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A RELAXATION CORRECTION TO CORE-LEVEL BINDING ENERGY
.
SHIFTS IN SMALL MOLECULES'
D. W. Davis and D. A. Shirley
Department of Chemistry
and Lawrence Berkeley Laboratory
University of California

Berkeley, California 94720

March 1972

A theoretical method for correcting core—lével binding-
energy shifts for final-state relaxation effects in the frame-
worklbf fhe CNDO model is derived and compared to measured
shifts of carbon, nitrogen, and oxygen ls electfon 5inding
energieé in gaseous molecules.

Core—levéi binding-energy shifts in molecules are given by energy
differences beﬁweén initial and final states in photoemission processes,
although they are usually interpreted in terms of initial-state properties
alone. This approach would yield correct shifts if the passive moiecular
orbitals remained "frozen" during.photoemission, or if they relaxed by the
same amount (in total energy) for all molecules. Diffefential relaxation from
one molecule torthe next will alter the shifts. It is thérefore useful to
éorrect for this effect. In this Letter a simple relaxation correction,
applicable téi"potential energy" models of binding;energy shifts, is derived
and applied to fifty-four cases.

Baschl and Schwart22 have shown independently that differences in

orbital energies of 1ls electrons from one environment to another are quite
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accurately equal to the corresponding differences in potentiai energy'Qf the
is electrons in their iﬁitial states,
AE(1s) = Av(is) . o
Since measuréd shifts in 1s binding'energies have'been’found to agree
rather well with orbital energy differences as obtainédsfrom ab initio

3-6

molecular-orbital.calculations on_initialxstates » it follows that_binding-
energy shifts can be predicted from shifts in the potehtial energies of the

1s orbitals;_
AEB(lé)__ = - aAv@s) . o (2

Within the framework of ab initio calculations above, this result is not

very useful fd?:estiméting binding—enérgy shifts, becauSé‘the orbital energies
yiélded by.gp;initio calcuiatipns céqld és well be uSed-directly. Less_:
sophisticatéd ﬁolécular-ofbital calculations do not‘yield- ls ‘orbital energieé;
however, and‘eq{ (2) can be uséd to good advantage for ﬁfediéﬁing bindiﬁg_
energy shiffs_ih cohjunction with such éalculétions.: k

5,6 .

'Rebéhtly‘CNDO theory7 has been used to fit- 1s binding-energy

shifts in series of molecules containing first-row eleménts. For each élemeht
the external[poteniial ehergy, Vil), and the chargevqi-on the host atom
were calculated. Measured binding-energy shifts were then fitted to a two-

parameter equation of the form

(i) e e s S —

e tL oo R o t. -_(§)f_

SNCS R
B T kg Y
to obtain empirical values of k and £.

8,9

Reéently Davis et al. '’ have found that shifts in C 1s and F 1s

binding energies can be predicted in CNDO theory by a simple calculatidn on
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the initial state, without the necessity of adjusting parameters. Théy
evaluated r_l integrals for both the host atom and other centers directiy.
Very good agreémeﬁt with expefiment was found within a series of similar
compounds, Wiﬁh pborer agreement from one such series to another.

The above estimates of binding-energy shifts were all based on initial
states only. While the presently available agreement with experiment to
within 1-2 eV or better in most cases is gratifying, a point must be reached
in this appro§ch beyond which further refinements based»on initial states
alone are futile, because part of the essential physics of the ionization
process --- namely, relgxation in the final state --- has been entirely
neglected. It ﬁas beeﬁ shown that ab initio 1s hole-state calculations can
be dope directly on moleculeslo, and explicit relatiogsldescribing relaxation
in the fihal ;taﬁé have also been givenll. Hediﬁ and Johansson™ derived an
expression for the binding energy of a core orbital. In our notation their

result is

k

- Ey(1s) = €(1s) + 1/2(1s|V |1s) . (%)
Here VR is a relaxation potential energy arising from the difference between
the Hartree-Fock potential V. of the passive orbitais-in the final (ls—hole).

state and the initial state. Specifically,

Ve o= Z (v}gf) - vl({i)) . ’ (5)
k#ls

Hedin and Johansson rearranged eq. (4) to prove a result that Liberman12

had discovered earlier,

-E(1s) = % [€(s) +€1s)"] (6)
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where €1s) 1is the orbital energy of a 1s electron in the hole state. Let
us write each orbital energy as the sum of the'interaction'energy of the 1s
electron Vith‘its'own nucleus, plus a "potential-energy" term that includes
interactions 6f the 'ls electron with othef;electrons and other nuclei,
€1s) = (1s|h|is ) + (1s|v]is) . o (1)

