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On the ba sis of the X-ray pho to elec tron spec tros copy data and re sults of the o ret i cal cal cu la -
tions for the NpO2Cl42– (D4h) clus ter, the elec tronic struc ture and the chem i cal bond na ture in
Cs2NpO2Cl4 sin gle crys tal, con tain ing the neptunyl group NpO2

2+, was done in the bind ing
en ergy range of 0 eV to ~35 eV. The filled Np 5f elec tronic states were es tab lished to form in
the va lence band of Cs2NpO2Cl4. This was at trib uted to the di rect par tic i pa tion of the Np  5f 
elec trons  in  the  chem i cal  bond ing.  The  Np  6p  elec trons were shown to par tic i pate in  for -
ma tion  of  both  the  in ner  va lence  band  (~15 eV-~35 eV)  and  the outer va lence band (0
eV-~15 eV). The filled Np 6p and the O 2s, Cl 3s elec tronic shells were found to make the larg -
est con tri bu tion to the for ma tion of the in ner va lence mo lec u lar orbitals. The mo lec u lar
orbitals com po si tion and the se quence or der in the bind ing en ergy range 0 eV-~35 eV in
Cs2NpO2Cl4, were es tab lished. For the first time the quan ti ta tive scheme of mo lec u lar
orbitals for the NpO2Cl42– clus ter in the bind ing en ergy range 0 eV-~35 eV, was built. This
scheme re flects nep tu nium close en vi ron ment in the stud ied com pound and is fun da men tal
for both un der stand ing the chem i cal bond na ture in Cs2NpO2Cl4 and the in ter pre ta tion of
other X-ray spec tra of Cs2NpO2Cl4. The con tri bu tions to the chem i cal bind ing for the
NpO2Cl42– clus ter were eval u ated to be: the outer va lence mo lec u lar orbitals con tri bu tion –
73 %, and the in ner va lence mo lec u lar orbitals con tri bu tion – 27 %.
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INTRODUCTION

The va lence X-ray pho to elec tron spec tra (XPS)
range of ac ti nide com pounds is es pe cially im por tant since
it re flects the to tal den sity of states (DOS) of the va lence
elec trons with photoionization cross-sec tions in mind
[1-5]. How ever, in ter pre ta tion of the va lence XPS struc -
ture re quires un der stand ing of how ef fec tive (ex per i men -
tally ob serv able) a cer tain struc ture-for ma tion ef fect ap -
pears in this bind ing en ergy (BE) range. It re quires the
stud ies of the core XPS spec tra ~35 eV-1250 eV BE [5].

This pa per pres ents the re sults of the quan ti ta tive
anal y sis of the va lence XPS struc ture (0~35 eV BE) of
Cs2NpO2Cl4 sin gle crys tal syn the sized in [5]. For  the 
first  time  the quan ti ta tive scheme of mo lec u lar orbitals
(MO) was built, con tri bu tions of elec trons of the outer 
(OVMO) and the in ner (IVMO) va lence mo lec u lar
orbitals to the chem i cal bind ing were eval u ated. The
anal y sis was car ried out tak ing into ac count  the  elec tron 
BE,  core-outer  elec tronic level BE dif fer ences and the

core elec tron (~35 eV-1250 eV BE) XPS struc ture pa -
ram e ters mea sured in [5], as well as the novel rel a tiv is tic
cal cu la tion re sults for the NpO2Cl4

2– (D4h) clus ter, re -
flect ing nep tu nium close en vi ron ment in Cs2NpO2Cl4 at
var i ous in ter atomic dis tances.

CALCULATIONS

The elec tronic struc ture of the NpO2Cl4
2– (D4h)

clus ters was cal cu lated in the den sity func tional the ory 
(DFT) ap prox i ma tion us ing the orig i nal code of the
fully rel a tiv is tic dis crete vari a tion (RDV) clus ter
method with ex change-cor re la tion po ten tial. The
more de tailed in for ma tion can be found in [6]. 

In Cs2NpO2Cl4 nep tu nium is sur rounded by two
ox y gen ions in the ax ial di rec tions (neptunyl group
NpO2

2+) and by four chlo rine ions in the equa to rial
plane.  The  crys tal  struc ture  pa ram e ters  are: RNp-O =
= 0.1758(2) nm and RNp-Cl = 0.2657(5) nm [3]; RNp-O =  
= 0.1775(17) nm, and RNp-Cl = 0.2653(3) nm [7]. In or -
der to eval u ate the in flu ence of in ter atomic dis tances
on the MO en er gies in the Cl 3s BE range, the elec -
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tronic struc ture cal cu la tions were done for the three
clus ters NpO2Cl4

2– with in ter atomic dis tances: (a)
RNp-O = 0.1710 nm and RNp-Cl = 0.2620 nm; (b) RNp-O = 
=.0.1740 nm and RNp-Cl = 0.2640 nm; (c) RNp-O =
0.1760 nm and RNp-Cl = 0.2660 nm. To eval u ate the or -
bital forces, the cal cu la tions were done for: (a) RNp-O =
=.0.1758 nm and RNp-Cl = 0.2657 nm; (b) RNp-O =
=.0.1778 nm, and RNp-Cl = 0.2657 nm; (c) RNp-O =
=.0.1758 nm, and RNp-Cl = 0.2677 nm. For the case of
the NpO2Cl4

2– clus ter, the re-nor mal iza tion of the va -
lence ox y gen and chlo rine atomic orbitals (AO) pop u -
la tions dur ing the self-con sis tency, was done.

