LBL-11396 ¢ , D)

Preprint

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

Materials & Molecular
By Research Division

<

Submitted to Electron Spectroscopy and Related Phenomena

THE USE OF CORE ELECTRON BINDING ENERGIES AS BENCH MARKS
FOR THE COMPARISON OF VALENCE SHELL IONIZATION POTENTIALS

William L. Jolly

August 1980
RECEIVED

LAWRENCE
BERITELEY LABORATCRY

NOV 61830

\ IR ARY AN
DOCUMENTS SECTION Y
- A PR

&

TWO-WEEK LOAN COPY
e

X This is a Library Circulating Copy
@ "/‘%‘ﬁ which may be borrowed for two wee
W >WA [, 2 personal retention copy, call
Tech. Info. Division, Ext. 6782.

ks.

Prepared for the U.S. Department of Energy under Contract W-7405-ENG-48

€0 DAY



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal 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. Reference herein to any specific commercial product,
‘process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.




LBL-11396

The Use of Core Electron Binding Energies
as Bench Merks for the Comparison of

Valence Shell Ionization Pdtentials

William L. Jolly

Department of Chemistry, University of California, and
Materials and Molecular Research Division, Lawrence Berkeley

Laboratory, Berkeley, California 94720 (U.S.A.)

. ABSTRACT

The difference between theviénization potential of a molecular
orbital and a core binding energy of an atom on which the molecular
orbital has appreéiable density is a measure of the strength with which
eléctrons_are-hgld in the molecular orbital, free of the effects of atomic
charges and electronic relaxation energies. Sﬁch differenées can be used
to comparelthe.intrinsic bonding or antibdnding characfers and the s, p
hybridizations of orbitals on atoms of a particular element in various
compouﬁds, Thusvcore binding energies should be useful in the éssigné

menf of ultraviolet_photoelectron spectra.

This manuscript was printed from originals provided by the author.



Often the most difficult step in the study of a molecule by ultra-
violet photoelectron spectrosccéy fs the assignment of the observed photo—
electron bands to specific molecular orbitals. Even simplejmolecules can
have perpleiing spectra. Therefore, whenlﬁaking'spectral assignments, one
should take advantage of any information ﬁhich has a bearing cn the system
under study. For example, quantum chemical calculatlons, spectral f1ne
structure band 1nten51t1es, band shapes, angular dlstrlbutlon dats, data
~for related compounds, and mass spectna; data can be important in eliml-

2. The qualitative effect of changes

nating ambiguities in assignments.
in atomic charge on ncnbcnding electron ionization potential has long been
‘recognized and utilized.in'making assignments. Thus the sulfur lone pair

S0Ci,. and (CH,).SO are assigned to bands at 12.6, 11.3,

2’ 2 3)2

and 9.3 eV, respect1ve1y,~in accord with the relative electronegativities

orbitals in SOF

of the fluorine, chloriﬁe, and methyl groups.3

It is the purpose of thls paper to show that atomic core electron
blndlng energles, derlved from x-ray photoelectron spectra, can serve 8as
bench marks for comparlné end assigning ionization potentlals of molecular

orbitals which are more or less localized on single atoms. In a recent

: sttdy,it was shown that phosphorus lone pair ionization potentials_and the

corresponding core bihding eneréies'are linearly correlated oaly for sets.
of very similar molecules, in.which there is little chaenge in the hybridi-
zation or delocalizatioc cf:the lone pair on going>from one'mplecule to
another.h. For such sets of‘similafrmolecules, both the ane pair icni—'
zation potential and:the'core binding energy afe affected similarly by
changes in potential (atomic charges) and by substituent changes wh1ch
alter the electronic relaxatlon accompanylng photoem1581on. On g01ng

from one "lone pair" to another, én incresse in s character or bonding

L3
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charactér, or a decresse in antihonding charaéter; causes the lone pair
ionization potential to incréagé more than thé core ionizétion potential.
The?efore we bfopose_fhat»the‘differénce bétwéén tﬁe ionization potential
and thé core binding énergy be used as a”meaéure of the hybridization'or,
bondi‘ng. (or aﬁéibondi_ng) cha;ract.é.r' of the orbital, assuming that the or-
bital is at least partially‘located on the atom corresponding to the core
binding energy. - Changes'in ionization pdtential due to changes in atomic
charge or changes in felaxatibn energy are largely cancelled out by the
correspondipg chanées in core binding energy.

