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EVALUATION OF THE EFFECTIVE CHARGES OF
ATOMS FROM COMBINATION OF THE X-RAY
K,1 CHEMICAL SHIFTS AND THE ISOMER
SHIFTS OF THE NI'R SPECTRA

By

L. L. Makarov®* A, B. NikoLskyIr®, Ju M. ZAITSEV?,
Ju. F. Batragov®, Ju. I. DjaATCHENKO™
and A. K. Morozov*

(May 10, 1976)

Abstract

The chemical shifts of Kq1 and Kg X-ray emission lines for a number of elements
(I, Sn, Cd, Te, Ru---) have been obtained with a 2 m bent-quartz-crystal spectrometer. An
application of the “free ion” model for evaluation of the effective charges from the X-ray
chemical shifts has been described and shown that for intransition elements with #s and
np valence electrons the parameters of the theoretical equations describing dependence
of the chemical shift on the number of removed electrons for Ket and Kg lines are in-
terdependent in HF approximation. The partial effective charges for 5s and 5p electrons
of iodine and tin and for 5s and 4d electrons of ruthenium in their compounds were
evaluated by combining X-ray Ka1 chemical shifts with the isomer shifts of N/'R spectra.
Additionally, the ligands of the hexacoordinated compounds of Ru were arranged into
series according to their donor-acceptor abilities. The effective charges of atoms in about
90 compounds of considered elements are given in Tables.

Introduction

The X-ray emission spectra arising from transitions between the
deepest inner electron levels (Is—>2p---) provide a reliable information about
the redistribution of the electron densities between atoms in solids and
molecules. As is well known, the chemical shifts (6,) of the X-ray emis-

*) Leningrad State University, Faculty of Chemistry, Leningrad B-164, USSR.
**) Exchange Professor of Obashi Laboratory of Department of Physics of Osaka Uni-

versity, visiting Japan under the Soviet-JTapan Cultural Exchange sponsored by
FS.PS.
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Evaluation of the Effective Charges

sion lines of K series may be applied to evaluate the effective charges of
atoms'™®. We shall describe now a variant of analysis in which for this
purpose the experimental data of the shifts 6 and the isomer shifts of
NI'R spectra®™ (5,) have been used together with the theoretical data. It
is convinient to define a partial contribution of n/ valence electron Q,, to
the effective charge of atom as follows:

2 Qu=0Q, (1)

(n)

where Q-the total effective charge and in the sum (n/) runs over all valence
shells involved in the chemical bond.

The idea of dividing Q into Q,; is well known and several methods
have been already proposed*~®. In this paper we report a new version of
the analysis with a basic use of the theory given by Karazija”.

Theory

For the sake of chemical applications it is convinient to express the ex-
pected chemical shift of X-ray emission line according to ref. 7) as follows :

AEIL’Z’—m"Z"(nIZ;nly nZZ;nZ) = nll Cnlll+ 7”2 C'nzl2 +
mi(my—1) 4, +my(m,—1) 4, , +mymed, ;... . (2)

Here 4E represents the energy change of (n'l'—>n"l") X-ray emission line
due to the removal of m, and m, electrons from ./, and n,l, valence
subshells, respectively. C,, is the shift caused by the removal of a single
nl electron from atom with the chosen reference electron configuration,
4,, and 4,,, ..~ some electrostatic corrections defined in ref. 7). As has
been shown in ref. 7), C,, may be estimated from the solution of HARTREE-
Fock equations for two configurations with vacancies in the inner shells,
involved into the X-ray transition :

an = €nz(—7’1‘7)_5nz(W) s ( 3 )

where ¢,,~ the binding energy of nl electron.

In Fig. 1 we compared the experimental and the theoretical X-ray
chemical shifts for the most typical cases. Here the experimental data are
plotted versus the formal valency of atom (W) and the theoretical shifts
calculated according to (2) as a function of a number of the removed
electrons (). One can always find a similarity between them, though in
the experiment the results are expressed with respect to molecule or metal,

*) NI'R spectra: nuclear 7-ray spectra.
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Evaluation of the Effective Charges

while the theoretical calculations were performed with free atom (ion) pro-
vided, that at any stage of ionization was removed the least bound #n/
electron. This is particularly obvious for the transition metals as far, as
their valence electrons (s, d and {) considerably differ in their screening
abilities and contribution from them into resulting chemical shift may be
of opposite signs. This was clearly observed in K, line of Cr, Mo, Ru
and in L,, Lp, L, lines of UY. The conformity of the characteristic
features of a%¥" and ofher, (that is, a sign of the effect, position of a break
of the curve, decrease or increase of the shift) provides a way to distinguish
different n/ electrons participating in the chemical bonding. Besides it
becomes possible to bridge the gap between the theory and the experiment
by introducing into the theoretical equation (2) parameter of delocalization
q,; and assuming that just only the valence electrons of an atom are being
involved in the chemical bonding. In other words, hereafter we are neg-
lecting the higher-laying virtual s/ electron levels.

