9.25
R (CH) R (OH)
0.20 0.09
4.91 0.05
B 8.75

¥ (OCH)

0.71
0.13
0.09
1.35

¥ (OCH)

0.62
0.15

- -0.14

1.38

¥ (COH)

0.41
0.02

0.13
0.15
0.88

¥ (CoH)

0.36

-0.05
-~ 0.09

-0.02
0.84

torsion

0.30

torsion

_ o ,
a., Units are mdyn A 1 for stretching-stretching mdyn/rad for bending-".

. o
stretching and mdyn A/rad

2

~ for ‘bend-bend interactions.

b. 1Internal coordinates defined by R(CQ), R(CH), R(OH), ¥ (OCH) ¥ (COH)

and torsion OH about the CO axis.
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Table 7. Calculated force‘const_antsa in internal coordinatesb for the
rearrangement transition state. DZ SCF results at DZ SCF
optimized geometries.

.Rearrangement _ B : : - .
Transition State R(CO) R(CH,)  R(CH,) ¥ (OCH,) ¥ (OCH,) 0.0.p.

R(CO). 8.66 0.38 = 0.98 0.14 - 0.21 -
IYR(CHl)’ | o L 5.71 - 0.25 ©0.11 0.26 --
R(CH,) R S . 2.63 0‘27,. 3.73 ==
¥ (OCH;) - | | _ . 1.05 - 0.75 -
E: (OCHZ). - o o ) - 4.18 -
0.0.P. - - - ' -- - ,0.20

_ 0iq | - , _
a. Units are mdyn A 1 for stretch-stretch, mydn/rad for bend-stretch and

) . .
mydn A/rad2 for bend-bend.

b. Intérnal coOrainates: R(CO), R(CHl), R(CHZ) where H2 is the bridging -

hydrogen, ¥ OCH,, ¥ OCH, and H, out of the H,CO plane.

2 1

ll

g

7
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Figure 1.
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.FigurevCaptions

Experimehtal energy-level diagram for formaldehyde.

' Adapted from Reference 9. Broken lines indicate symmetry

‘correlations of the lowest states of CHZO with radical

- and molecular prdduets. The barrier heights are

- Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

undetermined experimentally.
Optimized geometries of formaldehyde and of the molecular

transition state atAE. DZ and C. DZ + POL SCF levels of

theory. A. 4-31G MCSCF results?®

49

and D. experimental r, -

structure of CH

20 for comparison. All structures are

planar.

Calculated normal coordinates and their frequencies (iﬁ
cm_l) for,formalaehyde. Experimental frequencies are
underlined. Calculated,frequencies_decreasedbby 15% are
given in parentheses.

Calculated normal coordinates and theif frequencies (in
cm_l) for the molecular transition stete. Calculated
frequencies decreased by 15% are given in parentheses.
OCSCF;.TCSCF and TCSCF+ CL DZ potential curves for the
dissociation of H2CO (SO) to H + HCO. The geometrical
parameters ef the HCO fragment are frozen at the DZ SCF
opﬁimized values in formaidehyde (recall Figure 2). R

is in unite of the equilibrium CH bond length. Dissociaﬁion
energy.for TCSCF DZ + POL calculation at DZ + POL optimized
geometries.

DZ optimized geometries for A. formaldehyde, B. the
rearrangement transition state, C. s-trans and D. s-cis

hydroxycarbene and E. the rotation barrier structure.



- Figure 7.

Figure 8.
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CalCuiated normal cdordinateé:and their frequencies (iﬁ
cm_l) for a) Eﬁgggjvand b) cis-hydroxycarbene. Caiculé#ed
fréquenciés décreaééd by 15% are given in parenthesés. "~.

Calculated‘normalzcoordinates and théir_frequencies_

“(in-em 1) for the transition state structure in the

réarrangement,of formaldehyde to trans~hydroxycarbene.
Calculated‘frequéncieS'decreaséd by 15% are given in

parentheses.



T3

492 113.5 39680
| //-’ H(2S) + HCO(2I)
4
/
/
/
, N
;. /" \.379 87.5 30600
- ) / I 12 2p!
| | / , H(S) + H
3495 806 28188 _~ .,’ / ( »S) Heors
A / //
3124 72025194/ [ D
3p : !/ ‘\\
/ ::J{ P~
/] /! \
VAV AR
/ \
/
;7 7 \
S/ \
s \
s \
o000 27 \
O _-Z7 -002 —04 -140 '\
HoCO ('A)) co('s) + Hy('sh)

XBL 7312-13271

Tigure 1



~74-

S 24
n80°<~c==é§===0.

. /iosa

us;;?\ 120

=27 __o

- /1.084

.H63°(.C=;£3==0

1.096

: : 1,203+ 0.003
D. 1es5°t |.2°( C=——=0

1.099 £0.009

H
L33if \l.734
ﬁ\\\\\ Jnre
“Vios e 07
H

"TTTes CTme 07T
H
1.203 1586
H ;\Qf5°
BT Y SRS

XBL 7812-13272

Figure 2



¢ oanbts

3364 (2859) + 3234 (2749) 2123 (1805)
as.CH str. ;; s.CH str. COstr.
by 2843 1 ‘a, 2766 a, 1746
-+ —+—+—+—++——8 g ——+—+—+1—8
H
A A | oA o
‘ 1435 (1220) ‘ v 1332 (1132) C _ 1320 (1122)
T _ . T T out of plane
o3 o 150 - oL b, 1247 0 3e b le4
b T+ 1 B F+—+—— T+ | B -+ - }
1 1 . T
C C e
T ® 1 ®
H - H H ’ H

XBL 7812-13278

QL=



p oanbra

3247 (2760)
CH sfir.

941 (800)

1946 (1654)
CO str.

A .

—~—

1338 (1137)

2692i (2288i)

'REACTION
COORDINATE

Hy

XBL 7812-13279

~9L~ .



" ENERGY (AU) -

135

o

—113.6}

=137

—13.8F

—13.9

— 4.0

,89.5,31300

R(H-HCO)

Figure 5

XBL 7812-13274




~78-

H

H

H

H

1.376
C.

H

c

1.084

H .

.27 \'98
\55°

- C—Ee 0

H

“4'/4""/).953

eI 4

_/ 1.337
|.093/ g

o

Fi

1.337

=20
'll%-} ' \\__Xj.ssr
e/ 10780 121.6°

H

H
88°
e
H

XBL 7812-13273

ure 6

\Q



e, 2anbtjg

&
A

" 4075 (3646)
OH str.

1264 (1074)
COH bend
0 OCH bend-

3158 (2684)
CH str.

& )

1877 (1595)

CO str. -
COH bend
OCH bend

1093 (930)
torsion
ope

© XBL 7812-13277 -

el



q, °InbTa

3965 (3370) "

A

LA,

3006 (2555)

1716 (1459)

%{; OCH bend
+H—+—t++++—B

.

=3

[4s )

|

980 (833)

torsion

OH str. - CH str.
o H v .
——— B 4 — -+ B
. _j—
[ M
| | A , |
1460 (1241) 1 Ho 1020 (867)
COH bend /\ |
l “ l 1 i il [l i b ) . l
B i l4IL L L B
1 1 1 | I
+

© XBL 7812-13276



g 2anbrs

-8 ‘e

A

3298 (2803) 2752 (2339)

4323 (3675)

XBL 7812-13275

- out of plane "as. CH" "s. CH"
B ——— B. ~B
-.A .
1568 (i333) T 2705i (2299i)
. REACTION
- COORDINATE
H l
B B T

-18~



This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable. :




‘nga Y

TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

— - Aam