RESULTS AND DISCUSSION

XPS structure of CsCl and valence
XPS structure of Cs2NpO2Cl4

The XPS struc ture of Cs2NpO2Cl4 in the whole
BE range of 0 eV-1250 eV is typ i cal for this com pound 
and cor re sponds to nep tu nium ox i da tion state Np(VI)
([5], tab. 1).

The ba sic peaks of CsCl XPS are in tense and
con tain the many-body per tur ba tion re lated struc ture
at  the  higher  BE side.  This  struc ture in the BE range
0-1250 eV was stud ied and dis cussed in de tails in [13]. 
It was es tab lished that in the core level Cs and Cl XPS
spec tra sat el lites ap pear. In ten sity of such sat el lites
drops in the low BE va lence range. This struc ture was
taken into ac count on in ter pre ta tion of the
Cs2NpO2Cl4 va lence XPS struc ture.

The ex per i men tal va lence band XPS of
Cs2NpO2Cl4 ex hib its a com pli cated struc ture, fig. 1(a). It 
can be sug gested to con sist of the XPS of the NpO2Cl4

2–

ion and two ce sium Cs+ ions. The va lence XPS of the
NpO2Cl4

2– clus ter is su per im posed with the Cs 5s25p66s0

XPS of the two Cs+ ions. There fore, the CsCl XPS is
given un der the Cs2NpO2Cl4 XPS, fig. 1(b). 

The low BE CsCl XPS con tains ex tra peaks at
the higher BE side from the ba sic Cs 5s and Cs 5p
peaks, at trib uted to the shake-up sat el lites and other
en ergy loss spec tra. These ex tra peaks com pli cate the
in ter pre ta tion of the Cs2NpO2Cl4 XPS, al though they
can be taken into ac count. The con tri bu tion of this ex -
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Table 1. Electron binding energies Eb [eV] and photo-ionization cross-sections s at 1486.6 eV

Np nlj
O nlj

Cs2NpO2Cl4 Cs3NpO2Cl4 NpO2
(a)

Np(b) NpTheor
(e)

s(d)

Np 5f 3.2(1.3)(e) 2.5 1.7 (1.3) 0.3 0.3 24.6

Np 6p3/2 16.1(2.1) 15.7 17.2 (3.1) 17.5 5.33

20.0 18.6

Np 6p1/2 30.1(3.0) 30.0 29.0(2.8) 29.1 1.81

Np 6s 50.2(6.8) 48.7(6.8) 46.7(5.5) 50.1 2.34

Np 5d5/2 102.4(2.1) 101.1(2.7) 100.4(4.1) 100.0 49.3

Np 5d3/2 112.1(3.3) 110.0(3.1) ~108.9(9.5) 113.3 33.5

Np 5p3/2 208.7 207.3 201.5 213.7 31.4

206.0

Np 5p1/2  273(10) 273.6 9.22

Np 5s ~338.5 ~335.2 ~337 342.2 10.2

~346

Np 4f7/2 404.6(1.6) 403.4(1.6) 402.6(1.6) 400.1 401.3 396

Np 4f5/2 416.4(1.6) 415.2(1.6) 414.3(1.6) 411.8 413.8 310

Np 4d5/2 771.4(6.1) 770.3(4.3) 769.5(5.0) 772.5 238

Np 4d3/2 816.4 815.4 814.5(5.0) 817.8 156

Np 4p3/2 1087.4(8.4) 1086.1(7.4) 1084.8(13.6) 1089.5 108

O 2p ~5.1 ~4.9 ~3.9(2.9) 0.27

~6.4(1.8) 1.91

O 2s ~25.8 ~26.2 ~21.6

O 1s 531.8(1.8) 531.6(1.8) 529.7(1.0) 40.0

Cs 6s 0.16

Cs 5p3/2 10.4(1.2) 10.4(1.2) [10.1(1.2)]e 4.52

Cs 5p1/2 2.31

Cs 5s 23.6(1.3) 23.5(1.3) [23.4(1.4)] 2.50

Cl 3p [4.4(1.4)] 2.35

Cl 3s 16.0(1.8) 15.7(1.8) [15.0(1.2)] 2.52

Cl 2p3/2 198.6(1.2) 198.5(1.2) [197.6(1.2)] 20.6

(a) NpO2 val ues from [8]; (b) Val ues for me tal lic Np from [9, 10]; (c) Cal cu la tion data from  [11], Val ues given rel a tive to the Np5f peak from me tal lic
Np; (d) Photoionozation cross-sec tion s (kilo barn (10–25m2) per atom) from [12]; and (e) FWHM are given in pa ren the ses, val ues for CsCl are given 
in brack ets. FWHM given rel a tive G(C1s) = 1.3 eV



tra struc ture was taken into ac count on the ba sis of the
anal y sis of the Cs2NpO2Cl4 and CsCl sat el lite struc -
ture in the 0-1250 eV BE range. It has to be taken into
ac count that the XPS from Cs+ ion in Cs2NpO2Cl4 can
change com pared to that from Cs+ in CsCl.