On returning to (2) and using the definition (1) we may now assume
the following equations to be valid :

5eXxper = Cns Qns + C(n—l)d Q(n—l)d + Qns(Qns - 1) Ans +
+ Q(n——l)d(Q(n—l)d - 1) A(n‘l)d + Qns . Q(n—l)d Ans,(n—l)d' ot ( 4 )

(for the transition elements, neglecting participation of the virtual (zp)
electrons in bonding), and

5GXXPQI" = Cns Qns —+ Cnp an + Qns<Qns - 1) Ans + QnP(QnP - l) Anp +
+ Qns an Ans,np ( 5 )

(for intransition elements, neglecting participation of the virtual (nd) elec-
trons in bonding).

Our first step consisted of application of egs. (4) and (5) to evaluate
the effective charges of atoms in compounds assuming that the total number

Fig. 1. Comparison of the experimental chemical shifts of Kq1 line with the theoretical
(HF) shifts. The experimental data are given with respect to molecule X, (X=I, Br, Cl)
or to metal (in case of Mo). The theoretical values were obtained as described in ref. 7).

a) Intransition elements: 1, 2 and 3 solid lines are drawn through the experimental
values (filled circles) of the chemical shifts of Ka1 lines of I, Br, Cl, respectively, expressed
as a function of valence state of X; 4, 5 and 6-broken curves correspond to the theoretical
shifts of Ka1 line of I, Br, Cl, respectively, plotted versus a number of removed electrons ().

b) Transition element-Mo. The solid line is drawn through the points (filled circles)
corresponding to the shifts of Ka1 Mo line in the compounds containing Mo in different
valence state from Mo II (MoCly) through Mo VI-(NH;MoOs MoQO;; the broken line
represents the results obtained theoretically? for the successive removal of the least bound
in atom (ion) n/ electrons, provided that the initial electron conjugation of Mo is 5s24d*.
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of electrons of atom participating in the chemical bonding were equal to
its degree of oxidation. This meant, for instance, that in case of IO; only
five valence 5p electrons of iodine were taken into account (“pure 5p
bonding™), for I0;-seven electrons (two 5s and five 5p) etc. Besides to a
first approximation for all electrons participating in the chemical bonding
the equal quantities of ¢ have been ascribed :

Qo Qua. (6)

Tt = g ==

it can be easily shown, that (6) enables to solve egs. (4) and (5), giving ¢

TasLe 1. Comparison of the effective charges with existing data

Compound Q (our data) Q (other sources)
Cloz ‘ 1.30+0.1 1.729; 1.0214
BrOy , 1.70=0.1
105 ! 225+0.1
ClO7 i 1.96 +0.06 2271 ; 2,101
107 j 295+0.1 :
S0z 1.54+0.04 ©1.96D; 0939 1519 1.751

SO 1.78 £0.01 2.34D; 1.799; 1.615); 2.0516)

TaBLE 2. Experimental K. and Kp X-ray shifts
and the effective charges Q
(The shifts are given in meV, towards X,, X=Cl, Br, I)

'

Compound | OKal Q(Kaz) 0Kp1 Q(Kgr) Q

KI I S ~—1 — — —
KIO; 23415 | 225£010 | - — —
LilO;s — — 457+ 18 2064006 | 210+0.15
RbiO; — — 40423 1 18601

NagH,I106 383£13 3342004 | 641+18 270£006 | 30 0.3
NalO, 31710 | 295+006 | — — —
KIO, ‘ — — i 533 =20 2.49 +0.07 2.72£0.23
H;I0 361 =14 321+01 | - — -
NH,Br — 55+20 ~—1 — — —
KBrOs; 356 = 30 17 01 | — — —
NaCl P —220=70 ~—1 — — —
NaClO; | 220£70 | 042+01 320 0.11 | 026+015
NaClo; | 87070 | 13001 | 1410 0.46 | 0.88+0.42
NaClo, | 138070 | 196006 3207 0.84 | 1332049




Fvaluation of the Fffective Charges

and then the effective charge of atom Q:
Q=W (7)

Now we shall briefly compare the results obtained for some light
elements with existing data (Table 1) and then pass over to our further
steps in analyzing of the experimental data. The evaluated quantities of
Q turned out to be quite realistic and satisfactorily agree with those ob-
tained by means of earlier established methods. The effective charges of
halogens in XO; and XOj increase gradually with Z according to predic-
tions of the electronegativity’s concept. Table 2 presents our estimates
of Q's from the X-ray chemical shifts of two emission lines (K, and Kg)
to illustrate their consistency. In deriving the Q data collected in Table 2
we utilized both our'® and existing (for CI'V) experimental values of K,
and K, X-ray chemical shifts.

It may be concluded, that at the present stage the chemical shifts of
the most intensive K,, and K, lines may be interpreted in terms of SCF
HF theory for isolated atoms (ions) with an accuracy ~=+10% in the range

aQ

of Z~50 and ~+25% in the range Z~20, according to ratio 0 - It is

worth while at this stage to examine to which extend the experimental
and theoretical shifts remain to be comparable if the upper electron level
involved into the X-ray transition rises. Some shifts for K,;, K; and K, ,
lines of iodine are given in Fig. 2 for I(VII), I(V) (experimental) and I'’,
I** (HF theory). Instead of successive growth of 6, in the series K,-Kg—
Kg, predicted by HF theory we observe a break of the curve at the point
corresponding to K, line and the experimental shift falls down up to its
level in K,; line. The example of the kind is typical for all intransition
elements indicating, that at present only K, (K, and Kg(K,) lines may be
considered as reliable sources for getting information about the chemical
bond in terms of the modern HF theory. In addition we should note, that
according to our observations for transition metals (Mo, Ru) this is true
only with K,,(K,,) lines, because here the experiment and the theory diverge
remarkably already in K line.

