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The infrared absorption intensity of the N—O
stretching vibration has been measured for the
complexes Na,[Fe(CN),NO].2H,0, Zn[Mn(CN),-
NO].H,0, K Mn(CN),NO].2H,0, K,[Cr(CN),-
NO].H,0, and K,[Mo(CN),NO] in aqueous solu-
tion. It was found that the intensity (Ayo)
increases with decreasing frequency (vyg), which
is in agreement with a model of dz— pa* back
donation. Thus, it was concluded that the
degree of backbonding in the nitrosyl complexes
increases in the order Fe(II) < Mn(1I) < Mn(I) <
Cr(I) < Mo(0).

Nitrogen 1ls and oxygen ls photoelectron
spectra were recorded on the above mentioned
nitrosyl complexes and also on K, [V(CN),NO].-
2H,0. It was found that both the nitrogen ls
and oxygen ls electron binding energies for the
nitrosyl group decrease with decreasing N —O
stretching frequency in the complexes. Thus,
when the degree of backbonding in the nitrosyl
complexes increases, the effective charge on the
nitrogen and oxygen atoms becomes more and
more negative. It was found that the total
charge on the nitrosyl group in the iron complex
is positive (+ 0.35 a.u.), while the total charge
on the nitrosyl group in the other complexes 1s
negative. Most negative is the nitrosyl group in
the vanadium complex (—0.41 a.u.).

From the dipole moment derivative, du/dr,
and the effective charges on the oxygen atoms,
it was possible to get a value of the variation of
charge with interatomic distance dl¢|/dr. An
estimation of d|g|/dr was also made from exper-
imentally determined charges on the oxygen
atoms and experimentally determined inter-
atomic distances. It was found that both the
calculation procedures gave the same value of
dlgl/dr, viz. 0.6 a.u. This value agrees with the
djg|/dr-value earlier found for the N —N bond
in dinitrogen complexes.

The bonding and electronic structures of
transition metal nitrosyls have been frequently
studied in recent years.! A comprehensive study
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of the infrared spectra of metal nitrosyl com-
plexes has been made by Lewis and Wilkinson
and their coworkers.?? They demonstrated that
NO complexes absorb in the range from 1045
cm™ to about 1980 cm—!. Complexes which
show NO absorption in the range 1200— 1980
cem-! have been regarded as NO* complexes,
whereas NO compounds absorbing in the range
1045 — 1195 cm~! probably should be formulated
as hyponitrito compounds.! In the present work
a series of pentacyanonitrosyl complexes, in
which the N — O stretching frequency varies in
the range 1500 — 2000 cm~?, has been studied by
IR and ESCA to get more detailed information
about the charge distribution on the nitrosyl
ligand. It is well known that the infrared inten-
sity of a stretching vibration is related to the
dipole moment derivative (du/d@). This quan-
tity has earlier %* been found to give approxi-
mate information about charge distribution
within coordination compounds. By means of
ESCA ¢ effective charges on atoms can be deter-
mined. From the combination of these two
kinds of measurements the variation of charge
with interatomic distance (d|g|/dr) can also be
determined, as has been done earlier ®* on di-
nitrogen complexes.

ESCA measurements on two pentacyanonitro-
syl complexes, viz. Na,[Fe(CN),NO].2H,0 and
K,[Cr(CN);NO].H,O, have been performed ear-
lier »® to attempt correlations of mitrogen 1s
binding energy with the character of the NO-
group. It was found %»* that the Nls binding
energy of the NO-group is higher in the iron
complex than in the chromium complex. This
means that the NO-group is more positive in the
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iron complex that in the chromium complex.
The N — O stretching frequency is higher in the
iron complex than in the chromium complex,
which indicates that the degree of dn — pa* back
donation of electrons from metal to NO-group
increases from iron to chromium.

This investigation was started to further
substantiate these observations on some more
complexes of similar type and also to determine
the charge on the oxygen atoms in the nitrosyl

group.

EXPERIMENTAL

Preparation of nitrosyl
complexes

Na,[Fe(CN ) NO].2H;0, which was commer-
cially obtained, was of analytical grade.