Becaus.e (,IP. - EB) values are unwieldy large negative numbers, we
propose that relative values of (IP - EB), in which (IP - EB) is set equal
to zero for a particular reference compound, be used. For further simpli-

city, we use the symbol A for these relative (IP - EB) values. In Tables

. . ¥*
I - IV we have listed adisbatic ionization potentials for "lone pair" or-

‘bitals, the corresponding core ionization potentials, and A velues for com-

pounds of nitrogen,'oxygen,vfluorine, and sulfur. Most of the compounds
are well characterized, with unequivocally assigngd.ultraviolet photoelec~-
tron spectra. Using the data in the Tébles, we shall attempt to show that
A is & messure of the "intrinsic tightness" with which thé lone pair elec-
troﬁs are.held. We shall.use~the simple binéry hydrides (NH3, HQO, HF,

and H2S) as reference compounds, with A = 0. In these reference com-

pounds, the lone pair orbital has no significant bonding or antibonding
character, and genérally is made up principally of an atomic p orbital.

Therefore for the other compounds we can interpret a positive A value as

an indication thaet the "lone pair" orbital hes some bonding character or

% , . . : .
We are rather permissive in our use of the term "lone pair." Although

all the orbitals in the Tables have significant density on the indicated
atoms, some of them are quite delocsalized and have strong bonding or anti-

bonding character.



.

an sppreciable amount of s character (or hoth), end we can interpret .a

negative A value as - an indication of antihonding character.

NITROGEN COMPOﬁNDS
We bélieve fhe hegati#e A value of methylaminevis dpe to repulsive v 'I A
inﬁéraction betwéen the nitrogén lone pair';nd_the C;ﬁ ﬁonding‘electrohs. _ e
Thé still mére negative A value of diméthylamine is-presumably_a conse~
quence of-fﬁrther repulsion by thé second methyl group. We believe that,i
in the case of aniline, A would héve d negative value because of repulsions
by @ bonds of the phenyl ring if‘it were not for a greater m bonding inter-
action with the highest occupied w grbital of the ring.. The efféct‘of
this ™ bonding is to raise thé A value snd to delocalize the "lone pair"
electron;density onto the ring.5 ‘ 7
If one considered only the high iénization potential (13.00 eV) and
low basicity of nitrogen trifluoride, one might conclude that the nitrogen
"lone pair" is in a bonding orbital.’ Hoﬁevér the high negative A value
shows that most of this tight_electron Binaing is due to the ﬁigh pésitive
charge on the nitrogen atom; Indeed, when one eliﬁinates the effect of
that charge by ca;éulating A, it becomes clear that thé ﬁitrogen lone
pair is essentially in an antibonding orbital. This antibonding character
is a consequence of répulsions by the fluorine lone pairs. The same repul-
sive interaction has been used to explain tﬁe remarkable‘weakness_of the | o
N-F bondgs in NF3.6 ' , ¢
. _ . ~ o \/
The A value of pyridine is about the same as that of ammonia, appar- ‘
ently a consequence of & balénce between increased bonding pair-lone pair
repulsion and increased s.character.- The bonding pair-lone pair repul-
sion cannot he very.great in-pyridine; andvtherefore‘we conclude that the

pyridine lone pair does not'have much s character. indeed, CNDO/2
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calculations show that the hyhridization changes from 6.8% s character in