Let us verify now whether a problem of dividing Q into Q,, may be
directly reduced to solution of the system of egs. (4) for a set of different
X-ray lines (K,; and K, first of all). It would be a way reminding of the
earlier proposed in ref. 5. To make it clear, we first examined the theo-
retical shifts in pair I""—1I° calculated in a way described in ref. 7): dxm=
1253.2 meV, ¢y =2508.3 meV. A number of the removed electrons in this
case was known, Q,.=2, Q,,=7. 1f the equations of the type (5) for K,
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and K, were compatible with each other then they would constitute a
system which could be solved to reproduce initial values of Q,,. A solution
of the system might be carried out graphically to give coordinates of an
intersection point of two correlation functions easily derived from (5);

S Theor.

%

/,° N {5000

/
/
/
/
/
/
, . 4000
/
/
/
/
//
/
// td J 413000
O
1000 12000
500 11000
0 0

X-RAY EMISSION LINE

Fig. 2. Comparison of the experimental and theoretical (HF) shifts for Ka1, Kp
and Kgz,4 lines of iodine. The solid lines correspond to the experiment for
KIO; (1) and KIO, (2), the broken lines-HF theory for 1+5 (3) and I+7 (4).
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Qse=/1 (Qsp) and Qs =15 (Qs,) with Q5.€/0, 2/ and Qs,€/0,5/. The resulting

graphs (Fig. 3 a) shows a coincidence of both curves revealing the existence

(a)

0 . .

0 ] 20

Fig. 3. 1llustration of the correlation function f;(Qsp) and f3(Qsp) obtained from
eq. (6) for Ke1 and Kg lines, respectively, by using approximation (6).
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TaBLE 3. Coefficients of eq. (4) for different X-ray lines of
5al(6s25p°) from SCF HF computations (in meV)

Line () Cs  Cw gl spsp  osesp R=Thmailte
Kaz 58 ‘ 80 | 146 194 | 320 ‘» 1
Kps | 1136 1561 = 303 397 | 646 0.48-0.51
Kpo 8066 . 3058 01 784 | 1346 | 019-0.25
Kgs 95 | 1354 | 262 | 342 | 556 0.56-0.61
Lat 871 | 555 117 | 148 242 | 1.25-1.56

of infinite number of solutions. Tt means that according to HF theory the
shifts in K., and K, lines are interdependent with an accuracy at least
not worse that achieved by now in the experiment. All the coeffieients
of the eq. (4) for K., and K, ; lines: C,, and 4,, are in pairs connected
with each other by factor ~0.5 (Table 3). As a result K,; and K, lines
may not be considered as independent sources of information. When we
extended a number of X-ray lines and examined some other intensive
ones for gl (Kg4 Kg and L) the results remained similar (see Table 3).

In the experimental case, analyzing K,, and K shifts in pairs Na,H,IO41,
we again could not find intersect of f1(Q,) with £(Qs). As it is shown
in Fig. 3 (b and ¢) the curves are now parallel with a considerable gap
between them. Evidently, the gap is a measure of divergency between HF
theory and the experiment relating to the errors ascribed earlier to @
values, given in Table 2. Thus, a conclusion is obvious. For intransition
elements with #zs and znp valence electrons (which are rather similar both
in their radial distribution in space and in their screening ability) a separa-
tion of Q,; can not be based on the analysis of X-ray chemical shifts only.
It requires additional sources of information (e. g. Méssbauser isomer shifts
or ESCA). As to the evaluation of O in the approximation of g, it is
preferable, that the shifts of K,; line should be used as the best for com-
parison with the theory.

As we mentioned above the isomer shifts (1S) of NI'R spectra may be
chosen in addition to dg.. They also are sensitive to changes in distribu-
tion of the valence electrons. The relative role of ns- and #np- contributions
to IS is basically determined by the screening ability of electrons in a
proximity of nucleus and in contrast to K, and K, X-ray lines here us
and np electrons differ considerably.

A number of relations between IS and Q,, have been given for different
Méssbauser isomers. If one stays near a fixed reference configuration, i.e.



Lvaluation of the Iffective Charges

the charge migration due to the chemical bonding may be considered to
be a small perturbation of the initial state, then the linear dependences (8)
are assumed to be valid: '

IS=5,= 2 I'Qu (8)

nl)

Here I',; is 1S due to the removal of n/ electron from the atom with the
reference configuration ascribed to its neutral initial state (Q,,=0). In
addition a useful ratio may be obtained from the relativistic DHF (or DHFS)®
SCF calculations of atoms and ions, if a finite nuclear size is taken into
account :

. "xly _ 1fy )
Rnlll,nzl2 - Fnzlz - ADnzlz(()) (9)
where 4D,,(0) is a change of the total electron density at the nucleus due
to the removal of n/ electron from the reference state of atom.