To eval u ate this con tri bu tion, the dif fer ence
spec trum was drawn. It was ob tained by sub trac tion of
the Cs+ XPS con sist ing of the Cs 5s, 5p peaks with sat -
el lites from the Cs2NpO2Cl4 XPS with out tak ing into
ac count the back ground re lated to back scat ter ing (fig.
2). De spite the ap prox i ma tion in ac cu racy, the re sult -
ing spec trum agrees qual i ta tively with the cal cu lated
spec trum for the NpO2Cl4

2– clus ter, re flect ing nep tu -
nium close en vi ron ment in Cs2NpO2Cl4.

To draw the dif fer ence spec trum, the XPS
Cs2NpO2Cl4 and CsCl in ten si ties were nor mal ized to
the Cs 5p spin-or bit dou blet (DEsl(Cs5p) = 1.6 eV) in -
ten sity. It has to be noted that on mov ing from CsCl to
Cs2NpO2Cl4, the Cs 5s and the Cs 5p peaks shift to the
higher BE re gion by ~0.2 eV, and the Cl 3s peak –
shifts by 1.0 eV (tab. 1). The dif fer ence spec trum was
drawn for the two cases: (a) with out sub trac tion of the

back ground re lated to sec ond ary scat tered elec trons
from the ini tial spec tra; (b) with sub trac tion by Shir ley
[14] of the back ground re lated to sec ond ary scat tered
elec trons from the ini tial spec tra (fig. 2). De spite the
com pli cated struc ture, the dif fer ence spec tra are in a
good qual i ta tive agree ment.

The XPS struc ture in fig. 2 can be as so ci ated
with for ma tion of the OVMO (0-~15 eV) and IVMO
(~15 eV-~35 eV) in the NpO2Cl4

2– clus ter (tab. 2).
This struc ture has much in com mon with that of the
PuO2Cl4

2– struc ture dis cussed in de tails in [13]. The
cal cu la tion re sults agree sat is fac to rily with the ex per i -
men tal data (tab. 3) and show that the Np 5f elec trons
par tic i pate in the chem i cal bond for ma tion slightly
los ing their f-na ture. The Np 6p elec trons par tic i pate
no tice ably in both the OVMO and IVMO for ma tion
(tabs. 2 and 3).

Since photoemission re sults are given for an ex -
cited state of an atom with a hole in a cer tain shell, for a 
stricter com par i son of the the o ret i cal and ex per i men -
tal BE, the cal cu la tions must be done for tran si tion
states [15]. How ever, the work [13] showed that this
ef fect re sults in a con stant BE shift of the va lence
peaks, which was taken into ac count on com par i son of
the ex per i men tal and cal cu lated spec tra (tab. 3).

The ex per i men tal cor rob o ra tion of the fact that
the An 5f elec trons main tain their f-na ture dur ing the
chem i cal bind ing, i. e. par tic i pate di rectly and bring a
high con tri bu tion to the va lence DOS and XPS in ten -
sity, is fun da men tal. This al lows us ing the MO LCAO
(mo lec u lar orbitals as lin ear com bi na tions of atomic
orbitals) ap prox i ma tion for cal cu la tion of the XPS
spec tra with photoemission cross-sec tions in mind.
This method ne glects the nepheloauxetic ef fect (cloud
ex pand ing ef fect) for the 5f orbitals upon the chem i cal
bind ing. Un for tu nately, com par i son of the ex per i men -
tal and cal cu lated XPS spec tra of Cs2NpO2Cl4 yields a
con clu sion that the nepheloauxetic ef fect can not be
eval u ated within the mea sure ment er ror. 
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Fig ure 1. Va lence band XPS: XPS from Cs2NpO2Cl4 with
the sec ond arily scat tered elec trons back ground. The
ver ti cal bars show the cal cu lated (RDV) spec trum (a);
XPS from CsCl with the sub tracted sec ond arily
scat tered elec trons  back ground  (b).  Spec tra
nor mal ized by the Cs 5p in ten sity

Fig ure 2. The dif fer ence of the va lence XPS of Cs2NpO2Cl4
and Cs+ ions with the sub tracted sec ond arily scat tered
elec trons back ground (see fig. 1)



Re sults of tab. 1 on the ex per i men tal core-outer
MO BE dif fer ences in both the NpO2Cl4

2– clus ter and
me tal lic Np and the rel a tiv is tic MO LCAO cal cu la tion
data (fig. 3), al lowed a quan ti ta tive MO scheme for the 
NpO2Cl4

2– (D4h) clus ter (fig. 3). This scheme is im por -
tant for un der stand ing the chem i cal bond na ture in the
NpO2Cl4

