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Chemical SHifts in Core Electron Binding Energies

for Some Gaseous Nitrogen Compounds

by Patricia Finn', Richard K. Pearson,?

Jack M. Hollander,® and William L. Jolly*

Chemical shifts in core electron binding energies for
gaseous nitrogen compounds are compared with values estimated by
various theoretical and empirical methods. The relative merits

of these methods are discussed.
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X-ray photoelectron'spectrbscopy isvof great interest:to
chemists bécause the measured core electron binding energies are
a function.of the chemical environment of thévatomé--that is, the
binding energies show chemical shifts. Experimental binding
energiés fbr'éompounds of a givgn elément can be estiﬁatedvfrom
(1) correlations with calculated atomic chargés,"".9 (2) thermo-
dynanmic dataybased on the apprbximation that the.energy-of-core—
electron capture by a nucleus is 1ndependent of chemlcal environ-
ment 10712 (3) empirical parameters characterlstlc of the dlrectly
bonded groups,! and (4) molecular orbitalfcalculated'binding
energie’s_.‘s""_l.3_15 | - -

In order to appraise the relative uéefulness of.ﬁhe various
methoasfof estimating chemical shifts, it is important to héve
chemical shifts that span a wide energy range. We chose to
study compounds of nitrogen because of the wide variety of bond-
‘ing types that they possess and the probability that they would
yield a wide range of chemical shifts. We found that the estima-
tlon methods that were most readily tested with our data were
the atomic charge correlatlon method and the thermodynamlc’
method. The empirical group parameter'method could only be
partially tested with our data bécause, in.the set of compoﬁnds
we studied, many of the groups.bohded fO'nitrogen atoms are
unique to those nitrogen"compodnds.‘ Molecﬁlar orbital-calculated
binding‘enérgies are évailable'for only a few of the compounds
we studiedj however, we hope that the availability of the
experimental data will encourage others to make the “urther

calculations required for a complete comparison.
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4Iﬁ this paper}we report'data ohlyvar gaseous nitrogen
compounds. ~Althbugh many succeszul COrrelatibhs.and estimations
have been méde by using chemical shift data for solid compounds,
there arebboth eXperimentalvand_theoreticai'reasons for preferring
the study_of‘gaseous compOuhds; ‘Fér example; by use of gaseous
mixtures, it is a simple matter to measure chemical shifts between
compoundsuqf the same element-frqud’SingleiépeCtrum} ' Chemical
shifts for gaseous compoundéndo not éuffer'from‘uncertainties
of work functions whiéh arise in the case of sdlid compounds._4
Both théoretical and empirical calculations of core electron
binding_enérgies are much simpler for gaseous molecules than

for solid éompounGSy

Phot01on1zatlon was accomplished with’ magne81um Ky X-radlar
tion (1253 6 eV). An iron—free double—focu51ng magnetic" spectro—
‘meter!® was used to determlne the kinetlc energles of the photo—

electrons. The

/.
[ 4
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gases were Introduced from a metal vacuum line into a 200-ml
source chamber. During each'run,vthe‘pressure within‘this”
chamber wasiheld constant (to % 20%) in the'range 10-40 microns.
First the pure compound was studied inborder to‘determine the
approximate magnitude of the photoelectron kinetic energy. :
Then‘an approximately one-to-one mixture of thefcompound and
scme‘convenient reference compound wasvstudied. Nitrogen gas
was the firstpChoice as'a reference because of its low'reactivity,
but other gases were used when the chemical shift was less than
2 ev frOmtthat of nitrogen gas. The‘Width of each channel in
the spectrum was 0.27 eV; the counting times were such that at
least 1000 counts were recorded in the Channel'nearest the
signal peak. TheESignalstoénoiseiratios'werevin the range
4.0-8.7, and the widths of the /\zw at ha‘if-‘-hei'ght were in
the range 1 O—l 5 eV. Most samples were run twice, we never
observed aAchange in the chemical shift in different runs of
the same compound The spectrometer pressure was maintained
at less than 10 microns.

Most of the gases Were takeq from commercial cylinders.