Now a problem consists of estimating one of the unknown quantities
I',,;. This should be considered in any case separately.

Experiments and Results

In this work the chemical shifts of X-ray K lines have been measured
using 2m crystal bent spectrometer (QuarRTz, 1340, d=1.18 A, 1 mm)
with application of the method proposed by SumBAEv'™. The load of the
primary X-ray tube with a tungsten target was about 150kV and 10 mA.
The fluorescent X-ray emitter for each specimen was in the form of pressed
polycrystalline slab. The results of our measurements (6;) are collected in
Tables together with existing values of the isomer shifts (g,).

Partial Effective Charges of lodine, Tin and Ruthenium in
Inorganic Compounds Evaluated from the Chemical
Shifts of K,, X-Ray Line and Isomer
Shifts of NI'R Spectra

Todine

The isomer shift data for I are available from the NI'R experiments
+ +
with two isotopes I'¥ (transition *-2*—»~52~-; 57.6 keV) and I'® (transition

*) DHF: Dirac-Hartree-Fock.
DHFS: Dirac-Hartree-Fock-Slater.
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+ +
52 “—922--- ; 27.7 keV>. The isomer shifts have been referred usually to ZnTe

source. For consistency in our Tables they will be reported relative to I,
as well as the X-ray shift data. It follows from DHFS computations™ of
the electron density at nuclel of I (5s’°5p°) and its ions I* (5s'5p° and 5s°
5p*) that Rg 5= —3.6. Now assuming, that the isomer shift between KI
and I, may be understood as arising due to tramsition from I~ (5s?5p%) to
I° (555p°) with the evident change in Q equal to 1 we obtain the following
equations :

=4 2.60 Q5—0.72 Q;, (I, mm/sec)

(55 5p®)

0,
(9)
=—4.80 Qs+1.36 Q;, (I'*, mm/sec)

0
™2 Jiss? 5p%)

In Table 4 we collected the values of Q,, and Q obtained from com-
bination of the experimental K,, X-ray and NI'R shifts with the theoretical
presentations of them in form of egs. (5) and (9). It may be seen, that
our primary Qy values (see Table 2) have been reproduced in this analysis
quite satisfactory, confirming both the initial assumption (¢,==¢,) and nearly
pure p-bonding of iodine in 10j;.

TaBLE 4. Chemical shifts of Ka 1(8x), isomer shifts of I (6n
and [ (d;2). The effective charges of I in compounds.

(0x in meV, d; in mm/sec)

- — e e
Compound!&x(KdI)‘ op 1271 1572129 i Qx @ Q& | Q& QX

X2 QX+

NagH,I06 !383113{ +172 | —418 | 334| 126 | 214 | 143 200 = 342

K10, (317+10| +142 1 —301 ! 295 108 192 | 115 | 186 & 3.00
KIO; 23415 0732250 — . - | 039 | 194 | 233
NalO; | 234+15] +0.14 | — | 225 056 1.81 — = | 23
i ! o J— O Oy Sy Y
Tin

+ +
.. 1
In Méssbauer spectroscopy of Sn'® the transition (~32 =55 23.8 keV>

is'used and the isomer shifts are available now for a varity of compounds.
As a reference neutral state of tin « Sn and 8 Sn are accepted. However a
little is known about their electron configurations. Now the only way to
avoid appearing difficulties consist of presenting them as a mixture of two
alternative ones: 5s'5p® and 5s?5p®>. To make it clear to which extend such
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TaBLE 5. X-ray chemical shifts of K Sn(dz), isomer
shifts of *Sn(3;) and the effective populations of
5s and 5p subshells of tin in compounds

{0x and d, data are expressed towards §Sn and a Sn, respectively.)

. i ‘ ' population | Xir
Compound (r::V) \mnf;sec: Q i+ Q% ; QY ‘ n5s n5p | acgczepted
SnF, 156+ 5 157 192 181 | 223 181 027 ' 192
SnCl, 187+ 6 214 176 165 207 200 027 173
SnBr, 98+ 7 185 138 | 128 | 174 | 199 | 065 | 1.36
Snl, 65+ 7 195 | 1.01 093 | 142 ; 200 1.01 0.99
$nO . 80= 61 067 119 | 110 | 157 171 . 110 119
5Sn 0 08 0 o o064 | 190 | 210 | o
a Sn oo L b176 224 0
Sns 989 1311 138 | 128 174 | 18 . 078 | 187
SnSe 42411 130 | 072 | 065 | 118 197 | 133 | 070
SnTe 6612 123| 102 | 094 143 | 189 109 = 1.02
SnF, (172)  —235 | 211 208 | 241 | 075 ; 110 | 215
SnCl, Bl Gi —1.25“ 122 | 118 161 | 121 156 1.23
SnBry |62+ 91 —0961 099 09 | 142 132 | 167 | 1.00
Snl, 3= 7] —0651 061 | 058 110 | 148 191 0.61
SnO, 172 2. —210| 211 | 208 & 241 082 = 104 2.14
SnS;, 112+ 6 —0.9o§ 155 | 152 = 190 ‘ 124 | 120 156
SnSe;, 76+13 | — 116 | 113 | 150 | — | — | —
(NHg)SnClg 187+ 4 —180| 180 | 176 | 212 . 09 | 122 = 182
| . 248 . 278