ammonia to only 15.4% s character in pyridine.Tz The latter percéntage is

N C .2
much lessthan the 33 % corresponding to sp hybridization. In the struc-

turally related (NPF213 mbletule, the A value of 1.0 eV indicates weak T
8

bonding between the nitrdgén and phosphorus atoms. .
The HOMO of moleculér nitrogen is an eésentially nonhonding @ orbital.
The A value of 1.09 eV is indicative of sighificant s character, in accord

with the description of this orbital as the "6verlap of the tails of two

9

approximately sp2 hybrids."” The A values of the analogous orbitals in

-HCN and the nitriles show increased bonding character. These increases in

bonding character of the ¢ orbitals aslso can be seen in the relative magni-

tudes of the ¢ andT ionization potentials, which are 15.58 and 16.98 eV

for'N2,1 10 3CN,11

respectively. As one might expect, the 0 nitrogen lone pair orbitals of

© 13.59 and 13.82 eV for HN,™ and 13.14 and 12.21 eV for CH

NSF3 and N2O are similar in character to those of the nitriles and there-
fore have similar A values. It should be noted that the similarities in
the 0 lone pairs of these compounds and the nitriles are not at all obvious

from the ionization potentials, which range from 12.T7 to 16.39 eV.

OXYGEN COMPOUNDS

The ionization potentials listed for watér, methanol and dimeﬁhyl
ether correspond to the7n lone pair orbitals. The decrease_in A with in-
creasing numbér of methyl groups can be explained; as with'the-methyl.
amines, in terms-of‘incfeasing repulsions between the.lone pair and the
C-H bonding electroné. In the case of phenol, interaction ¢f the out-of-

plane "lone pair" with the highest occupied phenyl T orbital yields a

bonding MO (TP = 12.61 eV; A = 0.9 eV) and an antibonding MO (IP = 8.37 eV;

A = -3.3 eV). The more nearly nonbonding in-plane lone pair (IP = 11.22 eV)
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has a A value of -0.5, corresponding to a small amount of bonding pair—lohe

pair repulsion.

| In oxygen difluoride, the fonization potential éorresponds-to the anti-
bonding 51(1T) or’bitalv.'-12 Thus.evén thqughfthg ionization poténtial'is.v
fairly high (13.13 év)‘, the Aiva.lue is low (-5.01 -eV).- Similarly, the ion-
izaﬁion potenti;l of mqiecular’bxygep corrésponds td the'an#ibonding'né
orbital, and the A value is, as expeéted, very negative.

There is no fruly nonbonding pair of electrons on the oxygen of carbon
monoxide. - However the third Band in the photoelectron spectrum.of carbén
monoxide (1P = 19.69 eV)lO corresponds to & weskly bonding 0.orbital on
carbon and.oxygen.9 The A value of L.31 eV'isvconsistent with this assign-
ment and interpretatibﬁ; | |

The first ionization potential of ozone (12.56 eVv) correspondsvto 8
strongly antibonding al( g) orbital on the middle oxygen étom; the A value
of -6.4 eV.is‘entifely consistent. The second ionization potential
(13.02 eV) has been assigned to the'ngﬁbonding lqz(jr) orbital on the
terminal stoms and the thira’iénizativon potenfia,l (13.‘57 eV) has been as-

signed to the Veakly_anﬁiboﬁding'hbz( o) orbitai on the terﬁinal a.toms.13
Although the A value of -O.T»eV seems reasonable fbr,ﬁhe weakly aptibonding
hbg orbital; the A value: of -i.3‘eV for the nonbonding la | ‘

somewhat low. Indeed, Brundle13

- orbital seéms

has indicated that the data do not strong-

. ly support the’reported.hbz,vla drdef, and perhaps the reverse assignment

2

should be seriously considered. ‘The 12.98 eV ionization potential of 802

corresponds to the 1la,. and Ub nbnbonding orbitals on the felatively distant

2 2
oxygen atoms of this molecule. The A value of 0.33 eV is,entifely consis-
tent with the nonbondiné character of fhese orbitals.

corresponds to removal of an electron

The ionization potential of co,

from the nonbonding T orbital, and'the A value of -0.34 eV is reasonable.