Ky[Mn(CN )({NO].2H,0 was prepared accord-
ing to the procedure given by Cotton et al.? from
K,[Mn(CN),] and hydroxylamine in potassium
cyanide solution. The salt first obtained, Mn,-
[Mn(CN),NO],, was converted to the potassium
salt by the reaction with K,CO;. After repeated
recrystallizations the compound was found pure.
(Found: C 16.1; H 1.92; N 22.6. Cale. C 16.3; H
1.09; N 22.8).

Zn[Mn(CN ),NO].H,0 was prepared by oxi-
dation ? of [Mn(CN),NOJ?~ with nitric acid and
precipitation of the salt with Zn**. The purity
of the salt was checked by elemental analysis.
It was found that the analysis values corre-
sponded to a water content of the salt of 1 mol
H,0. (Found: C 21.0; H 1.18; N 28.5. Cale. C
20.1; H 0.67; N 28.2).

K,[Cr(CN ) NO].H,0 was prepared according
to Griffith et al.’® (Found: C 18.3; H 0.51; N 25.2.
Cale. C 17.3; H 0.58; N 24.2.)

K,[Mo(CN)NO] was prepared by Nast’s
method.!* This purple pentacyanonitrosyl com-
plex has been formulated in various ways, viz.

as a complex of molybdenum(0), K,[Mo(CN),-
NO], either with 1! or without 1* water of hydra-
tion and as an eight-coordinated complex of
molybdenum(II), XK,[Mo(CN),(OH),NOJ].2* In
the work of Riley and Ho 12 1t is pointed out
that the complex partially decomposes in air and
that this fact could be the reason for the earlier
formulation - of the complex with water of
hydration or as a hydroxy complex of molyb-
denum(II). Also an X-ray crystallographic in-
vestigation of the molybdenum complex by Sve-
dung et al.’® has shown that the complex should
be formulated as K,[Mo(CN),NO]. The infrared
spectrum of the compound used in the present
investigation showed absorption in the 3300—
3600 cm-* and 1600 cm~! regions, which indi-
cates the presence of water in the compound.
The elemental analysis values are also in agree-
ment with the formula K;[Mo(CN),NO].2H,O.
(Found: C 13.0; H 0.69; N 18.1. Cale. C 13.4; H
0.89; N 18.7). It is therefore reasonable to con-
clude that the compound investigated here is the
partially hydrolysed pentacyanonitrosyl com-
plex and consequently the formula with water
of hydration has been used in the calculations
of concentrations necessary for the infrared
intensity calculations.

K4[V(CN)NO].2H,0 was prepared accord-
ing to the method of Griffith et al.'* from
ammonium vanadate and hydroxylamine in
alkaline potassium cyanide solution. The com-
pound could, however, not be obtained analyti-
cally pure in spite of several rescrystallizations.
Consequently, the infrared intensity measure-
ments have been omitted for this compound
(¢f. Table 1).

Experimental techniques

The infrared spectra were recorded with a
Perkin Elmer Spectrophotometer Model 521
equipped with a linear absorbance potentiom-
eter. All spectra on the N — O stretching vibra-
tion were recorded with a wavenumber scale
expansion, so that 1 ecm on the chart corre-

Table 1. The results of the infrared intensity measurements on the nitrosyl complexes.

Nitrosyl complex Dispersion  vyq € Ayno x 10~

medium cm™! M-1cm™?! M-t cm—2
O Na,[Fe(CN),NO].2H,0 H,0 1936 1750+ 75 7.3+0.3
@ Zn[Mn(CN),NO].H,0 KBr 1890 425+40 6.3+0.6

1800 280+ 30 Bl

H,0 1880 8.24
[OK,[Mn(CN),NO].2H,0 KBr 1730 310+ 30 6.0+0.6

D,0 1766 1450 + 50 8.0+0.4
m K,[Cr(CN),NO].H,0 D,0 1682 950+ 50 8.4+0.4
¥ K,[Mo(CN),NO] D,0 1622 500+50 8.7+0.8
¥ K[ V(CN),NO].2H,0 D,0 1545

@ Cf. the text.
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sponded to 12.5 cm-1. The measurements on the
nitrosyl complexes were performed in aqueous
solution but deuterium oxide was used when
the N — O absorption coincided with the water
absorption. Calibrated cells with CaF,-windows
and 25 u platinum spacers were used. Some of
the complexes (¢f. Table 1) were examined in the
solid state (KBr). For further details about the
intensity measurements the reader is referred
to Ref. 5.