2– clus ter. 
For ex am ple, let's take the antibonding 21g6

– (4)
and 15g7

–(5), the cor re spond ing bond ing 19g6
–(9) and

14g7
–(7) IVMO and the quasiatomic 15g7

+, 20g6
–,

20g6
+(6),  and  19g6

+(8)  ones  at trib uted  mostly  to  the

Cl 3s and the O 2s elec trons. The BE of the Cl 3s
quasiatomic IVMO have to be close by an or der of
mag ni tude. We re ally see this in the XPS spec tra as the
Cl 3s peak of CsCl (Eb(Cl 3s) = 15.0 eV, G =1.2 eV). In
Cs2NpO2Cl4  XPS  this  is  ob served  as  a  peak  at  Eb

(Cl 3s) = 16.0 eV and G =1.8 eV (tab. 1). This peak is
ob served shifted and wid ened due to the Cl 3s elec -
trons par tic i pa tion in the IVMO for ma tion (fig. 1).

The BE of the quasiatomic 19g6
+(8) IVMO

should be about 23.8 eV since DEO = 508.0 eV and the
O 1s BE in Cs2NpO2Cl4 XPS is Eb(O 1s) = 531.8 eV
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Table 2. MO compositions (parts) and energies E0 
(a) [eV] for the NpO2Cl4

–2 cluster (RDV) and photoionization
 cross-sections si 

(b)

MO –E0

[eV]

MO composition

Np O Cl

6s 6p1/2 6p3/2 6d3/2 6d5/2 7s 5f5/2 5f7/2 7p1/2 7p3/2 2s 2p 3s 3p

si 1.16 0.90 1.32 0.62 0.56 0.12 4.12 3.86 0.06 0.08 0.96 0.07 1.26 0.47

O
M

V
O

                                                                          

28g6
+ –14.86 0.28 0.48 0.09 0.07 0.06 0.02

31g6
– –8.07 0.02 0.02 0.90 0.01 0.01 0.01 0.01 0.02

22g7
+ –7.80 0.05 0.76 0.05 0.02 0.12

21g7
+ –7.42 0.34 0.46 0.12 0.01 0.07

30g6
– –7.42 0.01 0.96 0.01 0.02

24g7
– –7.30 0.01 0.95 0.02 0.01 0.01

27g6
+ –7.29 0.45 0.32 0.02 0.17 0.04

26g6
+ –6.60 0.03 0.01 0.77 0.02 0.04 0.13

29g6
– –5.60 0.01 0.07 0.12 0.34 0.03 0.02 0.40 0.01

20g7
+ –4.35 0.42 0.42 0.16

23g7
– –2.29 0.09 0.66 0.01 0.21 0.03

28g6
– –1.91 0.42 0.30 0.21 0.07

27g6
– –1.14 0.04 0.82 0.04 0.10

22g7
– –0.89 0.04 0.88 0.08

21g7
– –0.26 0.74 0.08 0.18

20g7
–(c) 0.00 0.79 0.15 0.02 0.04

25g6
+ 1.54 1.00

26g6
– 1.71 0.03 0.03 0.02 0.01 0.07 0.84

19g7
+ 1.79 0.01 0.06 0.93

24g6
+ 1.80 0.01 0.06 0.93

19g7
– 1.99 0.01 0.04 0.03 0.01 0.01 0.90

18g7
– 2.08 0.01 0.02 0.03 0.01 0.02 0.91

25g6
– 2.10 0.08 0.01 0.90

17g7
– 2.15 0.01 0.19 0.01 0.01 0.78

24g6
– 2.41 0.01 0.03 0.04 0.02 0.02 0.01 0.87

18g7
+ 2.75 0.07 0.09 0.84

17g7
+ 3.14 0.07 0.08 0.03 0.82

23g6
+ 3.18 0.01 0.01 0.06 0.06 0.02 0.84

23g6
– 3.65 0.01 0.07 0.12 0.29 0.01 0.02 0.33 0.15

16g7
– 4.78 0.02 0.09 0.17 0.70 0.02

22g6
+ 4.85 0.01 0.01 0.04 0.02 0.06 0.80 0.01 0.05

22g6
– 5.05 0.01 0.21 0.05 0.73

16g7
+ 5.26 0.05 0.15 0.77 0.03

21g6
+ 5.36 0.15 0.06 0.75 0.03

O
M

VI
               

21g6
– 12.41 0.01 0.32 0.01 0.01 0.01 0.44 0.10 0.10

15g7
– 13.41 0.11 0.01 0.87

15g7
+ 14.04 0.01 0.03 0.94 0.02

20g6
– 14.05 0.01 0.02 0.01 0.02 0.07 0.87

20g6
+ 14.19 0.01 0.01 0.03 0.94 0.01

14g7
– 17.22 0.84 0.02 0.11 0.02

19g6
+ 19.53 0.02 0.04 0.06 0.85 0.03

19g6
– 22.33 0.21 0.43 0.01 0.30 0.04 0.01

18g6
– 28.69 0.74 0.05 0.16 0.05

18g6
+ 45.71 0.97 0.02 0.01

(a) Lev els shifted by 5.58 eV to ward the pos i tive val ues (up ward); (b) Photo ion iza tion cross-sec tions si (kilo barn per elec tron), for O and Cl from 
[12]; (c) HOMO (high est oc cu pied MO) (one elec trons), oc cu pa tion num ber for all the orbitals is 2



(tab. 1). These data par tially agree with the the o ret i cal
re sults.