Except for N2, NO, N20 and NF samples were purified by vacuum

33
distillation. The purity of each sample was checked by mass -
spectrometry and by comparison'of the infrared spectrum'with'
the lit_erature.17 Hydrogen cyanide was prepared'byvthe addition
of potassium cyanide to phosphoric acid in a closed system;

Its mass and Infrared spectra agreed with the literature.lT
Dr. William Fox of Allied Chemical Company kindly provided
us with a sample of ONFB. |



| 4  UeRL-19671
The measured nitrogen 1s binding energies, relative to
molecular nitrogen,_are given in Table I. The values span a
total range.of 12.3veV. In the following paragraphs we discuss
these values in terms of the various methods of-estimating

chemical shifts in. binding energies.

Atomic Char e Method. - Previous studies of the relation

between binding energy and calculated atomic charge have shown
\

only modest improvements in the correlations when more sophisticated

methods for calculating atomic charge were used, 5-8 Consequently
in this study we have used probably the simplest: method for
calculating charges, i.e. the Pauling method based on the

relation between the.ionic character of a bond and the difference

18 19

_ _ ' |
in the electronegativities of the atoms. Pauling's method

. ' _ -
for estimating the electronegativity of charged atoms was used,

and the calculations were iterated until consistent sets or
charges and electronegativities were obtained. For NO and Nog,:
Linnett structures were used to establish the initial formal

20

charges. ~ For NQO, we used the average charges calculated

from the initial structures N-N=O and N=N-0". The calculated
charges are listed in the thirdvcolumn of Table I, and Figure 1
is a plot‘of binding energy vs calculated-charge. The least-
squares fitted straight line, Ep = T.45 q - O.87,f%?zb4~

Fho. (F,Q-Lm.té_, &DM"&QA&/’ . with an average error of * (.62 N,

Thermedynamis Mekhod. - The difference in the nitrogen

1ls binding energies of NH, and N, is the energy of the following

3 2

eaction.'

%
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Table I. - Nitrogen ls Binding Energiles for Some .Gaseous Compounds -

calculated

No. » Molecule Relative Thermo.
S Binding Atomic . Estimated
Energy, eV " Charge Rel. Bilnding
' o Energy,veV
1 ONF 7.1 1,24
> NF 4.3 0.45
3 No, 3.0 ° 0.53 3.3%9
4 NNO 2.6 0.51 .
5 NF, 2.4 0.32 2.gd:e.f
6 ONC1 1.5 0.05
7 No 0.8% b -0.37 - go,9°’d
8 N, " 0.0 0.00 0.0
9 fivo 1.3 @ -0.34 - -0.9%.¢
10 HCN -3.1 -0.06 - -2,6%:9:8
11 NpHy - -3.8 - -0.26 _
12 NH, 4.3 @ -0.39. -3.5¢,3,0,1
13 CHjNHQ -4.8 . —0.32 _3.9C:d1:1‘
14 (CHy ) pNH 5.0 -0.23 -y 2¢:45J
15  (CHy)5N -5.2 -0.15.

%The following values were obtained by Siegbahn

2.99; NNO, 2.6; NO, 0.4; NNO, -1.4; NH,, -4.3.

b

et al (Ref. 9): NO

Weighted average of two peaks caused by spin of molecule.

¢u.s. National Bureau of Standards Circular 500 U S. Government

Printing Office, Washington, D.C., .

National Standard Reference Data System,'U.S.‘National Bureau
of Standards, Washington, D.C., NSRDS-NBS 26, June 1969.
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Table I. (Cont.) ‘

' ©j. Kennedy and C. B. Colburn, J. Chem. Phys., 35, 1892 (1961).

Calculated for the reaction NF2 + NO —*OFQ’ + N2. In view
of the low dissociation energy of N F4’ this approximation is
reasonable.,“

€H. Pritchard and A. G. Harrison, J. Chem. Phys., 48, 2827 (1968).
h

M. A. Haney and J. L. Franklin, J. Chem. Phys., 50, 2028 (1969);
J. L. Beauchamp and S, E. Buttrill J Chem Phys., 48, 1783
(1968).. |

iv. 1. Talfroze, Pure Appl, Chem., 5, 455 (1962) ’

ITne proton affinity of (CH )20 was estimated to be 190 kcal/mole
on the basis of data given by M. S B. Munson,. J Am., Chem Soc.,

87, 2332 (1965)

+¥ ’ L ¥
NHB' + Neo - NH3 + ‘N2

T (1)
As_ = EB(NH ) - EB(NQ)

(The asterisks indicate 1s electron vacancies. ) 'If.we_make' _
the approximation that AE =.0. for any process in which 'a'n[}N6+
core 1n one species 1is interchanged with an O6+ core in another
species, we may write | '