Combining eq;.(6)'and (7), taking differences (as betWéén'two.compdundS),:and-

noting that the differences in the first terms of eq. (7) are negligibly small2,

we have

1

BEy1s) = - iadasjw Vi) . (@)

From the work df Baschl.énd SchwartzQ'it isbclear'notvqnly that ﬁo é good
approkimationvfhe right hand side éf eq. (8) can Bé fépléced by the différeﬁce
in the potentiéi energy of the 1s electron from one’molecﬁle to another
(neglecting differences in exchange integréls), but alsé tﬁaﬁ it is suffibiént\to
evaiuate'the.electrostatic potéﬁtial ¢ at ﬁhe host nuéleus. Thus fof-éhifts

in carbon 1s binding energies,

pEy(c1s) = £ ale@) + e, (9)
where tﬁe relaﬁién é¢'= -V, appropriate for an‘electrén, ﬁas been used, éhd the
asterisk dendﬁes7a hole in the carbon 1s shell. The réiéxation cOrrecfioﬁw
is of couise'c¢ntained in the second potential\term,v¢(c*). If this term were
equal to_¢(C);.¢qq (9) would be essentially equivalent to eq. (2).

In CNDO:theory thére is no way t6 calculate é(C*) directly, because
this theoryvdoes not include 1ls orbitals in second-row elements, letvaloné
provide'for éalculatioﬁs og states in which these orbitgls are only“singly v

: , ' ‘ *
~occupied. It is possible, using CNDO theory, to estimate shifts in-¢(C ),

It

B ‘ r.\

v
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however. We may invoke the idea of "equivalent cores". Since 1s electrons
shield out essentially one complete nuclear charge, the attraction exerted én
valence orbiﬁéls by the "core" consisting of a nitrogen nucleus plus a doubly-
occupied 1s  she1l is essentially equal to that exerted by a carbon nucleus
plus a singly-occupied 1ls shell. For purposes of estimating shifts in the

potential at the nucleus arising from "relaxed" valence orbitals we may there-

* v
fore simply substitute ¢(N) for ¢(C ) in eq. (9), obtaining

pEg(c1s) = £Alo(c) + o(m)] (10)

e
2
Since photoeﬁission is a very fast process, the same initial-state molecular
geometry is used to calculate ¢(N) and ¢(C), i.e., vélénce electrons have time
to relax, but nu@lei do not. We may therefore obtain an estimate of AEB(Cls)
by carrying out two CNDO calculations for each moleéule, one on the ground
state and one Qh.an isoelectronic state with the same.mqlecular geometry but
with nitrogen.substituted for carbon.

By using this approach we have estimated thirty~five carbon 1s,
nine nitrogen _lé, and ten oxygen 1s shiftsvin a number of small molecules
containing ué to twelve atoms. The results are comparéd with experiment in

4,5,6,8,9,14-16

Figs. 1-3. Experimental values were taken from severél sources
Only gas-phase shifts were used. )
The carbon results show very good égreement bétween experiment and
theory both with and without the relaxation cofrection; especially considering
that these calculations<predict shifts, rather than just fitting them. The |
standard deviation from a least-squares fitted line.of unit slope is slightly

smaller for the relaxation-corrected case (0.84 eV vs 1.06 eN, table 1).

In particular the result for CO is greatly improved by,this correction. We may
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therefore make ﬁh’e preliﬁinary’obgervation that the relaxation correction
" brings the CNDO potential model into better agreemenf wiﬁh experiment;_if~a
wide variety of;leecules is censidered. Inspection of Fig. lbshows systematic
discrepancies befween.the relaxatien-cerrected theory and experiment, hoﬁever.
There is a gene;el tendencj-fofvshifts to be exeggerated.. Thie appears both
- as a slope ofvSiightly mere than unity in the ratio VAE (theo;)/AE-(exﬁt.),v
- and -~ more dramatlcally - as 1arge excursions in the theoretlcal Shlfts of
the highly - ox1dlzed carbons in CO and CFh Another'effect is also preSeqt.
The agreement between experlment and theory within a.series of similar compounds
is much better than that over a wide range of compounds. This effect ie still
under study, and we shall 31mply note here that if only alkanes and fluoro-
alkanes are con51dered, a standard deviation of only ﬁo.h eV is obtained
between experiment and‘theory (table l),.baSed on the-fifteen measured shifts
available. |

In nitrogen compounds the agreementvofbtheory'#ith exﬁeriment is
dramaticallyvimproved by the'relaiation correction?vwitﬁ‘the standard deviation
felling f£om 2.3 eV to 1.3 eV.. Without this correefion the agreement is so
poor as to Obvieﬁe the use of the CNDO potential modei..>With iﬁ the theoretical
- predictions aré-qui£e good. -

The oxyéén shifts are not improved by the relaxétion-correctidn. For

molecular oxygen itself we have been unable to obtaihfa reasonable descriptidnv:'

of FO+ in theecNDO model. The nine other available shifts give a standard p
devietion ofii.;s ev wifh the relaxation corfection_versus‘O.Bh ev,without itv
(table 1). |

To be theoretically acceptable, this method for correcting binding

energies must not only give improved values of bindihgeenergy shifts (as in

™y
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eq. (1)), but the relaxation correction to EB itself should also be approxi-
mately of the_fight magnitude. By arguments similar to those yielding eq. (10),

we have derived from eq. (4) the relation
- Bc1s) = €(c1s) + £ [6(C) - $(M)] (1)
for carbon 1ls 'shifts, and similar relations far shifts invother elements.