(NH;SnFs | 222+ 6| —246 251

2.55

an uncertainty may affect the final effective charges of tin, we evaluated
Qx for a number of compounds of Sn (IV) with two sets of the coefficients
C.. and 4, computed with the wave functions of the both electron configu-
rations. For this purpose the experimental K,; shifts were expressed
towards §Sn (as given in Table 5). Then for 5Sn the alternative configu-
rations were assumed: firstly —5s'5p°, secondly —5s*5p* and Qy values
were obtained from equation (5), using approximation gs,~g¢;,. According
to the configurations, it gave Q% and QY which turned out to be rather
close to each other (Table 5). In similar manner an estimation of Q% was
carried out from the same shifts but expressed towards a Sn with a help
of existing quantity’” 9ga(8Sn —a Sn)=+ 37+ 10. In Fig. 4 the isomer
shifts for the compound of Sn(IV), expressed towards «Sn are depicted
versus evalutated effective charges. - The plots are similar and linear regard-
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6 a(mm/sec)

ISOMER SHIFT

YA N . . ' Q
0 1 2 3 4 X
Fig. 4. The isomer shifts of 19Sn for the compounds of Sn IV plotted
versus the effective charges Qf%, Q% and Q%' given in Table 5.

less of the chosen set of Qy. The deviations between the three straight
lines illustrate uncertainty in the proposed method of interpretation of the
observed data. It is worth while to chose for the combined analysis the
dependence 6,(Sn IV—a Sn) upon QY as far as it goes from the origin.
Evidently, this is equivalent to neglecting of the X-ray K, shift between
the two modifications of tin. In this case the straight line may be extra-
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polated to purely ionic state of Sn (IV), to give

lim §,(Sn**—Sn) = — 3.92 mm/sec

Qx—4 (10)
From the DHFS calculations™ for Sn’(5s'5p®), Sn*'(5p® and 5s'5p°) follows

R; ~—4.4 (11)

8,5p
(58'5p®)

If the electron configuration of @ Sn were known, (10) and (11) could be
used immediately to obtain a calibration scale for the isomer shifts of Sn'*
To accept a certain configuration for a Sn, we considered all the possible
ones from 5s'5p® (usually ascribed) to 5s*5p* (ascribed to isolated Sn atom
in its ground state). According to them we obtain a set of equations cali-
brating the isomer shift Sn'® towards @ Sn form

5,. =—12.3 Q5s + 2.8 QSp (a Sn = 551 5p3)
up to
57 =—2.5 st"" 0.58 Qﬁp (a Sn = 5525p2> .

Note, that the last one is close to the proposed in ref. 18).
As a result, a configuration 5s"5p** for a Sn and equation

8, =—3.13 Q5 +0.57 Qs, (12)

were chosen, as far as they led to 5s and 5p populations (7 and 75, in
Table 5) consistent with the idea of “pure 5p-bonding” of tin in SnCl,
for which the isomer shift was the most positive. The resulting quantities
of n;, and n;,, as well as the total effective charges Q. (rather close to
Q% and Q%) were obtained for a number of compounds listed in Table 5
from the combination of (5) and (12), using the coefficients C,;, 4 for Ku
Sn given in ref. 7) and the experimental data from ref. 12), 17) and 19).

Ruthenium

Among the transition elements ruthenium manifests extremely high
coordination ability, forming complexes nearly with all known ligands.
Though they were subjects for a number of studies, including some X-ray
spectroscopic®? in which a complicated character of bonding was under-
lined, still a comparative role of 5s and 4d electrons of Ru remained un-
certain. Keeping this in view we believed that at present a useful and
reliable information of the kind might be derived from a combination of
Maéssbauer spectroscopy (1.S.) and X-ray spectroscopic data.
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The experimental data are all expressed with respect to ruthenium
metal accepted hereafter as a reference neutral state with the electron
configuration being 5s'4d”. This is the first assumption used in the analysis.
It may contribute some error in the absolute values of the effective charges,
because they are affected by the choice of the initial configuration. But
still it is believed to be not very important for the comparative evaluation
of the charges with which we are mainly concerned in this part of paper.
Secondly, we neglected a participation of the high-laying 5p electron states
of Ru in chemical bonding, which seemed to be reasonable according to
some theoretical and experimental studies®®. The initial data (§y and d,)
will be used in combination with the theoretical estimates of the chemical
shifts, obtained from SCF HF calculations, performed with the program
described in ref. 24) and with the theoretical (DHFS) estimates of the total
electron density at the nucleus of Ru and its ions, known from ref. 20 and 25).