Tak ing into ac count that the cal cu lated DEt
Np =

=.383.8 eV [11], and the dif fer ence DE1 = 389.2 eV,
one can find that D1 = DE1 – DENp is 5.2 eV (fig. 3).
Since the BE dif fer ence be tween the 21g6

–(4) and
18g6

–(10) IVMO is 16.28 eV, and the Np 6p spin-or bit
split ting, ac cord ing to the cal cu la tion data [11], is
DETheor

sl(Np 6p) = 11.6 eV, one can eval u ate that the
per tur ba tion D1 = 4.68 eV is some what lower than the
cor re spond ing value of 5.2 eV, found from the BE dif -

fer ence be tween the core and the va lence MO. The
ob served dif fer ence must be at trib uted to the IVMO
for ma tion pe cu liar i ties and such a com par i son may not 
be quite cor rect. The IVMO FWHM can not yield a
con clu sion on the IVMO na ture (bond ing or
antibonding), how ever, one can sug gest that the ad -
mix ture of 10 % of the O 2p and 2 % of the Np 5f AO in
the 21g6

–(4) IVMO leads this or bital to loosing of its
antibonding na ture (tab. 2, fig. 3). In the work [5] a
sim i lar scheme was shown to de scribe and ex plain the
na ture of chem i cal bond for ma tion in g-UO3.
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Table 3. Valence XPS parameters for Cs2NpO2Cl4 and for the NpO2Cl4
2–  cluster (RDV), and the orbital forces(a) fO and fCl,

Np 6p and Np 5f electronic state density  ri(e
–)

MO –E (b)

[eV]
fO 10–8 N fCl 10–8 N

XPS Density ri of the Np 6p,5f states in
e– (electrons)Energy (c) [eV] Intensity [%]

Exper. Theory Exper. 5f5/2 5f7/2 6p1/2 6p3/2

O
M

V
O

                          

20g7
–(d) 3.30 –0.11* –0.03* 3.2 (1.3) 8.0 12.8 0.79 0.15

25g6
+ 4.54 –0.17 0.07 2.0

26g6
– 4.71 –0.17 0.04 2.7 0.06 0.04 0.06

19g7
+ 4.79 –0.13 0.07 1.9

24g6
+ 4.80 –0.13 0.07 1.9

19g7
– 4.99 –0.18 0.09 3.0 0.08 0.06 0.02

18g7
– 5.08 –0.18 0.07 2.7 0.04 0.06 0.02

25g6
– 5.10 –0.18 0.10 5.1 (2.1) 3.0 34.0 0.16

17g7
– 5.15 –0.19 0.09 5.0 0.38 0.02 0.02

24g6
– 5.41 –0.18 0.08 3.0 0.06 0.8 0.02

18g7
+ 5.75 –0.16 0.16 2.0

17g7
+ 6.14 –0.19 0.09 2.1

23g6
+ 6.18 –0.17 0.13 1.8

23g6
– 6.65 0.15 0.01 6.8 (1.7) 7.5 15.6 0.24 0.58 0.02 0.14

16g7
– 7.78 0.56 –0.03 4.6 0.18 0.34 0.04

22g6
+ 7.85 0.36 –0.02 0.8

22g6
– 8.05 0.63 –0.04 4.6 0.42 0.10 0.02

16g7
+ 8.26 0.62 –0.01 0.8

21g6
+ 8.36 0.62 –0.01 0.8

Sr1
(e) 0.80 0.93 58.2 62.4 3.04 1.74 0.04 0.32

(61.5 %) (78.8 %)

O
M

VI

21g6
– 15.41 –0.43 –0.05 4.4 0.02 0.02 0.02 0.64

15g7
– 16.41 –0.16 0.02 16.1(2.1) 5.2 15.9 0.22

15g7
+ 17.04 –0.18 0.13 5.0

20g6
– 17.05 –0.22 0.10 5.1 0.02 0.04 0.02 0.04

20g6
+ 17.19 –0.18 0.14 5.0

14g7
– 20.72 –0.08 0.08 20.4(3.7) 5.1 8.1 1.68

19g6
+ 22.53 0.53 –0.04 24.1(3.5) 3.7 6.9

19g6
– 25.33 0.47 –0.02 27.0(2.7) 4.6 3.9 0.02 0.42 0.86

18g6
– 31.69 0.72 –0.05 30.1 (3.5) 3.7 2.8 1.48 0.10

Sri
(f) 41.8 37.6 0.02 0.06 1.94 3.54

18g6
+ 48.71 0.03 –0.06 50.2 (7.4) ~4.5

Sf (g) 0.50 0.25

(38.5 %) (21.2 %)

