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K-SHELL CORRELATION-STATE SPECTRA IN FORMAMIDE 

B. E. Mills and D. A. Shirley 

Department of Chemistry and 
Materials and Molecular Research Division, 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 

ABSTRACT 

Carbon, nitrogen, and oxygen K-shell correlation-state spectra 

give detailed qualitative confirmations of predictions by Basch. This 

prototypical study, with ls holes on three different elements, shows 

* that n-n excitations are differentially stabilized according to the 

location of the ls hole. 
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Basch has recently performed multi-configuration self consistent 

field calculatons with configuration interaction on the ground state and 

certain hole states of formamide [1]. From these he predicted the rela-

tive positions and intensities of the correlation-state or "shake-up" 

peaks accompanying photoioniza~ion of K electrons from carbon, nitrogen, 

and oxygen. The outermost three filled orbitals of planar formamide are 

d .b d 2 2 2 h ·1 h 1 . d b. 1 . B h escr1 e as rr
1 

n rr
2 

, w 1 e t e owest unoccup1e. or 1ta 1s rr
3

• asc 

compared trends in shakeup states corresponding to the excitations 

* * * rr 2 ~ rr 3 
, rr 

1 
~ rr 

3 
, and n ~cr for K shell photoionization from C, N, and 

0, making qualitative arguments for the calculated variations. The 

intuitive appeal of these arguments makes an experimental test of the 

predicted trends very desirable. Their confirmation would provide 

evidence that correlation-state spectra are well enough understood to 

be used diagnostically. If this should prove to be the case, it may 

prove possible to use K-shell holes as "test charges" at different points 

in the molec~le.· The response of the outer molecular orbitals to these 

test changes, ·as clearly manifest in correlation state peak energies 

and intensities, could provide insight into the dynamics of electronic 

di~tributions during chemical reactions. 

In order to compare Basch's calculations with experiment we have 

taken the XPS spectra of the carbon, nitorgen, and oxygen cores in 

formamide. The liquid was transferred to a glass bulb in a nitrogen 

atmosphere, then distilled under vacuum into the sample chamber to remove 

any trace of water. Mg Ka x-rays (1253.6 eV) were used to irradiate the 

vapor (at 3 x 10-
2 

torr) above the room temperature liquid. The electron 

spectra (shown in Fig •. 1) were measured on the Berkeley 50 em radius 
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magnetic spectrometer with data points "" 0.1 eV apart. To determine 

whether any of the peaks arise from electron energy loss due to in-

elastic scattering, a gold foil was placed in the x-ray beam with 

formamide vapor between the gold and the entrance slit to the analyzer. 

Comparison of a gold 4f spectrum taken in this manner to a spectrum 

of gold with no formamide present shows a small extra peak at 7.6 eV 

lower kinetic energy, with 2% the relative intensity of each Au(4f) peak. 

An electron loss peak would be expected at aQout this energy because the 

* lowest rr + rr transition in the vacuum ultraviolet spectrum of formamide 

falls in a series of bands centered at 7.5 eV with a width of about 

1 eV [2]. * Presumably this is the rr
2 

+ rr
3 

transition. In interpreting 

our K-leve! satellite spectra we allowed for this loss peak. It can 

account for the first weak satellite in the N(ls) spectrum but only for 

a small fraction of the 7.4-eV oxygen satellite. In the carbon spec-

trum it appears as a slight shoulder on the 9.5-eV peak. 

Basch noted that the rr1 ,rr
2

, and rr
3 

molecular orbitals (MOs) differ 

significantly in their distribution of atomic prr character. The rr
1 

~rbital is roughly equally distributed over C, N, and 0 2p atomic 

orbitals. In the rr
2 

MO the carbon atomic character is very small, 

but the rr
3 

MO is more concentrated on the carbon atom, with smaller 

and nearly equal admixtures of nitrogen and oxygen functions. A K 

hole on a given atom will stabilize orbitals that are concentrated on 

* that atom. Thus Basch predicted that the rr
2 

+ rr
3 

energy difference 

would be lower in the C(ls) satellite spectrum than in normal 

formamide, while in the N(ls) and O(ls) spectra the energy of the 

transition would be increased. Basch's calculations bore this 

v 
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prediction out theoretic~lly, as indicated in Table I. 