_ o
| S AE = 0

‘NH + Nob

()

Then, by adding reactions 1 and 2, we obtain

NH; + NO OH;" + N

iAE - EB(NHB) - EB(NQ)

2 :
(3)

Thus the shift in binding energy 1is, to the accuracy of our
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approximation, equal to the energy of equation 3 -a quantity '
which can be evaluated from available thermodynamic data
Similarly, most of the other chemical shifts in Table I can
be approximated by thermodynamic data. The thermodynamically
estimated chemicalishifts are listed in'the_fourth colnmn of
Table i; »The average discrepancy between the experimental and '
estimated'valnes is * C;SQQeV. iFigure‘E is a plot of the |

experimental binding energy shifts vs the estimated shifts.

a am Me: q, - It has been shown that

) chemical shifts in binding energy can be approximated by the

sum of empirically-evaluated parameters characteristic of the
attached atomS'Or groups.llv This additiyity rule can be checked
with a few of thevbinding'energy.data in Table I.

' ‘When all three hydrogen atoms of ammonia are replaced with
methyl groups, the binding energy decreases by O.9nv eV. In the
case of monomethylamine,lthe decrease would be expected to be

one-third as much, 0.3 eV, mhereas it 1s actually 0.4 ev.

In the case of dimethylaminevthefpredicted and actuai decreases

are 0.6 and 0.7 . eV, respectively,

The additlon of an oxygen atom to the nitrogen atom of'gNF3

causes theibinding energy to increase by 2.% eV. (fhis is.
the chemical shift between NF3 and QNFB.) A similar change‘
would be expected on adding an oxygen atom to molecular nitrcgen,
Indeed, the binding energy for the middle atom of NQO is 2.6 eV

greater than that of the atoms in‘Ne.

The binding energy of NF, is 8.70 eV greater than that

>

of NHB'- We ‘would expect the difference between;NeFu and.NgHa-
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to be a little more than two thirds as great i €., 8 little

greater than 5.80 eV. Indeed the observed chemical shift
'between NoF), and NyH,, 6.24 eV, 1is in agreement with this
expectation. From the few comparisons made above, we tentatively

conclude that the empirical parameter method is capable of

predicting_chemical shifts to about i 0.2 eV,

Qomputational Method, - Basch and Snyder'’ have obtained
nitrogen 1ls orbital energies for some of the compounds in Table I
from SCF-MO calculations using a double-zeta basis of gaussian
functions,‘ According to'Koopmans' theorem, these energiles
may be taken as equal to binding energles. - Their calculated
values, relative to. N,, are (in ev): NNO (3. 9), NNO (0.7),

HCN (-2.4), NH) (-3.8), and NH (-5.4). Tne‘average deviation

of these values from the experimental values is * 1,0 eV,

nclusions

The Pauling atomic charge method, althoughuit'gives very |
rough correlations with binding energy, has the advantage that -
it can be applied to any.set of molecules for which complete
octet structures can be written. 1In the case of resonating
molecules, ambiguity arises as to the relative'weights of the
resonance structures.21 In these cases;the experimental data
can be used to establish the relative weights. ‘Barber and
Clark15 cite the essentially equal carbon ls binding energles ‘ v
of acetonitrile as evidence for the inadequacy of atomic charge—

by
binding energy correlations. It is true, thatAuse of only the

H_C-C=N structure, the CN carbon atom would be expected to have

5
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a Significantl§ greater binding energy than the CHy carbon

atcm.22"HOWever contribution from the hyperconjugated

H%H20=C=N structure (which cannot be ignored, in view of the

23

observed acidity“’ of acetonitrile) would bring the carbon atom

charges closer together, and the binding energy ‘data may be

‘taken as further evidence for such hypercongugation.'

The thermodynamic method gives more accurate predictions
than the atcmic'charge method,'and it is completeiy'nonempirical,
at least with respect to binding energles. However it 1s
applicable only when'therappropriate heats ofhformation are
known or can be - estimated.. _. B

The enpirical parameter method has not'yet;been adecuately ‘
tested with accurate gas-phase binding energy data. Houever,

the few compérisons which we have been eble to make indicate

~ that, with the availability of appropriate'Sets‘of empirical

'data, the method should’yieid very accurate predictions.

