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THE CALCULATION OF HEATS OF FORMATION OF GASEOUS CATIONS FROM CORE ELECTRON

BINDING ENERGIES

WILLIAM L. JOLLY AND CHRISTINA GIN

Department of Chemistry, University of California, and Materiais'and

- Molecular Research Division, Lawrence Berkeley Labofatory, Berkeley,

California 94720, U.S.A.

ABSTRACT

It is shown that the "core replacement energy" of an atom in a gaseous

-species is equal to a core binding energy plus the difference between the-

heats of formation of two isoelectronic species and that it is essentially

~a constant quantity for the atom, almost independent of the nature of the
~gaseous species. Core binding energies and heats of formation of gaseous

'molecules have been combined‘with the appropriate core replacement energies

to calculate the heats of formation of 156 gaseous cationms.

-+



- INTRODUCTION

The equivalent cores approximation [1-4] may be expressed as follows;
The energy of the process in which‘an electron is.transferréd from a core
level of an atom to the nucleus of the atom is independeﬁt of the chemical
envifonment of the atom. Consider, for example; the folloﬁipg'specific

example of this process, involving the nitrogen'étbm of the gaseoﬁs-émmonium‘

~ion: -

NH;+——> Cﬂu# - L | (D
The asterisk is qsed'to indicate a 1ls vacancy. Although ;ééction 1is
baianced with respect to élect;ons, prdtons, and neutroﬁs (assuming the N
and C atoms have the samé maés numbers), it is not‘balancéd with respect to
the elements, as is a'normal'chemiéal rgaction. The reaction can be converted
:into a balaqced chemical reaction, with its energy changed by a constant
amount, by the appropriate addition of the elements nifrogen and carbon in

théir standard states:

Cgraphite + NHy -—>:%N? + CHy ‘ (2)
According-td the equivalent cores appréximétion, 511 feactions of thié_type,
- involving nit:ogen—cbntaining cations and the.corresponding core-ionized
_ carbon compounds, have the same energy. This energy is called the core
replacement energy and is given the syﬁbol ANf |
The core ioﬂization of methane has an energy equal to the bindiﬁg

energy of the core eiectron, EB(CHQ), and is represented by the foilowing

reaction.

o res - ' o
CH, — CH, + e ‘ (3)
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QQ 1 k ; é«é‘ o U iﬁ_3_§ “ '

- By suBtracting.reaction 3‘from reaction 2,’we'obtain reaetiOn ﬁ,_Which has
the energy Ay — Eg(CH4). |

' Cgraphite + NH5+ + e -Tf*fngz + ‘CH“, | B (4)
It shouldbbe-hoted that reaction 4 1s a normal ehemical feactionoiovolving
no oofe—ioniaed species. The energy ofvreaction 4loan be equated:to the'
heat'of formation.of methane minus the heat of forﬁation of the ammonium
ion: o

by - Ep(Gly) = MHI(CHS - pmg (v, )
Thustit has been possible to oalculate ANvfrom the core binding energy of
- methane, measured by X—ray,photoelectron'Spectroseopy; aod.the,heats of
formatiop of CH, and-NHq+ tS]“ In essentially'the same way , AN Haskbeen
'calculated from 7 other carbon 1ls binding energies and the appropriate

thermochemical data [5]. The average of all 8 values was 283 68 eV with

a standard -deviation of O. 21 eV.. This_result shows that it"should be_v |
possible to calculate the heat of formation of any‘gaseous‘p@trogen—contain—
~ ing cation with an uqcertainty of approaimately 0.2 eV if one knowsvaocuratés'
 values fof the heat of.forhatiod and the‘carbon 1s Binding enetgy of the
”v isoeleotrOnie carbon compound.*
AValues of AO have BeenvCalculated for'oxygen—containiog cations from

'nitrogen 1s binding energies and the heats of formation’of the appropriate

.*In ref. [5] it is shown that cations such as Nd+, in which the nitrogen
atom has a valence lone pair, have significantly higher Ay values.
However, such species are fairly rare, and the value 283 68 eV is almost

'always ‘appropriate.