The experimental spectra provide strong support 'for these pre-

dictions. Although all three spectra show satellites between 7 and 

10 eV, the satellite so dominates the spectrum in the C(ls) case that 

* we feel it should be assigned to the n
1 

+n
3 

transition, which is 

predicted to lie at 10.1 eV with 8.3% intensity. There is no sp~ctral 

feature that can be positively identified as a peak in the C(ls) spec-

* trum between the main peak and this intense TI 
1 

+ TI 
3 

satellite·, which 

lies at 9.6 eV relative energy and has an intensity of 7.2%. The small 

excursion at 5 eV is too narrow to be a true peak. It is not reproduc-

ible as such a well-defined peak, but there appears to be some spectral 

area at this energy. This would be consistent with the predicted 

* n2 +n3 peaks of 0.36% and 0.45% intensities, at 3.26 eV and 6.45 eV, 

respectively. The limited statistical accuracy of this experiment and 

the possibility of interference by Mg Ka3 , 4 satellites of the peak at 

13.8 eV combine to preclude a definite assignment, however. 

The 9.9 eV peak of 3.5% intensity in the N(ls) spectrum fits well 

* with the predicted values of 10.32 eV and 4.57% for the n2 +n
3 

transition. In the 0(1~) case the 7.4 eV, 7.3% peak falls at a lower 

energy and shows less intensity than the prediction (9.13 eV, 16.81%), 

but the predicted trend in intensity is qualitatively borne out. 

For the C(ls) and O(ls) spectra the next correlation states are ex-

* pee ted to arise through the TI 
1 

+ TI 
3 

excitation. K holes on C, N, or 

0 would stabilize the n1 orbital by similar amounts because this 

orbital is distributed r;;tther equally on the three atoms. The con-

centration of the n
3 

orbital on carbon implies that a K hole on carbon 
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will stabilize this orbital more than would a nitrogen or oxygen K hole. 

* Thus the 'IT 
1 

+'IT 
3 

transition energy should be lower in the C(ls) spectrum 

than in that of N(ls) or O(ls). The experimental spectra are consistent 

* with this picture. The n
1 

+n
3 

peak ds predicted to lie at 10.1 eV 

in the C(ls) spectrum, ·with 8.3% intensity. We interpret the observed 

* peak at 9.6 eV, with 7.2~' intensity, as the n1 +n
3 

peak. In the O(ls) 

spectrum the second large satellite, at 13.9 eV with 8.5% intensity, 

fits the predicted parameters (15.4 eV, 8.1% intensity) very well: We 

* assign this peak to the n1 +n
3 

transition. 

* The 'IT 
1 

+'IT 
3 

state in the Nls spectrum was predicted to lie at a 

* higher energy than then+ a peak, and no intensity was predicted. 

One of the most intense peaks in the N(ls) spectrum (5% intensity) is 

* the most likely candidate for the n
1

+n
3 

transition. 

* Finally, some predictions were made for the n + a state. A peak 

from this state was predicted to lie at 12.4 eV in the N(ls) spectrum 

with an intensity of 1.76%. There is a shoulder at- 12.8 eV in the 

spectrum, with- 1.7% intensity. The C(ls) spectrum srows a well-resolved 

peak at 13.8 eV with 1.8% intensity, while the theoretical predictions 

are 13.8 eV and 0.5% intensity. In the O(ls) case there is a small 

* peak at 20.6 eV with 1% intensity. This may be then+ a state, which 

was predicted at 19.2 eV (no intensity was predicted). All three of 

* these n+a assignments are really only suggestions, both because the 

theoretical work is incomplete and because the spectra all show very 

broad features peaking near 20 eV. 