O, (mev
x fmev)
+50 |-
O._

C -s0r

T
98]
,-100 -
<
O
& -150
T
|
-200 |
~250

VALENCY

Fig. 5. The chemical shifts of Ru Ka1 X-ray line: the filled
circles—the experimental data numerated according to posi-
tion of the compound in Table 6 and plotted versus the
valence state of ruthenium. The solid line is drawn through
the points corresponding to oxygen-containing compounds,
the broken line—through the theoretical values of the shift.
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In Fig. 5 the experimental values of Ru K,, chemical shifts are plotted
towards W which represents the formal oxidation’s degree (or valency) of
Ru. The broken line corresponds to the theoretically expected shifts caused
by the successive removal of the least bound electrons from Ru and its

(Sﬂa,(mm/sec) o) x (mev)

sl 1-200
1 kruo,

*0.5¢

S~ |~ KzRUOz,

Kz[RU(NO)(CN)s]C[z

o [RuNH3)s(NOICI3
“““““ 1/ KJRUCN)sNO

S
el Nl Rt sclcly
05 =:____;\*ﬂ__:_f/ RN,

20~ Ka[RuClg]
RN \Q K2 RU(NO)CIS-]

\\\ RuCl 3
qob TV~ ﬁzPU(Hzo)Clsj
~~=—Ru(NH3)glCl,

4+100

Y

Fig. 6. Illustration of the correlation between the isomer shifts of
NI'R spectra of %Ru and the chemical shifts of Ru Kei1 line.
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ions. They are expressed as a function of a number of the removed elec-
trons m. A considerable overlap of dg, data may be seen for the com-
pounds containing Ru in different valence states. It certainly reflects a
complexity of charge migration associated with the chemical bonding in
the listed compounds. A little may be concluded from the graphs like this.
But if we now compare our data with the isomer shifts obtained for the
same compounds in the laboratory - of MossBAUER®™), we shall see quite
a distinct correlation between them (Fig. 6).

As it has been pointed out in ref. 27) the isomer shift of the recoilless
90keV 7-rays ®Ru in the majority of the compounds monotonically increases
with an increase of the oxidation state (valency) of Ru. The X-ray data
show quite a contrasting tendency. This kind of correlation could be ex-
pected, if to take into consideration that the removal of 4d electrons, mostly
responsible for the observed tendences, differently affects the total electron
density at the nucleus, and in the vicinity of the electrons (1s and Zp)

TaBLE 6. Chemical shifts Ka Ru(dy), isomer shifts of ®Ru (d;)
and the effective charges of Ru in compounds

(with respect to Ru metal: dx in meV, 4, in mm/sec)

Compounds ox Oy Qss  Qua Qx+r Qx

“

1 [Ru(NH3)ICl, 58+ 6 —092+001 034 —024 010008 021
2 [Ru(NHsCOICl; . — 23= 9 - - — — 067
3 [Ru(dipy)]Clsy 10+ 6 — — — — 048
4 K4 Ru(CN)} ~ 50+ 7 —022+001 034 047 081x010 083
5  KJRu(CN)NO;] — 54+ § —034-002 044 055 099=012 085
6 RuCls 54+ § —071+001 023 —0.26 i ~0.03+003 023
7 Ky Ru(HZ())Brs] 59+ 8 _— — 021
8 - KyRu(H,0 55+ 8§ —071+002 022 —026 —004=008 023
9 | KyjRu(NO )us] 0= 3 —036+003 023 010, 0.33:008 0.54
10 - Ky[Ru(NO)(CN);) — 84+ 7 —008+001: 039 070 1.09+010 1.02
11 [Ru(NHg),(NO)CIICl,' — 50+10 R —— — — 082
12 [Ru(NH3)sClICl, 22+ 8 —053:001 044 034 078013 0.6
13 [Ru(NH3ksNOJCls — 62+ 7 —019x001 038 056 094+010 089
14 [Ru(NH;sklCls - 19% 7 —049:001 040 038 0.70£009 065
15 KzRuClg — 7+ 4 —031£001 024 017 041+008 058
16 RuO, — 44 9. —026+001 035 044 079+0.06 (0.79)
17 K;RuO® —132+11  0.38=001 027 091: 118=0.4 (1.18)
18 KRuO, —186+16  0.82x002 016 114 130019 (1.30)

R
w

Ru ()4 —248+10 1.06+0.01 0.22 149° 171013 (1.71)

*) gy is given for BaRuO4
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involved in K,, transition. It should lead to the contrasting changes in §,
and 0y provided, that the change of the mean square nuclear radius is
positive.

In the both sets of the data a considerable spread is observed for the
compounds containing Ru in the same oxidation state but bound with
different ligands. In this case only systematical study of the complexes
similar to each other in coordination and slightly different in composition
could serve to clarify the mechanism of the chemical bonding in them.
The choice of the compound collected in Table 6 will help us later to
derive some useful charge differences which may be ascribed to certain
ligands.