The ESCA spectra were measured with an
AEI ES 100 photoelectron spectrometer. All
spectra were obtained with AlKa-radiation
(1486.6 eV). The electron binding energy E
was obtained from the following expression:®

Eb = 1477.1 b Ekln

where E,;, is the measured kinetic energy of
the electrons. The samples were mechanically
spread out as a thin film on a platinum foil.
Through this sample preparation technique no
surface charging effects were obtained during
the measurements. As before,’* the Pt 4f,,
electron peak was used as reference peak.

RESULTS AND DISCUSSION

The results of the intensity measurements on
the nitrosyl complexes are given in Table 1. The
complex Zn[Mn(CN),NO].H,0 was not soluble
in water and therefore only measured in the
solid state. It was found that the infrared
spectrum of the compound in the solid state
gave two bands assigned to the N — O stretching
vibration. This situation has also been pointed
out by Cotton et al.® The intensity of the two
bands was measured and the total intensity
given. It has earlier ! been found that meas-
urements of the same species in solution and in
KBr immersion showed that the intensity was
larger in the former by a factor of about 1.3.
The intensity value for the zinc salt in solution
has been estimated in accordance with these
observations.%* The compound K[ Mn(CN),-
NO).2H,0 has also been measured in KBr
immersion and the intensity value was smaller
than that in solution by a factor of 1.3. The
molar absorption coefficients (¢ M-! em~?) at
band maximum are included in Table 1. It can
be seen that the e-values decrease within the
series of complexes. The NO-absorption bands
became, however, broader and the intensity was
found to increase within the series. It can be
seen from Table 1 that the intensity increases
when wyo decreases. In accordance with the
reasoning in the previous studies %* on dinitro-
gen complexes, a large infrared intensity means
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a greater degree of dz— pa* back donation of
electrons from metal d-orbitals to antibonding
n-orbitals of the ligand. The largest infrared
intensity of the N — O stretching vibration has
been found for the molybdenum compound.
Thus, the degree of metal-ligand =z-bonding
should be greatest for this compound within the
series of nitrosyl complexes. As mentioned a-
bove, the infrared intensity of the N — O stretch-
ing vibration in XK,[V(CN),NO].2H,0 could
not be determined. The N —O stretching fre-
quency in this compound was, however, deter-
mined and was found to be lower than in the
other investigated nitrosyl complexes. Conse-
quently, the degree of back donation of electrons
should be pronounced in this complex as well.
This fact has been confirmed through the ESCA
measurements, which give evidence of a large
negative charge on the NO-group (cf. Table 3).

N1s and Ols photoelectron spectra were re-
corded on all the compounds. A representative
example of a N1s electron spectrum for a penta-
cyanonitrosyl complex is given in Fig. 1. Two
peaks show that the complex contains different
nitrogen atoms. The Ols electron spectrum of
the same complex is shown in Fig. 2. Besides the
oxygen peak from the oxygen in the nitrosyl
group there is also a broad peak with maximum

Counts /s
T T T
00 - ]
800 - .
1 1 1
405 400 395

Binding energy, eV

Fig. 1. Nitrogen 1s electron

spectrum of
Na,[Fe(CN),NO].2H,O0.
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Fig. 2. Oxygen 1s electron spectrum of Na,[Fe-
(CN),NO].2H,0.
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Fig. 3. The nitrogen 1s electron binding energy
(EyN1s) as a function of the oxygen 1s electron
binding energy (E,01s) for the nitrosyl group
in the various nitrosyl complexes. The same
symbols as in Table 2 are used.