nitrogenycompounds and oxygen—containing cations [5]. It was found that.
- Ad = 399,63 eV (std; dev,_e.0.29 eV) for ions such.as 02+, NO+, and RCd+,
in which the nonbonding valence electrons on_the oxygen'atomslhave relatively
- high s character, and Ay = 399.64 eV (std. dev. é'0.24) for ions such as
0H3+_and R20H+,.in which the nonhonding valence electrons on'the-orygen atoms
_vhave relatively low s character. Obviously these Ao.values can be used w1th
»approprlate binding energy and thermodynamic data to calculate heats of
formatlon of gaseous oxygen—containing cations.
In this study we have calculated values of AC, Ag, AP, Ag and ACl

from appropriate binding energy and thermodynamic data. These values, as
ﬁell as'the'previously determined values of Ay and'Ao, were used with the
require& binding energy and thermodynamic data to calculate heats of.forma—
tion of some gaseous cations COntaining carbon, nitrogen;foxygen, fluorine,
sulfur, and chlorlne for which rellable heats of formation were prev1ously
unknown. We thus hope to bring this relatively unknown method for obtaining
thermodynamic data to thé attention of scientists concerned with gaseous

cations.
RESULTS AND DISCUSSION

.'Tahles 1, 2 and 3 listvvalues of the core replacement energies caICu—
lated for cations containing carbon; fluorine; phosphorus, sulfur;‘and"
chlorine. The average values.of.each set of core-replacement energies,
and the aVerage;values previously,calculated [5] for,nitrogen; and oxygen_
-containing cations, are given‘in Tahle 4 VThese A-values‘are,recommended
for use in the calculation of the heats ofyformation oftgaseous cations.;

| Using available core binding energies.and heats of formation of gaseous

: molecules.together with the core replacement energies in Table 4, we have



calculated the heats of formation of 156 different gaseous'céfions. The
values aré,listed in Table 5. Thébunce;;éintiés'inbtﬁese-célculatedvheats
of formétiOn are the combined uncertainties in thé core reﬁlécément>energies
"(see Table 4), the cofe 5inding energies (O.OS%OFZIeV), and the‘heats.of

.'fofmation'of the molecules (0.5—3Q kcal/mol). Most of the célculated values
are»belieﬁed to have uncertaintigs'df +8 kcal/mol or.léss;:'

The heats of fdrmation of several cationé can be_calcﬁlated by the
general'method which.we haye outlined using two or more compléteiy indepen-
denf sets of data. Fér example, the'heét of formatioh ofiNFu+ can be cal-
culated eithér frqm data fér CF4 or from data for ONFa; The'results:pf

'such calculations, summarized in Téble:6, serve as_anvindicator of the
~ general reliability of the methdd.j The gverage‘deViation'Between ;hé‘
indepéndentiy calcuiatedbheatsgéf formatipn iniTable 6 is ilekcallmbl;

This work was suppof;edvby tﬁe U. S.‘Eﬁérgy Reééarcﬁhand Dévelopmeﬁt

" Administration and the National Scienée’Foundatioﬁ'(Grant.CHE'73~05133 A02).



TABLE 1

Core replacement energies for carbon-containing cations N
. . N _ e

Compouﬁdé G 1s), eV EgRef. Mg, eV BED Ref.
CFy'/BFs. o 202.8 161 186.7 [7;8]
cerstmels 200.2 (6,91 186.7  [7]
C(OCHy), /B(OCH); - 198.1 (6,91 185.8 . [7,10]
H,CH,BH, /BHg  196.5 16,91 186.2° el
C(CHy) s /B(CHy)s 196.4 (9] 187.8  [7,11,12]
cHycot/BH,CO 195.2 91 187.5 (7,131 .
N(CH3), " /BH;N(CH;) 5 o 193;5b . 19,14] - 187.2¢ ',[9'13],'

aBecause of uncertainty in the estimated heat of formation of‘HzCHZBH2+,‘this
value wavs a‘ssigned a weight of. 0.3 in caiculating the _'av_érage; ,-th;e value’
taken from ref. 14 was raised by 9;17 eV because of the use of 245,52_ev

- as the Ar 2py, reference. “Because of‘unéertainty iﬁ the célculétedvheat

of forma;ion of N(CH3)£+, this value was assignéd é weight of 0.5 in'ca1¢u—,_.

lating the average.