Let us pass over to the analysis of the data. Here we shall utilize the
definition of the partial effective charges, which keeping in mind the above
assumptions may be written as follows:

Q=Qu+0s. (13)

To find out a relative role of 5s and 4d electrons in the chemical bonding
of ruthenium, one should be able to separate their contributions into the
observed shifts. For the X-ray chemical shifts it may be done using the
theory given by Karazija”, which enables us to represent ™" as a
function of the the partial effective charges:

0" = G5y Qs+ Cuaa Qua + Qss (Qss— 1) s +
+ Q4d(Q4d"1) A4d + QSS Q4d ASS,M (14)

The coefficients of eq. (14) are (in meV): Ci=68; C,y=—175; 4,,=16.6;
4, =—156 and 4;, 4 =30.6. In addition the equation of calibration for
the isomer shift of *Ru may be used in the linear from, provided that
deviations of the electron configuration of Ru in its compounds from the
reference state are small :

5T:F55QSS+F4dQ4d, (15)

where I',, is the isomer shift caused by the removal of #/ electron from
the reference state of atom. To evaluate the coefficients I”,, numerically,
we first obtained a useful quantity Rs . :

4D;(0)

D0 =72 o

R55,4d =

*) From ref. 20) and 25) it may be derived that the simultaneous removal of one 5s and
two 4d electrons from the initial configuration of Ru (transition 5sl'4d’—d5} does not
affect considerably D(0). It corresponds to (16).
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where 4D,,(0) is the change of the total electron density at the nucleus
due to removal of #n/ electron.

Evaluation of R, was carried out utilizing the results of DHFS com-
putation given in ref. 20) and 25). Then we treated eq. (14) applying

s = Qua =
approximation to have estimates of U= Wjg for a number of the oxygen-
containing compounds: RuO, (a), KRuO, (b) and K,RuO, (c). It yielded
the following results :

a) W=8 Qn.=021, Qu=147, Q=168
b) W=7, Qn=018 Q.=108 Q=12;
c) W=6, Q,=0.17, Q,.=0.85 Q=1.02.
Now using the isomer shifts (Table 6) and ratio (16) we have
Iy =(0.97 £0.10) mm/sec.

In this approuch we made use of the X-ray shifts expressed with respect
to ruthenium metal and the coefficients C,;, and 4 computed with the wave
functions of ruthenium atom (5s'4d”), i.e. we applied the assumption which
1s not obvious, principally speaking. We shall avoid this weak point treating
only the shifts between the compounds and assuming that only 4d electrons
are responsible for them. In this case contributions to the shifts come
from the changes in Q, and therefore the latters may be expressed, as

40, = Cyy dQyq

It leads to I'yy=(1.05.+0.17) mm/sec. Similarily, from the X-ray and the
isomer shifts between [Ru(NH,)]Cl, and [Ru(NH,%]Cl, with the same
ligands in inner coordination sphere, which contain Ru atom in different
oxidation states, we have I',=0.98 mm/sec. The close values of the result-
ing estimates enable us to propose the following equation for the isomer
shifts of ®*Ru NI'R spectra (in mm/sec):

5 = — (2.020.2) Qo+ (LO%0.1) Oy 7)

The results of the combination of egs. (14) and (17) with the experi-
mental data are collected in the entries 5 to 7 of Table 6.

The effective charges of ruthenium in the compounds vary within
comparatively narrow limits with Q;, slightly deviating from its averaged
value U;=0.31+0.02 (maximum deviation <{0.15). It means, that for all
considered compounds is characteristic nearly the same level of involvement
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of 5s electron in chemical bonding. The maximum effective charge, as
could be expected a priori, was obtained for RuO,(L.71¢). As to the
hexacoordinated complexes of Ru(II) and Ru(IIl), here we observe rather
complicated redistributions of the partial charges between 5s and 4d sub-
levels with the maximum value (1.1¢) in the case of K,;[Ru(NO) (CN)].
The unexpected strange charges obtained for RuCl; and K;[Ru(H,O)Cl]
represent probably the result of the mentioned above uncertainty in the
reference state of Ru. It could affect so the final quantities for the com-
pounds in case if a balance of the partial charges (see Qs and ( in
Table 6) was close to zero.

As it was already said early, the best correlation between §, and &,
data was obtained for the oxygen-containing compounds (from RuQ, through
RuQ,). The quantities Q,; and Qy,, evaluated for them seemed to be the
most reliable and we considered it would be useful to have estimates of
the effective charges of Ru in other compounds from the X-ray chemical
shifts only. These charges were calculated for all the complexes starting
from K,RuCl;, using the quantity Qruruo,=0.79 (see Table 6) as the initial
one and ascribing variations in 0, data to the differences in 4d electron
participation in the chemical bonding easily determined as

49,
AQu= ¢,

The charges obtained in this way were denoted as Qy and given in the
last entry of Table 6. It was worth while to estimate them for a sake of
comparison with Q.., values keeping in view, that in the most cases we
have no opportunity of combining X-ray and NI'R data being limited with
the X-ray chemical shifts only. As may be seen, as a whole, the values
of Qx,, and Q agree satisfactory, with averaged error ~+0.1. The con-
vergency of the results should be underlined because of a variety of the
compounds, different sources of the experimental data and the theoretical
computations used in the analysis.