These broad features are of some interest. Integration over their 

total areas would yield the total correlation-state (or "shake-up") 
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intensities, if it were feasible to ascertain reliably what fractions 

of their areas arise from intrinsic effects, as distinguished from in-

elastic energy loss. Unfortunately the intensities ava:i.lable with our 

spectrometer precluded the pressure-dependence studies that would yield 

this information. Indirect evidence, the return of the intensity to 

the baseline at 40-50 eV, analysis of the Au(4f) photoelectron loss 

spectrum in formamide, and comparison with correlation-state studies 

in other molecules--indicates that most of the spectral area does, in 

fact, arise from intrinsic effects. The total integrated arei ~p to 

50 eV is 40% of the main peak area in carbon, 41% in nitrogen, and 

50% in oxygen. This corresponds to total probabilities for multiple 

t 
excitation (PM) of 0.29 (C ls), 0.29 (N ls), and 0.33 (0 ls). Basch did 

not calculate PM in these three cases, but we may infer from his 

results that it is large. By comparison, Bagus, et al. [3] calculated 

PM 0.42 for an oxygen ls hole in o2 , and PM(N ls) = 0.25, PM(O ls) = 

0.28 in NO. 

A graphical summary of the principal results of this work is given 

* in Fig. 2. Only the 7T -+ 7T excitations are included. Basch's calcula-

tion provided the incentive for these measurements and were used ex-

tensively in their interpretation. Further calculations and experiments, 

when they become feasible, are clearly desirable. Nevertheless the 

detailed agreement of experiment with theory is very encouraging at 

this stage. This agreement indicates that correlation-state spectra 

can be used to determine the responses of individual molecular orbitals 

to "test charges"--ls holes--on individual atoms. 

tWe emphasize that these values are really upper limits, for reasons 
given above. 
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Table I. Comparison of theoretical and experimental K-shell correlation-state spectra in formamide. 

(Main Peak) 0 100 0 100 0 100 0 100 0 100 0 100 

3.26 
0.36 ~ 5.52 

0.01 ~ 
5.87 0.01~ 

• 9.9(2) 3.5(7) 7.4(1) 7.3(4)c 
1r2 + 1T3 5? <0.5 

6.45 0.45 10.32 4.57, 9.13 16.81 

8.98 O.M~ 
15.66 d 

~ 15.0(2) 

13.72 0.79~ 
• 9.6(2f 7.2(4)c 5.0(8) 13.9(3) 8.5(5) 

1Tl + 1r3 

10.10 8.33 17.06 d 15.37 8.11 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
12.53 0.10 ( 11.70 0.90( 

• 13.8(2)e 1.8(3)e ~ 12.8(4)
0

• 1.7(7)
0

119.21 d 20.6(3)e 1.0(5)8 

-n + CJ 

0.50~ . 13.81 12.38 1. 76 -

--
a ,Energies in eV. 

b Intensities are given as percentage of main peak intensities. The error arises partly from the uncertainty in the 
base line which was drawn with consideration for the broad band centered at about 22 eV. 

c After correction for 2% of main peak intensity arising ftom 7.5 eV inelastic energy loss peak (see text). 

d Not calculated. 
• e The interpretation of n + a features is highly tentative. See text. 
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Figure Captions 

Fig. 1. Correlation-state spectra of the C(ls), N(ls), and O(ls) hole states 

-2 in gaseous formamide at room temperature and 3 x 10 torr pressure, 

excited by Mg Ka. radiation. The right scale refers to the complete 

spectrum; the left, to the expanded spectrum. 

Fig. 2. * Systematic variations of n
2 

-+Tf
3 

excitation energies 

and intensities in gaseous formamide. Where available, intensities 

are denoted by (horizontal) lengths of wide bars: open figures 

denote calculated values, filled figures, experimental results. 

The low excitation energies accompanying C(ls) ionization are 

attributed to stabilization of the 1r
3 

orbital, which is largely 

C(2p) in character, by the (positive) hole. 
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