~ TABLE 2

Core replacement energies for fluorine-containing cations -

Compounds EB(_.li)i eV EB ng; A ér, eV - _“[égflggﬁ.
oF /0, - | 543.75% {151 . 529.83 [16]
NF*/NO - 543.5%2 an 529.3 ': I
R T 542.57 18] 529.52 17,191
N¢F+/ﬁ;o’ ' 541.4° [17) o 528.3. . [7]
crst/cor,  s40.71° (200 s29.88  [7,8]
sozF‘,*/so3 - . 540.68 © o[ -531,2od‘  (71
HF /M0 . 539.88 r221 529.17. : 17, 231
crcl,t/coct, 539.72° 201 s:9.600 7]
SOF*/s0, - 539.70 211 s30.31¢ [7]
vSﬁ3+/SOF2 o 539.6° 71 529.oé‘ o 17,24]
CCH,FT/CH,0 539.52° | [25,26]  _'529.22  ‘f7]
cu3FH+)cuadn : ’539,2? oo 530.7 [7,27]'
Cﬁ3CHF+/CH3cﬁo | o 538.6° [20,25] - 520.7 . [7,28]
(CHa)ZCF+/(QH;)ZCO 538005 [20,25] }' 529.77 . [7,28]

aWéigﬁfed avefage of spin—splif peaks. bBasedjon aﬁ'Ozbre%eréh¢e EB of

- 543.75 eV.» Based on an Ar 2py, reference of 248.62 eV. ‘gBecause_df
uncertainty in tﬁe heats of formation of the gaseéﬁs cat{§ns,‘these véers_
were wéighted 0.3‘in calculating the average. eBecaﬁse»of uncertéinty in
the heat of formation of SFéf, this value,was Weightéd 0;1,infca1cq1ating

the averagé.



TABLE 3

Core replacement energies for phosphorus, sulfur, and chlorine-containing
cations o o

Compounds ©  Ep, eV Corevlevelv._' A, gsf ngggg. _'§§; £gg:f
‘PH;,‘+/SiH., 107.452 .Si‘2p3/2 o 99.29 .' [29]  - [7,301]
sFst/prs 145.66° Po2py,  127.17 (311 [7,13,32] |
SFs'/PFs  141.80° P 2pg, 126.94 [21] 17,331
Csuat/eEs 137.04 P 2py,  128.81  [14] ©[13,34,35]
‘C1'03+/sog 176.67 S 2py, 159,34 [21] 71
c10*/s02  174.64 S 2py, 159.50 '.'tzl_] e
Cmati,s . 17004 s 2py, 161.4 | | ” [17-]“‘.  [7,36]

#The value differs from that given in Ref. [29] because of a recalibration .
~of the spectrometer. Also see note c. bCalcd.;assuming»a 2py2-2p1& splitting

of 0.84 eV. CBased on an Ar 2py, reference of 248.62 ev.
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TABLE 4
' Récﬁmmended valués of core replacgment energies .
Element in cation ' Core level for A, ev . Uncertainty
which ER required ' in‘Aéi¢Va |
C | B 1s ,’,: 18689 073 |
N c 1s ' :. 28;.68 . f’”'b.zi

.0_(high s denéity) ' N _1s | 399;63 . .v"_0.29 '

0 (low s density) R  1$ - BRRRRE LN 0.4
P o 1s 520,60 j‘ 0.66
b 51 Z?w& o 99;é9v‘-. -

‘s P 2y, 1276 - 1.0
c1 | | s 2py, ,160.11' | } : ERY

aStandérd deviation.