Now we compare the resulting Q values to derive some information
related to electron-donor and electron-acceptor properties of the involved
ligands. For this purpose we shall additionally assume, that to the first
approximation the ligands preserve their charges in the complexes or, in
other words, the induction reciprocal effects in the first coordination sphere
are negligible. Then, comparing Qy data (they give more complete picture)
for different hexacoordinated complexes, we obtain the following approxi-
mate differences between the effective charges of the ligands Q;:
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QNH3 - QCI =0.45

Qwn,— 0o = 8%2 } = 0.20+£0.05

Qxi,— Qoo = 0.46
Qex—0xo, =0.02
Qm - QCN = 0.10
Qu,o—0Qno =031
If we accept now, that the effective charges of chlorine atom in
[Ru(NH,)]Cl, and [Ru(NH,)]Cl; are equal, then we shall have immediately

estimates of the absolute charges for two ligands: internal NH; and
external Cl:

o =—0.44
Qxu, = 0.11

Finally, we are able to arrange all the ligands into series according to
their ability to attract the eletron density from ruthenium (Table 7).

TaBLE 7. Effective charges of ligands in the
complexes of ruthenium

e e
L i NO, !CN=CH*

QL —0.46 © —044 ' —0.35 —0.34: —009 —008 6 +011 +013 +0.22

coO ‘Cl:Br? NO  Cly NH; ' dipy = H0

Cl¥, Cl and Clpr are external, internal and bridged Cl-ligands, respectively.

The effective charges of Cd, Te, Si and P
in their compounds

In many other cases we can obtain estimates of the effective charges
of atom only by using approximation ¢,,=~¢,,. As it has been shown earlier,
at least for intransition elements it gives acceptable values of Q. They
are collected in Tables 8 to 10. For some compounds the effective charges
of two elements were evaluated from the X-ray K,; chemical shifts (see
Tables 8~10) and then from the electroneutrality of the compound addi-
tional useful quantity of the effective charges of oxygen could be obtained,
which turned out to be very close to —1.
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TaBLE 8. The chemical shifts of Cd Ks X-ray line and the
effective charges of Cd in compounds.

(0x is given with respect to Cd metal, in meV)

N . Compound OKal Q(Cd) Distribution of Charges
1 CdF, 172 4 ~2 | QF)=-1

2 cdcl, 96= 4 090  Q(Ch=—045

3 CdBr, 77+ 7 067 = Q(Br)=—0.34

4 Cdl, 48= 6 034 = Q)=-017

5 CdSO, 170= 5 196  Q(S)=+18; Q(0)=—094

6 Cd(NOs), 170+ 6 196 Q(NOy=—098

7 Cdy(POy), ' 153% 6 167  Q(P)=+142; Q(O)=—090

g | CdCO; 152+ 6 166 | Q(COs5)=—166

9 CdTeO; 150+ 8 162  Q(Te)=+1.90; Q(0)=—1.17
10 Cdo 98+ 5 091 Q(0)=—091
1 |

CdSe 82+13 0.75 Q(Se)=—0.75

TasLE 9. The chemical shifts of Te Kau X-ray line and the
effective charges of Te in compounds.

(0x given with respect to Te metal, in meV)

N Compound OKal ‘ Q(Te) Distribution of Charges

1 TeOy 174+ 6 2.09 Q(0)=—1.04
2 TeO3 269+ 5 2.73 Q(0)=—-0.91
3 Te(OH), 172 +10 2.06 Q(OH)=-0.51

4 CdTeOs 17215 2.06 Q(Cd)=+1.62; Q(O)=—1.23
5 Fes(TeOg) 15011 1.86 Q(Fe)=+27 Q(O)=—1.23
6 K;TeO, 316+ 9 3.04 — —

7 Tel, 32+ 9 | 049 Q)=—024
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TapLE 10. The effective charges of Si and P in compounds

Compounds X-ray line 0Kat'y (meV) 0
SiC Kat,2 Si ‘ 220 0.54
Sis, 500 1.06
Si0, 590 1.20
MgSiFs 900 1.64
ZrSiO, 490 ‘ 1.04
Mg,SiO, 610 ; 1.23
AlP i Ka1,2 P —290 | —1.00
NasPO, I 790 1.42
Na;HPO, | ! 760 : 1.39
NaH,PO, ; 800 ; 1.43
Na;P,0; | | 790 3 1.42
PCls | \ 590 i 115
Na,HPO; | | 660 | 115
H,PO; | 590 1.05
PCl, | | 410 | 0.80

*) The experimental data are cited from ref. 4).

Conclusion

A number of questions related to interpretation of the chemical shifts of
X-ray emission lines has been discussed. The most reliable interpretation
at present may be achieved for K,; line.

Essential limitations of the proposed analysis consisted of ignoring of
the high-laying (nl) virtual states of atom of studied elements and applica-
tion of two different theoretical methods (HF and DHFS). In the future it
would be worth while to apply the relativistic method for evaluation of the
effects both in X-ray line and in N/I'R spectra. It might bring interesting
results. Though the described approach contains some assumptions and is
approximate, nevertheless in all cases considered here it yields quite realistic
quantities of the charges of atoms and gives for the compounds of ruthenium
a reasonable arrangement of the ligands reminding of the “averaged serie”
obtained from the optical spetra and ESCA®*). Besides it gives numerical
values of Q; and a correct position of the border line between donors and
acceptors and therefore may serve as a basis for a comparative study of
a larger number of elements and ligands.
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