The second term on the right is the relaxation energy, VR. In table 2 values

of VR obtained from the model presented here are compared with differences
between §§_initio_hole—state-and orbital-energy results'for several molecules.
The good agreement both supports the validity of this approach and irndicates
its possible usefulness in estimating binding energies from orbital energies.
Finally, some physical insight into the origins of differential
molecular relaxation can be obtained by studying the éharges assigned the host
atom in the CNDO scheme before and after photoémission."Table 3 gives the
initial charge g and the changes Aq for selected carbon cases from fig. 1 plus
all the nitfogen and oxygen shifts shown in figs. 2 and 3: Let us consider the
carbon charges. When a C 1ls electron is ejected, fhe reméining elgctronic charge
in the molecule collapses toward the positive hole to minimize the total
energy (only very fast (<10-15 sec) adiabatic ProCesses‘are of interest heLe,
because these processes alone shift the fuli—energy photoelecﬁron lines). 1In
methane‘andithe'fluoromethanes this leads to essentially complete charge
compehsatioﬁi in fact the valence electron "population" assigned to the carbon
atom in the hol¢¥state ion 'is actually slightly larger than in the molecular
initial state. That a large fraction of this compensaﬁion ;hould occur in

these molecules is not surprising, because there are four single bonds from '

which the positive hole can draw electrons without creating strong centers of
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positiVé charge elsewhere. By contrast, a very different situation obtains

in the multiple-bonded small molecules CO, HCN; and CO In the extreme case

2°
of CQ; for example, the,yalence sheil populatién assigned fo éaibén in the
hole~s£at'e is only about 0.5 larger than in .ﬂé-_-f«_i'nitial state. -Further
elecﬁ%bnic charge could only.come'from the singiéioxygen atom, and thié would
requife téb much charge separation. Thus the;géiaxation eﬁergy of CO is
expectéd ﬁo be smallér than that of meﬁhane.f:;a:ﬁ

iIﬁ'summary, the relaxation correction giveﬁ here appearsbtb'give
improvéﬁen# over the already reasonébly good agrégment betweéﬁ theoréticél
and exéériﬁental shifts.ﬂhat can be obtéihed Qitﬁffhe CNDO-pot§ﬁ£ial model;
Table éfShQVS that VR is quite accﬁrateiy equaiﬂto %he actual relaxation energy,
so this éérfection could be useful in estimati#g ﬂi£ding energiéébfrom drbital
energies. -The predictive value .of fhis model c;hkbé enhancediby taking é
more empifiéal approach. The slope, k, in eq. (3) éould ﬁe adjusted,.and/or

only sefie§ of similar molecules could be considere&: Further work along

these lines is underway.
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Table 1. Quality of-theoretical fits to 1ls binding. energies.

Intercept (eV)—a ~ Standard Deviation (eV)

' Case _CNDO pot ential Relaxation CNDO Potential Relaxation
" Model Only Correction Added Model Only  Correction Added

Thirty-five ' o - _ , - .
C 1s shifts 0.22 ~-0.18 | 1.06 - 0.84

Fifteen C ls";. ‘ ' . v .
shifts in - 0.59 _ 0.19 0.35 0.l1
fluoroalkanest ’

Nine N 1s Sy
 ehifts 1.16 | 1.18 2.35 : 1.30
Ten O 1s

. Shifts 2.12 0.70 o.Qh ' ;.15

a)

2
unlt slope was fitted to the data, as in figs. 1-3. This intercept is the

theoretical value of the line at an experimental shift of zero.

’ |'n|H
I

A1l shlfts are referred to the hydrides CHh’ NHB’ and H,0. A straight line of‘

o« . .
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with ab initio results (energies in eV)

Table 2. Comparison of VR

Molecule :  7:—€(15) EB a JEBfEB‘ ' VR(this work )
. cHy, 305.22°¢ 291.0% 4.2
1448 ©15.9
co(cis) ~ 310.7° 12.3€ 11.9
' co(01s)  563.5° | 21.4¢ 21.5
NH 423.5¢ 505.79 17.8 19.0
HO 560.1° 539.44 20.7
20.2°¢ | 20.6
a)

From hole-state calculations.

b)I. H. Hillier, V. R. Saunders, and M. H. Wood, Chem. Phys. Letters 7, 323

(1971).
c)
a)

e)

F. A. Gianturco and C. Guidotti, Chem. Phys. Letters 9, 539 (1971).
M. E. Schwartz, Chem. Phys. Letters 5, 50 (1970).

Obtained from a configuration interaction calculation by Hillier et al.,
(footnote b).