Sf  (h) 1.30 1.18

(a) Or bital force newtons (N) per one ligand: fO for Np-O bond and fCl for Np-Cl bond. Pos i tive forces mean at trac tion, neg a tive – re pul sion; (b) Cal -
cu lated en er gies (tab. 2) shifted by 3.00 eV to ward the neg a tive val ues (down ward) so that the 20g7

–  MO en ergy is 3.0 eV; (c)  FWHM in eV given in
pa ren the ses; (d) HOMO (high est oc cu pied MO) (1 elec trons), oc cu pa tion num ber for all the orbitals is 2; (e) The sum of the OVMO or bital forces
peak in ten si ties and the Np 6p, 5f DOS; (f) The sum of peak in ten si ties and the Np 6p, 5f DOS, (g) The sum of the IVMO or bital forces;  (h)  The sum
of the OVMO and IVMO or bital forces



Chemical bond in the NpO2Cl4
2– cluster

Elec tronic con fig u ra tion of nep tu nium ground state
6L5-1/2 can be pre sented as [Rn] 6s26p65f 46d17s27p0,
where [Rn] is ra don elec tronic con fig u ra tion, and the other 
elec tronic shells are va lence and can par tic i pate in the MO
for ma tion with the O 2s22p6 and Cl 3s23p5 AO in the
NpO2Cl4

2– clus ter.
The RDV cal cu la tion re sults of the elec tronic

struc ture of the NpO2Cl4
2– (D4h) clus ter in the ground

state, re flect ing nep tu nium close en vi ron ment in
Cs2NpO2Cl4,  are given in tab. 2. The MO LCAO ap -
prox i ma tion, used in this cal cu la tion, al lows dis cus -
sion of the chem i cal bond na ture in the terms of atomic
and mo lec u lar shells.

The chem i cal bond for ma tion and the AO over -
lap ping, re sult in the OVMO and the IVMO for ma -
tion. Be side the Np 6s,6p,5f,6d,7s, O 2s,2p, and Cl
3s,3p AO, these MO in clude the Np 7p states, which
are ab sent in atomic nep tu nium. The RDV cal cu la -

tions show that the Np 6s AO, as well as the Np 7s and
the Np 7p AO, par tic i pate in sig nif i cantly in the MO
for ma tion (tab. 2). While the Np 5f AO par tic i pate
mostly in the OVMO for ma tion, the Np 6p,6d AO par -
tic i pate in for ma tion of both the OVMO and the
IVMO. The larg est Np 6p3/2 and the O 2s AO mix ing
of the neigh bor ing nep tu nium and ox y gen, was ob -
served for the 21g6

– (4) and the 19g6
– (9) IVMO (tab.

2). The Np 6p1/2 – O 2s AO mix ing in the 19g6
– (9) and

the 18g6
– (10) IVMO is much higher than that in NpO2

[8] be cause the in ter atomic dis tance RNp-O in the
neptunyl group is lower than that in NpO2. A sig nif i -
cant  mix ing was ob served only for the Np 6p3/2 and
the Cl 3s AO, with for ma tion of the 15g7

– (5) and the
14g7

– (7) IVMO.
The ob tained re sults sug gest sub di vid ing the va -

lence  MO  into  three  groups.  The  first group: 20g7
– (1) 

– 21g6
+ (2, 3) OVMO. The sec ond group: 21g6

–(4),
19g6

+ (8), 19g6
–(9), 18g6

–(10) and 18g6
+ IVMO char ac -

ter iz ing the Np-O bind ing in the ax ial di rec tion. The
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Fig ure 3. MO scheme for the NpO2Cl4
2– (D4h) clus ter built tak ing into ac count the o ret i cal and ex per i men tal data.

Chem i cal shifts are not in di cated. Ar rows show some of the mea sured dif fer ences in BE be tween se lected lev els.
Ex per i men tal BE (eV) are given to the left. The en ergy scale is omit ted



third group: from 15g7
–(5), 15g7

+, 20g6
–, 20g6

+(6) to
14g7

–(7) IVMO char ac ter iz ing the Np-Cl bind ing in the
equa to rial plane (tab. 2). These re sults al low one to un -
der stand the va lence XPS struc ture of Cs2NpO2Cl4.

At the pres ent time there is no method to eval u ate 
quan ti ta tively a con tri bu tion of cer tain sep a rate MO
into the chem i cal bond even for di atomic mol e cules.
Sev eral meth ods of eval u a tion of the MO char ac ter
(bond ing, non-bond ing, antibonding) were con sid -
ered in [16]: the first one – on the ba sis of pop u la tion
by Mulliken; the sec ond one – on the ba sis of full en -
ergy sep a ra tion with sub trac tion of res o nance en ergy
char ac ter iz ing the co va lence of the chem i cal bond;
and the third one – on the ba sis of or bital forces. 