TABLE 5

Calculated heats of formation of cations

QEEZQE éﬂ;, kcal/mol_ “Réfs.af
From‘boroﬁ'ls bindiégﬁeneggies:_
C(CoHs) 5t 161 161
C(0CoHs)s" 6 [61(13]
CBrs' 230 6]
Iy’ 268 [6]
From carbon is binding energies:
HCCNH, 231 [37]
 HcNCH3f 215 [57}
CH CH NH, * 172 [38]
(CH3CCNH3 T 211 37
 aHsoncist 181 37
CeHsNH, T 165 (211
CsHsﬁCH3+ 165  [21].
HaoN,' 225 [21]
HNCN 225 [21]
Hy CCHN, ' 239 : © 211
Hp CNHCN 239 [21]
HyNCHON' 239 [21]
_<cu;>2m3+ 169 [14]
HNCHCHNHCH ™ 172 1391
“HNNHCHCHCH 195

[39]



TABLE 5 (contd.)

CeHsNo T
'CsHsNCN+
NH,0'
NH3OH
H(NO)OH
VIH(NO)NH2+
occno’
ocnco’
e

NH, CH, 0

NH 3 CHO

CH3NHO'

NH3COOH+‘

CH,NOOH

NH, CH, OH
CH,NH, OH"

CH30NH3+

CH,, CHNHO T

ﬁCHZNHCH0+

NH,=CHCHO'

NH2 =CHOCH 3-# .

CH, NHOCH, ™~

CH, CHONH,

+
(CH;),NO

: +
NH 3 COCH,

* NH, (CH,)NCHOT

246
222
219
158
190

199
250

255

195

137
198
79
172
115
147
155
205
150
.150
117

168

168 . .

183
122

139

[21]

{211

[40]
[17,41]
[40]

[(2z0]

421

[42]

[38,41]

[21]

 £201__
(171

[17]

[17]

[17]

©[29]

[20]
[21]

[21]

2]

[21]

211

[21]

[21]

1]



TABLE 5 (contd.)

+
(CH,4), NNHO
OCHCHNHCH
ONHCHCHCH
' +
C,Hy (NO)OC, H
. +
C¢HgNHO
+
CoHs (NO) CH,
- .
(CgHg) ,NO
N S
NH, F
NH,F, T
NHF,
NF,”
NoF,*
. CH,NHF'
NH, CHF "
" CH,NF, "
NH, cF,"
cuFnF,t
' NHFCF,”
‘ +
NF,CF,
———— 4
cNE T
N
S1(CHy) 3NH,
+
(CH,) ,PNH,
CH,SNH, "

-onst

172

144

172

141
208
194

225

164

186 .

191

198

216

198

142

207
97

178

123

62

- 83
129

164

© 236

(201

[39].'.

[39]

I
[20]

[20]

(20]
(431
[22]
[20] (44, 45)

[22,29] [45-47]

- [20](13]

e
1481
v;[48} -

(48]

(48]

(48]

(48] °

[48][45]

[49]
-{29,50]

1.‘[2;1

(511



TABLE Sv(cont&.)

Nisclt
NH,Clp '
NHC13"

NCL '
NOCls"
NH;S1C1,"
N(CHs)sC1"
V(cojgNd+.
_C;HSV(Co)sNof
- cr(coy No*

- C4HgMn(CO),NO"
M, (CO)oNOT
Ni(CO) NO"
 Ge(cH,) NH,T
BrvE,t

NH,Br '

+
NBru

~ Mo(co)Not
+
Sn (CHj) JNH,

w(co) (No*

~ From nitrogen 1ls binding energies, using Ag

184

216

241
268
249

40 -

152
39

16

99
-179
88
106
204
186

276

133

-10

+
0(CHj) 4

. .
(CH,) ;O0BH,

OH,CHO"

127

© 156

121

399.04 ev:

[29]

431
[43]

291
[201[13)
[21,50]

[21]

5210531

[52]

[21]

(211

[21](54]

(21]

129,501

'v[21] |
.[29].'i
t29]

_[21‘]_. .

211

- {14]
[21013)

 1[21] :



TABLE 5 (contd.)

