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MULTIPLET SPLITTINGS IN THE PHOTOELECTRON SPECTRA

~OF ORGANIC RADICALS: TRIMETHYLENEMETHANE

* David R. Yarkony and Henry F. Schaefer III
Dépaftment of Chemistry and Lawrence Berkeley Laboratory -

University of California, Berkeley, California 94720
' ABSTRACT

Open shell seiffconsisténtffield‘theory haslbeen abblied
to systemsvarising_from the photoionization of organic radicals.

'_ :112
2 le _

electron configurationvof C(CHZ); have been investigated both

Speéifically,-the multiplet splittings of the cee.. la

analytically and numerically. These exdhange splittiﬁgs are

found to be quite large and should definitely be considered in

the interprétation of the photoelectron spectra of organic

radicals.



. In recent years photoelecfron spectroséopy has: become an .
,inc;easingly impo:ﬁant experimental too; iﬁ the study_of the
electronic structure 6f molecules. Present expérimental
techniqﬁesl’2 are capable of‘meaanring the-ionization.poé
teﬁtiai (IP) of ﬁoth core and‘valence'electrons,ahd this
has stimulatgd.considerable‘theoretical effort ih an attempt to

3,4 0f late experimental methods

accurately deférmine fhese IP's.
havé_been déveloped which permit the rénge of photoelectron

spectra (pes) to be extended frém stable, closed shells.moiecules ‘
‘to the more;évanescent class of organic-radicals}6 An importént
jfeatufe offthe pes of these radicals should be the muitipletvor
exchéhge splittiﬁgs arising from the opén sheli,eiectron occupancieé
characﬁeriétié éf these species. In fa¢t this ;ype‘of multiple; |
:spiitting_has beeh obserﬁed in the coré levels of a;ﬁumber of
moleculeé, inéluding some ‘as large as di—t-butylnitrdxide.7 However
Valénce level exCﬁaﬂge splittings haﬁe yet tb be identified in the
ées'ofvorgénicvradicals. | | N

~In ﬁhis communication we reporﬁvthe resﬁltsléf_a,theoretical

treatment of_the[trimethylenemethane radical (1)

.C?z .
CH, CH,y - @
which’demonstratefthat valence level multiplet splittings can be

substantial,:and must be considered in the’interpretation of the



- pes of organic radicals. Trimethylenemethéne has been of
particulér.intérest since 1948, wﬂen Moffitt aﬁd_Couison8
showedAthat its central atom has ﬁhe greatest T bond order
attéiﬁablé by a carbon atom. The relevance of C(CHZ)3 to
the question of exchange splittings comes froﬁ the fact théﬁ
the pes of two related organic compounds have beeﬁ determined;'

'_Déwér and Wofley9 h;ve‘reported gight ionization pétentiais :

fofvthe:iron carbonyi.complex C(CH2)3‘—Fe(CO)3 and KOeniglo

'has studied 2-isopropylidene cyclopent-1,3 diyl

f(CH3)2_
C
H,c ClH
H,C CH,

. (2)
Dewar and Worley attributed their Second_measuréd;IP (at 9.15 eV)
td“tfimethyleﬁeheﬁhane ahd estimatéd that thislI? would fali'éo
8‘631eV'iﬁ<the absence of the Fe(CO)3 part of the complex. They

also identify-an-IP at 11.07 eV with C(CH and note excellent

2)3
agreement with their calculated semi-empirical 7 orbital'energy.

Dewar and‘Worley do not mention the possibility of multiplet splitt- -

‘ings in thé pes. Koenig's research, although not yet complete,

yielded a pair of.peaks, centered at 8;6 eV and split by 0.4 eV.

Preliminary indications are that these two peaks should be attributed

-

to the doubly degenerate 2g state (in Dy symmetry), which

has been perturbed by an'unsymmetric eﬁvironment.
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The theoretical approach followed here is analogous to that -
v 12 ) i | .
used in our earlier studyl_vof the 3A2 ground state of the neutral

radical. The ground electron configuration forlC(CHz)3 is

v!2 '4 '2 '2 114 '2 ,14 '2 '4 !tz lv2 .
la1 le Zal 331 2e 481' 3ev la2 be lazv le (3)

and the lowest two orbital occupaﬁcies for the positive ion are

- ’ 1y ' R te . : .
cevee 1a22 be 4 la2 2 e : ' : )

and

..... 1a. 4e * 1a, le ° . (5)