The force [16] act ing on an atom in the
polyatomic sys tem is equal to the op po site full en ergy
gra di ent at the point of lo ca tion. The gra di ent com po -
nents are usu ally cal cu lated as the ra tio of the full en -
ergy al ter ation upon the dis place ment of an atom to the 
value of this dis place ment. The full en ergy is the sum
of the or bital en er gies mi nus the en ergy of
interelectronic in ter ac tions. Since the en ergy of
interelectronic in ter ac tion de pends on the sum of the
or bital en er gies, the full en ergy can be con sid ered to be 
pro por tional to the sum of the or bital en er gies with a
co ef fi cient less than 1. In this case, the force act ing on
an atom can be de ter mined as a value pro por tional to
the sum of the or bital forces.

The or bital forces  fi (10–8 N) ap prox i mately are
equal to the de riv a tives of the MO en er gies Ei

' (10–8 N)
upon the in ter atomic dis tances [16]. There fore, this
work pres ents the de pend ence of the MO en er gies for
the NpO2Cl4

2– clus ter on the in ter atomic dis tance in
the ax ial di rec tion RNp-O (z-axis) and in the equa to rial
plane RNp-Cl. 

To  eval u ate  the  or bital  forces,  in  ad di tion to
the cal cu la tion for the equi lib rium atomic po si tions
(RNp-O = 0.1758 nm, RNp-Cl = 0.2657 nm), two more cal- 
culations were also done. One for RNp-O = 0.1778 nm
and the in vari able po si tions of chlo rine ions, and an -
other one – with equal po si tions of ox y gen ions but
with in creased Np-Cl dis tance to the four chlo rine ions 
RNp-Cl = 0.2677 nm. This yielded the or bital forces fi
(de riv a tives Ei

' of the OVMO and IVMO en er gies Ei

upon the in ter atomic dis tances RNp-O and RNp-Cl) (tab.
3). As it fol lows from tab. 3 and the MO scheme (fig.
3), the 18g6

+,18g6
– (10), 19g6

–(9), 19g6
+(8), IVMO

from this group bring a sig nif i cant bond ing con tri bu -
tion (1.75×10–8 N) to the Np-O bind ing and a slight
antibonding con tri bu tion (–0.17×10–8 N) to the Np-Cl
in ter ac tion. On the other hand, the IVMO of the other
group from the 14g7

–(7) to the 15g7
–(5) con tain ing the

Cl 3s states bring a sig nif i cant bond ing con tri bu tion
(0.47×10–8 N) to the Np-Cl in ter ac tion and an
antibonding con tri bu tion (–0.82×10–8 N) to the Np-O
bind ing. As it was ex pected, the bond ing OVMO
around the va lence band bot tom (21g6

–-23g6
–) con trib -

ute sig nif i cantly (2.94×10–8 N) to the Np-O bind ing

even de spite the antibonding na ture (–2.14×10–8 N) of
the other OVMO of this group. The to tal OVMO con -
tri bu tion to the Np-O bond is 1.30×10–8 N. The to tal
OVMO con tri bu tion to the U-Cl bind ing per one bond
is 0.93×10–8 N, which is com pa ra ble to that for the
Np-O bond. On the ba sis of these data, the rel a tive
IVMO con tri bu tion to the Np-O bind ing per one bond
in the NpO2Cl4

2– clus ter was eval u ated as 38.5 %, and
that of the OVMO con tri bu tion – 61.5 %. The rel a tive
IVMO con tri bu tion to the Np-Cl bind ing is 21.2 %,
that of the OVMO – 78.8 % (tab. 3). 

The struc tures of ir re duc ible rep re sen ta tions of
the dou ble D4h group al lows com par i sons of the Np 6d
and the Np 5f AO par tic i pa tion in the chem i cal bond
since the g6

+ and g7
+  orbitals con tain the 6d states and

do not con tain the 5f states, while the g6
– and the g7

–

MO – vice versa, con tain the 5f states and do not con -
tain the 6d states. Ta ble 3 shows that among the six
bond ing MO in the bot tom part of the OVMO va lence
band there are three orbitals of each type. The frac tions 
of the 6d AO in the 21g6

+ , 16 g7
+, and 22g6

+  MO are
0.21, 0.20, and 0.05, re spec tively, while the frac tions
of the 5f AO in the 22g6

–, 16g7
–, and 23g6

– MO are
0.26, 0.26, and 0.41, re spec tively (tab. 2). De spite the
fact that the frac tion of the 5f AO is greater than that of
the 6d AO, their con tri bu tions are com pa ra ble, and the
23g6

– or bital shows the least or bital force (0.15×10–8 N) 
among the six con sid ered bond ing MO. Among the
Np-Cl bond-re lated OVMO, the up per MO start ing
with the 23g6

+ show the high est or bital forces. The
bond ing role of the 6d states in the Np-Cl bind ing is
also slightly higher than that of the 5f states. These re -
sults agree with the val ues of the over lap ping oc cu pa -
tions for the cor re spond ing orbitals found in the pres -
ent work. These re sults also agree with the data on the
co va lent con tri bu tion of the ura nyl group UO2

2+ with
RU-O = 0.173 nm to the MO. For ura nyl group the
method of the full en ergy sep a ra tion and Xa-DV de ter -
mi na tion of the res o nance en ergy Ea

R(eV) showed
that the IVMO elec trons con tri bu tion to the co va lent
com po nent of the chem i cal bond is 37 % of the to tal
con tri bu tion of all the MO [16]. De spite the ap prox i -
ma tion used for the eval u a tion of these data was not
per fect, one can con clude that the the o ret i cal and ex -
per i men tal stud ies of chem i cal bond can not ne glect
the IVMO for ma tion ef fect in ac ti nide com pounds.
These re sults agree qualitatively with the data on
Cs2UO2Cl4 [6].