at a binding energy of about 532.5 eV. This
broad peak probably can be assigned to ad-
sorbed oxygen, as an oxygen peak at a binding
energy of about 532 eV is always obtained in our
ESCA measurements 7 with our present vacuum
(=107 torr). The measured Nls and Ols
electron binding energies for the nitrosyl com-
plexes are collected in Table 2. It can be seen
that the Nls electron binding energy for the
NO-group is greatest for the iron complex and
smallest for the vanadium complex. The corre-
sponding trend has been found for the Ols
electron binding energy. In Fig. 3 the Nls
electron binding energy is plotted against the
Ols electron binding energy. A straight line
with a slope of 1 is found, which shows that the
change in the binding energy for the Nls and
O1ls electrons is the same from one complex to
another. It must be pointed out that because of
the oxygen peak from adsorbed oxygen the
exact determination of the Ols electron binding
energy for the nitrosyl oxygen in the molyb-
denum and vanadium complex is somewhat
uncertain. Consequently, the error in the Ols
electron binding energy is greater for these two
complexes than for the other four complexes,
in which the oxygen peak is well separated from
the peak due to adsorbed oxygen. It is obvious
from Table 2 that the Nls electron binding
energy decreases with decreasing vyo (and in-
creasing infrared intensity). Thus, when the
degree of dn—pn* back donation of electrons
from the metal to the NO-ligand increases (as is
indicated by the decrease in vyg), the charge on
the nitrogen atom becomes more and more
negative. The same conclusion can be drawn
about the charge on the oxygen atom in the
NO-ligand.

Table 2. Nitrogen 1s and oxygen ls electron binding energies in the various pentacyanonitrosyl
complexes. All binding energy values are referred to a binding energy for Pt 4f,,, electrons of

71.1 eV.
Nitrosyl complex E,N1s(CN) E,N1s(NO) EOls NO
eV oV eV em™!
O Na,[Fe(CN),NO].2H,0 398.7 403.9 535.9 1936
@ Zn[Mn(CN),NO].H,0 398.3 402.1 534.0 1880
OXK,[Mn(CN),NO].2H,O 398.3 401.6 533.3 1766
m X;[Cr(CN),NO].H,0 399.0 401.4 533.2 1682
v K, [Mo(CN),NO] 398.8 401.1 532.5 1622
v K,[V(CN),NO].2H,0 398.8 400.6 532.6 1545
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‘While the N1s electron binding energy for the
NO-ligand varies from one complex to another
the N1s electron binding energy for the cyanide
ligand is practically constant within the series
of pentacyanonitrosyl complexes, as can be seen
from Table 2. This means that the degree of
n-bonding within the M — C — N group is changed
very little compared to the more pronounced
change in the degree of =-bonding within the
M —N —O group. Such a conclusion can also be
drawn from the variations in the C—N stretch-
ing frequency and the N-—O stretching fre-
quency (cf., e.g., Ref. 1).

The charge on the nitrogen atom in the NO-
group in the various nitrosyl complexes has been
estimated with the aid of the correlation be-
tween N1s binding energy and calculated charge,
which has been determined earlier (Fig. 5 in Ref.
15). The result is given in Table 3. It can be
seen that the nitrogen atom in the NO-group
in the iron complex has a positive charge, while
the nitrogen atom in the NO-group in the other
complexes is negatively charged. It is more
difficult to obtain the charge on the oxygen
atom, since surprisingly few ESCA data and
charge calculations on oxygen compounds exist.
However, it seems clear from the figures given
by Siegbahn et al.'® that a crude correlation be-
tween Ols binding energy and calculated charge
(2,), disregarding the potential fields from neigh-
bouring atoms, should result in a slope (dE,/
dg,) of about 12 eV/a.u. In a recent paper by
Larsson et al.’® oxygen atom charges have been
estimated for two values of Ols electron binding
energy from a combination of TR data with
ESCA data on some oxinato complexes. The
values reported * are ¢,= -—0.37 a.u. corre-
sponding to an Ols electron binding energy of
530.0 eV and ¢,= —0.27 a.u. corresponding to
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531.5 eV. From ESCA measurements on vana-
dium compounds ® the charge on the vanadium
atom in V,0; has been estimated to + 1.01 a.u.
The charge on the oxygen atom can thus easily
be calculated to —0.40 a.u. This value corre-
sponds to an Ols electron binding energy * of
529.6 eV. Furthermore, from ESCA measure-
ments on solid carbon suboxide #! one can get an
oxygen atom charge of — 0.28 a.u. corresponding
to an Ols electron binding energy of 531 eV, if
the binding energy is referred to a Cls electron
binding energy of 285 eV. From the above
mentioned corresponding values of Ols electron
binding energy and oxygen atom charge a corre-
lation has been constructed. This is presented in
Fig. 4. The slope of the straight line is about
11.5 eV/a.u., which is in accordance with the
crude correlation found by Siegbahn et al.'®
From Fig. 4 and the measured Ols electron
binding energies the charge on the oxygen atom
in the NO-group in the nitrosyl complexes has
been determined. It can be seen from Table 3
that the oxygen atom charge in the iron
complex is positive, while the charge on the
oxygen atom in the other nitrosyl complexes is
negative.