%

v
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In the case of N_O and OCS, the analogous oxygen lone pairs have A values

2
of -1.34 and -1.9 eV, respectively, auggesting appreciable antibonding

character. This result is a consequence of the fact that the nonbonding

T orbitals of Neoyand 0CS have some denéity on the 6pposite terminal atoms

as ﬁell as the oxygen atoms. Because ofvthe lower'electfonegativities‘gf
nitrogen and'sﬁlfur thé orbital eneréies are higher than they would;befif v
the orbitals .were localized completely on the oxygén atoms.

In formaldehyde, acetone, and carbonyl fluoride; the ionization poten-
tials correspond to the.in-plane nonbonding p orbitals of the oxygen atoms.
In formaldehyde and acetone, bonding pair-lone pair repulsions give some
antibonding chafactef_to th¢ orbitals ana cause the rﬁther low A values,
-1.31 and -1.0 eV, respectively. In carbonyl fluoride, the C-F bonding
electrons are held so tightly by the fluorine atoms that they do not strong-

| ly repel ‘the oxygen lone pair. An equivalent explahation is that the C-F
] bondipg orbitals have such low energies that they do not interact appre-
ciabiy witﬁ the oxygen lone pair orbital. |

The ionization potentials of ONF, OPF., and OPCl, have been assigned

3

to the degenerate nonbonding T orbitals on the oxygen atoms.lh It is gen-
erally believed that the electrons in these orbitals are engaged in some
T bonding to the central atom either through hyperconjugatiﬁe interaction.

#* o
with the g orbitals ‘of the N-F, P-F, and P-Cl bonds or, in the case of

o : OPF3 and OPCl3, thrdugh use of the empty phosphorus 34 orbitals.15 Con-

: ) ' sequently the slightly positive A values of OPF_ and. OPCl are'quite reason-

3 3

able. However, theb—1.38 eV value of ONF i$ incredible. We believe that

3

the O 1s binding energy of ONF, is in error by.at least 2 eV or the ultra-

3

violet photoelectron spectrum has been misassigned. Bassett and Lloyd

themselves point out several inconsistencies in their assignment of the

14

UPS spectrum of ONF3.

‘Ih order to have the A value consistent with
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T -bonding in theN-O bondof ONF

5e T orbital on the’Oxygen atom to one of the higher ionization poténtial

» 1t would be necessary to assign the

bands, such as that at IP = 16.3L eV.

FLUORINE COMPOUNDS ~ . - - 0

In XeF,_,, the ahtibonding; nonbonding, and bonding T orbitals have A - ' &

29

: : 6 - .
values of -0.T7, 0.9, and 2.2 eV, respectively.l The relative magnitudes
‘and signs of these are not,ﬁnreaéonable, but the value 0.9 eV seems some-
what high for a strictly nonbonding orbitsl.

The first and second ionization potentials of OF correspond to orbitals

2
which are 7T and (f”ghtibonding; respeétively,.and the A values of -3.75
and -1.12 eV are apﬁfopriate for such orbita.ls.12 The third ionization
poténtial corresponds to the nonbonding ¢ orbital on the fluorines; the
A valuerof‘—O,LQ_eV is quite reason&blé.

In ONF_, CH.F, and CF),, the fluorine lone pairs acquire antibonding

3? 3
character by repulsive interaction with the three o bonding orbitals
qorresponding to the bonds between the central atom and the other tﬁree
ligand atoms. ' Thus the A valuesvare quite negative (-2.23; -2.18; aﬁd _
-1.6 eV, respectively). In the caée of OPF3, the central atom is rela-
tively big, the iOne pair—boﬁding.pair interaction is less intense, and’
A is less negative.
| Ih BF3aﬁd C6H5F, the in-plane fluorine' lone pairs intéract repul- | L

sively with the two adjacent bonding pairs; however because of the greater

<

bond angle and the presence of only two repulsive bonding pairé, the over-
all repulsion is significantly less than in the case of the tetrahedral -
molecules of first-row elements: The A values of -1.0 and -0.82 eV, re-

spectively, are therefore reasonable.
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The ionization,potential,of elemental fluorine corresponds to the
T antibonding orbitals, and thus the yery negative A value (-2.76 eV) is

not expected.