)
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Table 3.
Molecule" F' q A v AR AE (R)é " AE (Exnt)a ﬁef
' CARBON 1s SHIFTS
CH), -.05  -.0k 15.89 — -— -— -
CHF +.18  -.08 15.92 2.99 2.96 2.80 oy
CH,F, 440 =110 15.73 5.82 5.98 5.55 8
CHF3 461 -.10 15.38 8.54 9.05 8.30 L
CF, +.81.  -.08 1k.91  11.13  12.1% 11.00 4
HCN +.03 +.18 1k.ko .31 1.80 . 2.60 L
Cco +.04  +.54 12.41 67 4.65 5.40 4
co,, +.54  +.16 12.86 6.57 9.60 6.8k Y
NITROGEN 1s SHIFTS R
n, 0.6 +.38  16.67  2.32 466 4.35 oy
“No. 0.0 0.0 15.73 3.11 6.39 5.15 16
NO,, .39 -.08 - 20.39  9.96 8.58 7.35 16
CH_NO,, .50, -.02 20.00  11.32 10.33 6.58 15
HCN =10+ 18.50 - 1.0T 1.59 1.25 b
'NHQNH2 -.13 +.10 19.98 1.08 .12 .50° 14
CH,NH, -.19  +.1k 19.75 .37 -.38 -.bs5 14
NF. ' .36 +.08 19.32  10.20. 9.89 8.85 14
ONF .70 L -.12 20.63  16.08 1447 11.45 14
OXYGEN 1s SHIFTS , . o

co -0k +.29 21.46 4.83 4.00 2.9k 4
NO . - 0.0 +.38 20.35 6.28 6.56 L1y 16
co, .27  +.38 22.01 - 2.96 1.58 1.44 4

- Mo, , -.20 - +.45 20.35 3.93 h.21 2.4 16
CH3N02' -.33 +.36 23.14 .89 -1.62 -.51 15

Continued
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Table 3. (continued)
i a8
Molecule q Aq Ve AE; AEL(R) AE, (Expt) Ref.
20 . '
HC_ -2k +.31 22.36 L.06 2.33 .67 L
O*H '
#0* - ,
C_ -.30 +.30 23.30 .84 -1.83 ~-.95 L
OH
NNO -.28 +.43 22.02 2.53 1.09 1.54 N
CH ;0H -.25 +.30 22.18 2.25 .T0 -.80
C,H,0 -.21 +.32  22.82 2.43 -.24 -1.05 L
a)

M1 shifts referred to the hydrides CHy, NH,, and 0.
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Figure Captions
1. Carbon . 1s binding¥enérgy.shifts,‘theoreticai vs. experimental,
for a se;ies of'gaSeous'mdlecules. Filled éircles,_which go with

lower ordinafévscale, réprésent initial-state CNDO.poténtial—model

: ' . . . . : o)
calculations. Open. circles, and upper ordinate scale, include relaxation

correctioﬁ.j Scales refer to a methéne standard. _Liﬁes reﬁresent best
least;séuéféé_fits under the constraint‘of:ﬁnit éiobe. 'Selected ﬁolecules
are laﬁeléd;f |

2. Niffdgen 1s binding—ehergy shifts for a éeriésvof gaséous molecules,
uéing NHj»aérreference. Format is thé same as iq Fig. 1. |

3. Oxygén ~1ls binding-energy shifts for a seriés>of‘gaseous molecules,

using H

2O,as-reference. Format is the same as in Fig. 1.




-15- : LBL-633

AEg(Cls, theory) (eV)

.

2 | 1,3,5CgHsF3 da
21 42
*—co :
ot —0
®
-1 1 L ] 1 i L 1 1 3 | o
-1 0 2 4 6 8 10

AEB(CIS,;xpt) (eV)v

XBL723-2627

-Fig. 1



AEg(N1s, theory) (eV)

e

4 6 8

AEB‘ (N1s, expt) (eV)

 Fig. 2

| XBL723- 2628



\

N

A.EB' (0‘15,4 theory) (eV)

l
N

o

AL

17~

i i [ ] 1 |

-1 0] 2 q
AEg(Ofs,expt) (eV)

XBL723-2629

Fig. 3

LBL-633



.

LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




— -~

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