The total charge on the NO-group has thus
been found to be positive (+0.35 a.u.) in the
iron complex, while in the other complexes the
total charge on the NO-group is negative. The
negative charge on the NO-group increases
throughout the series of complexes. Thus, in the
vanadium complex the charge on the NO-group
is —0.41 a.u. There is, consequently, an increase
of the electron density over the NO-ligand
caused by dn—pn* back donation of electrons
from metal d-orbitals to antibonding n-orbitals
of NO. This result confirms and strengthens the
result from the infrared intensity measurements.

Table 3. Experimentally obtained charges on the nitrogen and oxygen atoms in the nitrosyl group
together with calculated values of |du/dr| and d|g|/dr for the various nitrosyl complexes.

Nitrosyl complex N 90 |dg/dr| M-0 dig|/dr
a.u. a.u. a.u. A a.u.

O Na,[Fe(CN),NO]2H,0 +0.22 +0.13 3.35 2.76 33 0.58

@ Zn[Mn(CN),NO]JH,0 —0.04 -0.03

O K;[Mn(CN),NO]2H,0 —-0.11 —-0.09 3.50 2.87% 0.59

® K;[Cr(CN),NOJH,0 —-0.14 -0.10 3.58 3.01 % 0.568

V K,[Mo(CN),NO] —0.18 —-0.16  3.69 318 (.56

v K,[V(CN),NO]2H,0 —0.26 -0.15 2.95 26

Acta Chem. Scand. A 28 (1974) No. 5
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Fig. 4. Plot of oxygen 1ls electron binding
energies (E,01ls) against calculated charge on
oxygen atoms. (QO) Ref. 19; (A) V,0; Ref. 20;
(C]) Cs04(s) Ref. 21.

From the measured infrared intensities of the
N - O stretching vibration it is possible to get
approximate information about the polarity of
the N—O bond. In this case the fixed charge
model has been applied. The complexes are
considered as two-atomic molecules, v:z. consist-
ing of, e.g., Fe(CN); N and O. For a two-atomic
molecule, the absorption intensity is related to
the dipole moment of the molecule by the
formula, 22

aN du\?
4= Grioig @) @

Here N and c¢ stand for the Avogadro number
and the velocity of light. p,eq is the reduced
mass and has in the present case been calcu-
lated from the above mentioned molecular frag-
ments. u is the dipole moment and r the inter-
atomic distance. If it is assumed that the
charges on the molecular fragments are +¢ and
— ¢ (atomic units), the dipole moment is

u=rlq| (2)
If, as stated in the fixed charge model, it is
assumed that ¢ does not change with 7, it
follows that

|dpfdr|=|q| (3)

If, on the other hand, there is a variation of
charge with interatomic distance, a term relat-

ing to this, viz. dlg|/dr, is easily derived from
eqn. (2), t.e.

du
dr

dig|

=lgl+r 5, )