SULFUR COMPOUNDS

The A values of H,S, CH38H, (CH3)QS and (CF2)28 are consistent with

T lone pairs having no repulsive interactions in H.S and repulsions with

2

bonding pairs in the other molecules. However the A value of -1.67 eV

for (CF3)28 is somewhat more negative than might have been predicted for

b

that molecule.
The sulfur "lone pairs" of Sg and 82012 occupy antibondiﬁg orbita1s,
with significant lone peir-lone pair repulsion, and this antibonding char-
acter is reflected in the A values of -1.3 and -2.4 eV, respectively.
Tﬁe'ﬂ nonbonding qrﬁital of CSz, situated on the sulfur atoms; does
not interact significantiy with any other orbital and therefore has a A
value near zero. The correspohding orbitalvof 0CS is situated on both
the oxygen and sulfur atoms, and, because of the greater electronegativity
of oxygen, the orbital energy is lower than it would be if it were loca-
liied on the sulfur atom. Thus we can rationalize the slightlyrpositive
A valué. | |
The A value of the degenerate T orbitals on the sulfur atom of SPCl3
would be expécted to be zero if these orbitals did not interact with other
orbitals. From the A value of 0.49 eV we conclude that thére is signifi-
cant T bonding between the sulfur and phosphorﬁs atoms. |
Calculations have shown fhat the sulfur lone pairs of SO

, 2
. 1
antibonding, -7 and one would expect to same to be true for the closely

and SFh are -

' related compounds '(CH3)2SO, S0C1, and SOF,. Thus the very negative A
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values for all these compounds are understandable. The trend toward more

negative A values in the series (CH so, SOClQ, SOF, parallels the in-

3)2 2
creased repulsion expectéd-iﬁ the series,  (Thé greatest repulsion would
be expected from the lone pairs of the fluorine atoms, and the least from

the bonding pairs . of the méthyl groups. )
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Table I. Lone Pair Valence ShEli'and Nitrogen 1s Ionization Potentials®

Adisbatic . Orbital BN 1s), . A, eV Y

Compound IP, ev | Symmetry « vB'veV . (relative to N )
& NH., -_1o;i6 . o ¢~1 | | L05.60 . ',:O:O
C CHNE,  8.97 o %05.17 . -0.76
(CH4) NH 8.21 o uok.93 , -1;25"
CeltsNH, 10.45° T  %05.31 ~ 0.58
NF- 13.00 o | hihte | 5.8
CHN | 9.27 o ) kok.88 -0.17
NP Fe ~ 10,82 o &.nf' : ko5.29. | | 1.0
N,  15.58 o 409.93 109
HCN 13.59 g€  406.8 '2.2_
CHCN 1’ M05.55 303
CgHsON " 12.78 | g 4ok.95 | 3.2
NSFé ~ 13,80 o 406.0 - 3.2
N0 ' 16.39 . e w8.61 3.2

%Unless otherwise stated, ionization -potentials are from H. M. Rosenstock,

K. Draxl, B. W. Steiner, and J. T. Herron, J. Phys. Chem. Ref. Data, 6

(1977), Supplement No. 1, and core binding energies are from A. A.‘Bakke,
</

H.-W. Chen, anq-wi L. Jolly, Jd. Elegtrgn Spggzrosg.vRelgx. Phggom.,v2l
(1981) 000. o | o

v Pp = 1P - Ep(N 1s) + 39§.hh._v
.cRef. 2; D. 309; |
dRef. 8.
®Ref. 10.
N

Ref. 1.
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1.Terminal-nitrogen atom.
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Table II.