CONCLUSIONS

The va lence XPS spec tral struc ture of
Cs2NpO2Cl4 in the bind ing en ergy range 0-~ 35 eV
was stud ied with the core elec tron XPS struc ture, BE
dif fer ences be tween the core and the va lence elec -
tronic lev els and the rel a tiv is tic cal cu la tion re sults of
the elec tronic struc ture of the NpO2Cl4

2– (D4h) clus ter
in mind.
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Com par i son of the ex per i men tal and the o ret i cal
re sults yielded that the Np 5f (3.92 Np 5f e–) elec trons
par tic i pate di rectly in the chem i cal bind ing in
Cs2NpO2Cl4 par tially los ing their f-na ture. These elec -
trons are delocalized mostly within the outer va lence
band. The weakly bound Np 5f elec trons (0.94 Np 5f
e–) were shown to be lo cal ized at 3.2 eV BE.

The Np 6p atomic shell, in ad di tion to the ef fec -
tive (ex per i men tally mea sur able) par tic i pa tion in the
IVMO for ma tion, was found to par tic i pate no tice ably
(0.36 Np 6p e–) in the filled OVMO for ma tion. The
larg est part in the IVMO for ma tion was es tab lished to
be taken by the Np 6p1/2,3/2 and the O 2s AO, and to a
lesser ex tent – by the Np 6p3/2 and the Cl 3s AO of the
neigh bor ing nep tu nium, ox y gen, and chlo rine ions. 

The   MO   se quent   or der   in   the   BE   range   of 
0-~35 eV for the NpO2Cl4

2– clus ter was de fined and
the cor re spond ing MO com po si tion was cal cu lated. A
fun da men tal quan ti ta tive MO scheme was built,
which is im por tant for un der stand ing the na ture of in -
ter atomic bond ing in NpO2Cl4

2– and for the in ter pre ta -
tion of other X-ray spec tra. The OVMO and IVMO
con tri bu tions to the chem i cal bond were eval u ated for
the NpO2Cl4

2– clus ter. The rel a tive OVMO con tri bu -
tion to the chem i cal bind ing was shown to be 73 %,
and that of the IVMO – 27 %. This agrees with the re -
sults for Cs2UO2Cl4 [6]. In con clu sion we'd like to
note that the the o ret i cal and ex per i men tal stud ies of
chem i cal bond can not ne glect the IVMO for ma tion ef -
fect in ac ti nide com pounds.
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Anton J. TETERIN, Kiril E. IVANOV, Stepan N. KALMIKOV,

Vladimir G. PETROV, Dmitrij N. SUGLOBOV

ELEKTRONSKA  STRUKTURA  I  PRIRODA  HEMIJSKIH  VEZA  U  Cs2NpO2Cl4

Na osnovu podataka rendgenske fotoelektronske spektroskopije i rezultata teorijskih
prora~una NpO2Cl4

2– (D4h) klastera, odre|ena je elektronska struktura i priroda hemijske veze u
monokristalu Cs2NpO2Cl4 koji sadr`i neptunil grupu NpO2

2+, u opsegu energije veze 0-~35 eV. Uneta NP 
5f elektronska stawa obrazovala su se u valentnoj zoni Cs2NpO2Cl4 i ovo je pripisano direktnom
u~e{}u NP 5f elektrona u hemijskoj vezi. Pokazano je da Np 6p elektroni u~estvuju u formirawu kako
unutra{we valentne zone (~15-~35 eV) tako i spoqa{we valentne zone (0-~15 eV). Ustanovqeno je da
unete Np 6p i O 2s, Cl 3s elektronske orbite najvi{e doprinose formirawu molekularnih
unutra{wih valentnih zona. Odre|eni su kompozicija i sekvencijalni poredak molekulskih orbita
u oblasti energija veza od 0-~35 eV u Cs2NpO2Cl4 i po prvi put kvantifikovana {ema molekulskih
orbita NpO2Cl4

2– klastera u opsegu energija veze 0-~35 eV. Ova {ema odslikava neposrednu okolinu
neptunijuma u prou~avanom jediwewu i osnova je za razumevawe prirode hemijskih veza u Cs2NpO2Cl4,
kao i tuma~ewe ostalih rendgenskih spektara Cs2NpO2Cl4. Proceweni su doprinosi hemijskom
vezivawu NpO2Cl4

2– klastera: spoqa{wim molekularnim valentnim orbitama – 73 %, a unutra{wim
molekularnim valentnim orbitama – 27 %.

Kqu~ne re~i: aktinid, neptunijum, elektronska struktura, rendgenska fotoelektronska
..........................spektroskopija, relativisti~ki prora~un