Calculated values of |du/dr| from eqn. (1) are
given in Table 3. Calculations have been per-
formed only for those complexes for which it has
been possible to measure the infrared intensity
of the N—O stretching vibration in aqueous
solution. The |du/dr|-values are relatively high,
80 it is reasonable to suppose that the charge
varies with the interatomic distance. As the
charge on the oxygen atom is determined with
ESCA (Table 3) and interatomic distances are
known from X-ray crystallographic measure-
ments,!%»2-* d|q|/dr can be determined from
eqn. (4). In the calculation of d|g|/dr the M-O
(M ~N + N —0) distance has been used and not
the N — O distance, since r in eqn. (4) means the
distance between two charge centers and it is
quite reasonable that the charge center on the
big molecular fragment is placed closer to the
metal atom than to the nitrogen atom. The
M-O distances from the literature 12-2¢ are
included in Table 3. The calculated values of
d|g|/dr are given in Table 3. It can be seen that
d|g|/dr has about the same value for all the
nitrosyl complexes. Thus, as |g,| is small and
practically constant, the change in |dg/dr|, which
one observes, depends on the change in the
interatomic distance (ry-g)-

Q0. au.
T T 1
+0.20 -1
ok -
o] [ ]
v v
-020 -
1 1 1
270 300 3.20
Tu-or A

Fig. 5. The charge on the oxygen atom (g,) in
the various nitrosyl complexes plotted against
experimentally determined M — O distances. The
same symbols as in Table 3 are used.
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A more direct way to obtain a value of the
charge parameter d|g|/d» is from experimentally
determined charges on the oxygen atoms and
experimentally determined interatomic distan-
ces.1%.2-26 Tn Fig. 5 the charge on the oxygen
atom (g,) has been plotted against the M—O
distance. From the slope of the straight line
dlgl/dr has been estimated to 0.6+0.2 a.u., a
value in good agreement with the d|g|/dr-values
calculated from infrared intensity data (cf.
Table 3).

CONCLUDING REMARKS

The results of the present investigation and
the previous studies %!® on dinitrogen complexes
show that it is possible to get more detailed
information from ESCA data about the charge
distribution on the M—X=Y group than from
infrared intensity measurements. Through the
combination of infrared intensity data with
experimentally determined charges on atoms, it
has been possible to determine the variation
of charge with interatomic distance (d|g|/dr).
This quantity gives increased characterisation
of the electronic structure of a molecule by
indicating the degree of mobility of charges over
the bond in question. The calculated value of
djg]/dr for the nitrosyl complexes is about the
same as the d|g|/dr-value earlier found ® for the
N—-N bond in the dinitrogen complexes of
rhenium and iridium. Consequently, a dlg|/dr-
value of about 0.6 a.u. may be characteristic
for the bond type that exists in the M - X=Y
group.

A further similarity between nitrosyl com-
plexes and dinitrogen complexes is found if one
regards the charge distribution on the dinitro-
gen ligand and the nitrosyl ligand. In the
previous work ® it was found that the inner
nitrogen atom in the group M—N—N was the
most negative one. In the present investigation
it has been found that the nitrogen atom in the
nitrosyl group is more negative than the oxygen
atom (c¢f. Table 3). This is valid for all the
complexes except for the iron complex, in which
the nitrogen atom is more positive than the
oxygen atom. This means that the degree of
n-bonding in the iron complex is very small
compared to the degree of =-bonding in the
other complexes.

On the basis of the similarities which have
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been found between dinitrogen complexes and
nitrosyl complexes when considering the charge
distribution and the charge parameter d|g|/dr,
it could be of interest also to investigate car-
bonyl complexes. Carbonyl complexes are iso-
electronic with corresponding dinitrogen com-
plexes and are consequently suitable to inves-
tigate in this connection. Probably, it can be
expected that they will give results which are
well comparable with those found for dinitrogen
complexes and nitrosyl complexes.

When this manuscript was close to comple-
tion it was learned that an ESCA investigation
on almost the same nitrosyl complexes had been
performed at the University of Gothenburg (Dr.
N.-G. Vannerberg). It must be emphasized that
these two investigations have been carried out
completely independently. The ESCA spectra
obtained in both these investigations were
essentially identical.
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