Compound

ocs
CH,0
(CH3)200
CF,0

ONF

OPF

OPC1

Lone Pair Valence.Shell and Oxygen ls anizatidn Potentialsa

Adishatic-
IP, eV

12

- 10.
9.

.61%

12
8

11.

13

12.

12.

13.

13.

12

13.
- 12,
1.
“10.
: ..
| 13.

13.

12

11.

.37

.69

.61
8l

96

20°¢

13

o7
4a

56°

e

02

e

57

988

7
8
18
88

T0

2

36t

i,

L7
'58i

c

Orbital

-15-

- Symmetry

T -

m

538,
538,

E_(0 1s),
B eV

‘§539;80
'538.88

538.

© WV VW =

538.
545,33

543.759
5kp,57
_5&6.2f

541,58
541,58
539.84

-5hi.3o_
5k1.42

5&0.3‘

539.38
53T7.9
5L0.Tk
541.93
539.2
538.0

A, eV
(relative to H20)

0.0

-0.

1.

- =1,
0.

0.

85
6

.01
ite)

.31

.33 .
.34

.3k

.31

38

8
8

b
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®3ee footnote a, Table I.
'b , .
A'= TP - E (0 1s] + 527.19.
c :
Ref. 2, p. 309.
'dRef..lO.
®Ref. 13.
f . .
Middle atom.
: gTerminal atoms.
h .
Ref. 1, pp. 8L4-86.

1Rer. 1.

jWeighted average of the two peaks of the spin doublet.

i%Y
.

wa

\?
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Tshle III. Lone Pair Valence Shell and Fluorine ls Ionization Potentials®

Adisbatic . Orbital CE(F 18), A, ev -

Compownd ~ * IP, &V~ Symmetry ev (relative to HF)®
B | 16.01;v>:j, i. ﬁ. | 6§h.22_ S 0.0
XeF, . 12.35¢ B C 691.3 | | 50;7'“
1h.oo¢ ? L 691.3 - B 0:9
- 15.25° o 'n11‘3_'u_ 691.3 2.2
OF,, Tt L T 695.07 %3;75
15,744 Car 695.07 = o112
6.0 o) 695.07 042
ONF., : '1h.83e . 'ﬁ~“ 695.27 | -2.23
CHJF 12.53 . B - 692.92 | Q2.18
CF), 5.8 @ 695.6 i 1.6
OPFy - 16.69° _2 oo  6esi6 =0T
N 15.56 .¢¢.  B 6ol | -‘,.  -1.0
| CHSF 13.856 .q:' 0 e92.88 -‘: 0.82
F, 1560 om 696.66 = . '—27.76‘-'

®3ee footnote a, Table I.

bp = TP - E,(F 1s) + 678.21.

CRef. 16.

dRer, 12.

®Ref. 1k.

TRer. 1, pp. 221, 237.

Epef. 2, p. 309.



Table IV.

S.C1

cs

ocs

SPC1
50,

SF),
(CH3)280
s0C1,

SOF2

83ee footnote a, Table I.‘v

b

Lone Pair Valence Shell and Sulfur 2p3/2 Ionization Potentials®

Adiabatic
IP, eV
10.L47
9.4y
8.68
11.11
9.0L
9.4
10.08
11.18
- 9.63°
12,34
12,17
9.3%
11.38

12.68

Orbital
Symmetry

A=1IP - E (s 2p3/2) + 159.73.

2508 20,51

170.20

169. 4
169.09
172;51
170.1°

171.57

i69.80'

170.60
168.87

- 174.80

177.8¢
171.91
17k4.53

176.20

Calculated from E;(S 2p) by subtracting 0 L ev.

dR J. Colton and J. W. Rabalais, J. Electron §pectrosc. Relat Phenom. ,

3 (197h) 3b5.

eJ. C. Bunzli, D. C. Frost and C. A. McDowell, J. Electron Spectrosc. Relat.

Phenom., 1 (1972/3) L81.

f

Ref. 17.

ERer. 3.

A, eV f.
(relatlve to H S)

0.01

- 0.31

. 0.h9

L
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