+ .
CH;30;
. +
(CH3) 20CHO
CeHs0s T
) C5H50H2+
H2NOH2+
‘Noot
FzN_OFz+

" o0F,"

285
103

305

170

186

330

304

374

From nitrogen ls binding energies, using Ay = 399.63 ev:

CeH COT
oF,t
ooct*

SOF, "

From oxygen 1s binding energies:

4
CH, CH, F

+
(CH,) ,F
C,HFH'
CH., CHCHF |
CH, CHFCH ,
,»r*‘**;—ﬂ+
. CHCHCHCHF

. +
C¢H5CHF

CoHg (CF)CH,

(CHg) ,CF"

173
304
284

66

201

163

156

171
186

230

172

151

178

(48]
[21]

[17]

{171[56]

[57]
(571

[571

[211158]

[21]

157][44,45]

[571[13]

1591 160]

[41]
129]

- [17]

[20]

211

(481

{20]

[20]

[20]



TABLE 5 (contd.)

U | | 214 o (2110611
NH, CHF' - N 139 - [20] .
‘(CH3)2NCHF+ : | C 116 o [20]
CocEt . I - T N 7
 H(cO)FH" ‘> : 3251
H(CE)OH' = w0 o [25]
ig(cHor" Y | [17]
0CCCF' - | 225 R
cng(CF)ocn5f,_ ? 92 [25]
CH, (CO)FCH, " o o 128 . - ”[25]
Fy o o 3 (151

[(CHy),S81],FT S TR | - [21,50]

T -77 | | [62][58]

SCF' S S 224 R [51]
sofa+ - . - 70 - | 16211631
c1o,F,t 262 o le2]
sorc,t “ R o " o 210131
sFc1, , 6 . [21]013)
' PF¢13+' | | : L 59 . - [62]
VFCl, ' - w8 ? [62]153]
V(C0)5CF' : L2 | PR [521(53]
CaHGV(C0) CFT | 30 . [52]
crovc,t 89 o le21
Cr(co)sCF | s C 2

CsHsMn(CO),CF'  * 105 R 35
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TABLE 5 (contd.)

Mn,(CO)oCFT a2 [211154]
Ni(CO)sCFT - 98 | : [21]
Mo (CO) sCF - 13 (21

W(CO) sCF' o 21 B 1 I

From silicon 2py, binding;energies:

by | | 100 O [29]
PR | o 94 [29]
pc1,’ | | 103 C 201

pBr,” | 145 | 2910131

From phosphorus 2pj, binding energies:

S(CH3)s" . 168 4]

’SQF§+ | | - 67 o gzl
sélg+ | o e
socls’ ‘ - 175 . t14]

ssclst a3 o [141058]

From sulfur 22@@ Binding energies:

C1(CHy)," - 198 o | [21i_
occ1® ' ” 208 Y
ocicl,t = | 282 B [21]1[13]
0,c1c1,” | | 281 21103
art : a2 R E*Y

ClFg' | S PR 6 ¥ 3
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TABLE 5 (contd.)

+ v ‘ . . ) '
Fsclclt | 195 3 1591113]
CloF, | | 246 SR ©[171[24]
clozF* 2  [211163]
PCl,’ - - 115 . [141058]
ciscicrt . 263 U [591{13]

+ : . '

sccl 256 ' [17]

i}

%The first set of referencés is to tﬁe sourée of the bindiﬁg enérgy; tﬁe
second set of references is to the soufce of the heat of formation..‘If.

~ only one set of references is given, the reféfenceé refer to the binding
'energy; and the heat of forﬁation was taken from ref. 7. Some of the
binding'ehergies'used in the calculations differ frbm tﬁe_liﬁerature ?alués
:because of chahges in standard references and because of speétrométer

recalibration.
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TABLE 6

Heats of formation of cations calculated from more than one core binding
energy

Catibn . . Compound whose Eg , Q_I-_If°, kcal/mol |
and Aﬂg used to calc AH: '
+ ’ * ' :
NF, CF, L 198
ONF, o S 21s
+ * o -
NH, CHF | , NH, CHO o 139
CH,, CHF | - 142
+ % ' ' '
PF, o SiF, -94
* : . ‘ " '
POF, o -77
+ .* i :
L ' % .
PSC1, - 115
+ ' Sk D - .
SOF," - S0,F, - . 70
: POF3 . ‘ . o 67
* ' ' S '
NSF, - ' | , . 66
: . . : _ : o .
C10,F, | S0,F, . - 225
C10,F | | 262
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