Reiati&ely few comparisons have been made between experi-
mental and highly refined molecular'orbital—calculatedbbinding.
energies. The available results show agreement to i‘l eV and
suggest that the error due to the assumption of Koopmans'

theorem 1s approximately the‘same for all mol_ecules.'4

Acknowledgement: This work was performed under the auspices of the U. S. Atomic
Energy Commission.



(l)
(2
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)

(11)
(12)

(13)

(14)

- UCRL-19671

RefSKRRRS

- Department of Chemistry;'U.C., and'Ihofganic'Matefials

Research Division, L.R.L., Berkeley. o
bepartment»ofbchemistrj, L.R.L.,'Livermore.
Nuclear Chemistry Division, L.R.L., Berkeley. v
K. Siegbahn g;_g;,,‘ "ESCA, Atomic, Molécﬁlar and Solid

State Structure'studied by Means of Electron Spectroscopy,"

',Almqvist and w1ksells, Uppsala 1967

J. M. Hollander, D. N. Hendrickson, and W. L Jolly, J Chem.
Pays., 49, 3315 (1968). | - |

D. N. Hendrickson, J. M. Hollander,'and W. L. Jolly, Inorg.
Chem., 8, 2642 (1969). . - -

M. Pelavin, D. N. Hendrickson, J M. Hollander, ‘and W. L.
Jolly, J. Phys. Chem., 74, 1116 (1970).

D. N. Hendrickson, J. M. Hollander, and W. L. Jolly, Inorg.
Chem., 9, 612 (1970).
K. Siegbahn et al., "ESCA Applied to Free Molecules", North-

Holland Publishing Co., Amsterdam, 1969.

W. L. Jolly and D. N. Hendrickson, J Am. Chem. Soc., 92,
1863 (1970)

W. L. Jolly, J. Am. Chem. Soc., 92,  (1970).
J. M. Hollander and W. L. Jolly, Acots. Chem. Research, _ ©o.
., (970).

H. Basch and L. C. Snyder, Chem. Phys. Letters, 3, 333

(1969).

D. W. Davis, J. M. Hollander, D. A. Shirley, and T. D.

Thomas, J, Chem. Phys., 52, 3295 (1970).



-11-  UCRL-19671

(15) M. Barber and D. T. Clark, Chem. Commun., 22 (1970).

(16) J. M. Hollander, M. D. FHoltz, T. Novakov, and R. L. Graham,

Ark. Fysik 28, 375 (1965), T, Yamazaki and J M. Hollander,
Nucl. Phys., 84, 505 (1966) '

7). For NF,, M. K. Wilson and S. R. Polo, J. Chem. Phys., 20,

1716 (l952),¢for N F4’ J "R. Durig and R. c. Lord

. Spectrochem. Acta, 19A 1877 (1963), for all others, R. H.

Pierson, A. N, Fletcher, and E. S. Gantz Anal, Chem., 28,
1218 (1956) | | »_ . |

(18) L. Pauling, "The Nature of the Chemical Bond", 3rd ed.,
Cornell Univ. Press, Ithaca N. Y., 1960

(19) Ref. 18, 2nd ed., 1940, pp. 65-66.

(20) J. W. Linnett, "The Electronic Structnre of Molecules" s
John Wiley and Sons, Inc., New York, 1964. |

(21) For example, see the discussion of'aniline in Ref. 9,
D. 121 |

(22) The chemical shift between HCN and C H6 is 2.8 eV.14

(23) R G " Pearson and R. L. Dillon, J Am, Chem. Soc., 15,
2439 (1953). B



C-12- | UCRL-19671

Relative Nitrogen 1s Binding Energy, eV

1 L 1 L1 o L
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Calculated Charge on Nitrogen Atom

XBL 706-1097

Figure 1. Correlation of binding energy with atomic charge calculated by

~the Pauling method. NUmbérs refer to the compounds in Table I.

.
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-Figure'é. Comparison of experimental and thermodyﬁamically estimated
| binding energies. The line has a slope of_unity aﬁd passesx
through the origih. The numbers refér to the cbmpoﬁhds in
yTable‘I. The iiné would fit the_bbints mucﬁ ﬁorercldsely if
point 9 or 10 (father than 8) had been érbitrariiy piaced
at the origin. It is sién;ficaht that most of the poinss »

fiﬂ a line of unit slope. ‘ ' _¢
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