 _The ground state of the ion, resulting from (4) is a 2E state,

but-the‘s;tuation with respect to (5) is more cemplicated, with
four different electronic states arisihg. The singlehconfiguration

wavefunctions for these open-shell states may be written

4 te . L} ”e v}'

Al_ :--la2 o lex a ley a o . o (G)f
.2Arl . 2 1 ';B 1"' l.lj . l 1 ' l (K] 1."8 (7)
3 1 =.1la o le o - =1la, o le_ a le
12" y N * -
1 ' o '
+J§ 1a2 a lex B le. q
2 Tt 2 '; l re e ty " 1! . e : . : ‘
E , ,AZ e Jf a ale o 1e B8 *J: la, ley e 1ey.8_v : (8) A

Reference to the Table shows our theoretical estimates of the lowest

-IP of trimethylenemethane are in good agreeﬁent with the available_experimental

9,

values for related molecules. It is worth noting that simpie argﬁmentsll

' suggest electron correlation should be perhaps 1 eV greater for C(CH2)3 than

for its positive ion. However of particular 1nterest here are the splittlngs

f between the four electronlc states



arising from electron configuration (5). Assuming each state is
adequatelyvdescribed By'a single configuration wavefunctionll
constructed from a common set of molecular orbitals, one can

readily obtain analytical expressions for the multiplet

splittings:
4 'Y '2' [ ] _ 7 + 2\/€ ‘
AECA; > A = g K (9
4 "_ 2 e
AECA; > TE ) = K+ 2K, : : Qo
2 Ty 2 e ‘_ . . .
AE("E > A2 ) = 2 K2 _ - ' (11)
2 2 342k o :
AE( E‘ > Al ) = "‘-—4——-' Kl -2 K2 = Z(Kl—Kz) (12) ‘

te Tt .

' 1y " -
] = K ) = ' . y
whereKl E K(la2 , le ), K2 K(lex , ley ) and the K's are the

approniate exchange integrals. Since K(i,j) ;305 Egqs. (9)-(11)
e

show that the 4A

; 1s the lowest lying state in the multiplet and

that

4"

2 1 2”'
-E(A1)<E(E )<E(A2)

1 1

However the exact location of t_he.zA1 state relative to the 2E
te S - '
and 2A2 states requires the numerical values of the above exchange

e

integrals. Further as Klfz K2 (see below) the ordering of the “E

re . ] .
and 2Al' states is a delicate matter which cannot be finally resolved

until the effects of electron correlationll are expliéifly'included

in the wavefunctions.

'~ As our common set of orbitals we seleCted‘thosgorbitals_corresponding
v ' '

T v o
to the "A, ground state of the'C(CH2)3 radical.l3-“The values of'K1 and K2
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which are 0.0652 and 0.0581 hartrees, respectively, are seen to
" be sizeéble and of compa:abie'magnitude, as'mentioned earlier.

We have also carried out direct SCF calculations on‘the five‘
states arising from the electrQn occupancies (4) and (5).  The
results from both these methods, the direct SCF and.frOZen

orbital approximation, are summarized in the Table. Note that
1 o

1

1] ’ '
the ordering of the 2A and 2E states corresponding to Eqgs.

(6) and (8) has been reversed by allowing the orbitals to relax.

N S . . : ) 2 1t
Also note that in neither method is the second "E  state a

B T v
rigorous upper bound to the true "E state, since in each case

. . 2!' .
the wavefunctions corresponding to the second "E. state is

. L 2"
connected to the lower 'E

wavefunction throdghvthe Hamiltonian.
This research was supported by the Energy Research éndl
' Development Administration and by the National Science Foundation,

Grant GP-41509X. Computations were performed on the Datacraft 6024/4

minicomputer, supported by the National Science Foundation, Grant GP-39317.
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TABLE. Theoretical'predictions of the positiohs of the electronic states of C(CHZ);.

Energies are given in eV relative to the triplet ground state of the neutral radical.

Electron Configuration

] 4 Tt e
cesee 1a22 be 4 la2 2'le

] ] () LB ]
..... 1a22 be 4 la le 2

.- State

Frozen Orbital

" Approximation

8.74

10.15
15.42

. 15.08

18.24

Direct SCF
Calculations

8.03

8.99
12.75

13.86

16.62
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