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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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The Nitrogen ls Binding Energies of Transition Metal Nifrosyls

By Patricia Finn and William L. Jolly™

The bonding and electronic structure of transition metal nitrosyls

1-3

have been frequently studied in recent years. Two limiting'situations'
have been identified: linearly coordinated NQ+ groups énd angulariy
coordinated ('"bent") NO~ groups. We have investigated the X-ray photo-
electron:speétrah.of a series of these compounds to attempt correlations j

of the nitrogen ls electron binding energy with structure, electronic

features, and N-O stretching frequency.

Experimental Section

The compounds were kindly supplied by Philip G. Douglas and Robert D.
James P. Collman of Stanford University, and, in the case of [Co(NHs)sNO]Clg,'5
by Mark Iannone of this department. |

Samples were prepared byvbrushing the powdered material onto double-
faced conducting tape attached to an aluminum plate. The reproducibility
was £ 0.2 eV, In each casé the carbon 1ls line (arising from pump oil which
forms a film on the samples) was recorded and uséd as a reference peak.
Individual lines had widths at  half-height of 1.2-2.8 &V; broader lines were

due to decomposition or to the présence of a second peak.
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The kinetic energy of the photoelectron, EK,vwas measured in an
iron-free, double-focusing magnetic spectrometer in which the incident

radiation, E_ , was magnesium K_ X-radiation (1253.6 eV) and for which

the work function, ¢S, was teken as 4.0 eV. ‘The nitrogen 1s binding

B’ (the difference between the Fermi level and the 1s atomic

level energy) was calculated from the relation E_ = E -E, - ]

B hv K s’

Results and Discussion

The data are presented in Table I. It was found advantageous to
categorize the compounds in terms of the metal d electron configurations‘
by making the arbitrary assumption that the nitrosyl groups weré ot ions. .

- The first six compounds in Table I are six-coordinate and formally

have 5 or 6 d electrons. As far as is known, the NO groups in these

compounds are linearly coordinated. The nitrogen 1ls binding energieés of

this set of compounds are all within 0.6 eV of L400.1 eV ‘except for the

case of Nange(CN)sNOIPZHZO, for which the binding energy is 403.3. The
high value for the latter compound is indicative of a relatively high
positive charge on the NO group andvmay be rationalized by the facts that
ﬁhe compound is tﬁe only one in which'the metal is not in an abnormaliy
iow_okidation state and in which all of the other five ligands are strong
i acceptors. It is noteworthy\that_the N-0O stretéhing frequency for |
Nag[Fg(CN)5NO]~2H20 is by far the greatest for this set of compounds -
again.indicating minimal electron donation into the = orbitals of the NGO

group.



Table I

Nitrogen 1ls Bindihg Energies and N-O Stretching Irequencies

for Transition Metal Complexes

o Cpd. No. - - Compound - No. of 4 Nitrogen ls Nitrosyl Ref.

Electronsa Bin?i$§ Energy §22332223g~
(cm=1)
1 MoClz(N0) 2(diars) 6 399.6 1760,1670 b
2 trans-[Ccrc1(N0) (diars)2]C10s 5 400.7 1690 b
3 trans- [RuC1(N0) (diars)z]Cle 6 400.0 1883 e
L [(CeHs)«P s [Mn(NO) (CI) 5]+ 3H20 6 399.7 1700 d
5 K3 [cr(N0) (CN) 5] 5 400.7° 1645 £
6 Naz [Fe (NO) (CI) 5 ]+ 2H20 6  403.3 | 1939 g
7 [n-CsHsCr(W0) 2 12 7 400.7 1672,1505 ~ h
8 RhIz(NO) (P(CHs) (CeHs)2) 2 8 - L400.3 1615 i
9 RhC12(N0) (P(CeHs) 3) 2 - 8 401.5 © 1630 3
10 . CoClz(NO)(diphos) 8 400. 7 1665 i
_ trans- [FeCL(NO) (diars)21C10s 7 400.0 1620 k
12 [Co(N0) (WH3) 51C12 : 8 400.7 1620 1
13 trans-[Cocl(NO)(aiars)zlcl 8 400.5 1562,1548 n
1k [Co(M0) (diars)z]lcloe]z 8 Lo2.3 1852 n
15 CoC1z(NO) (P(CHz) (Cells)z)2” & 401.7,399.6 ~ 1735,1630 3
16 CoCla(N0) (3(n-CaHo) 3) 2 -8 1401.5,399.7 1720,1650 j
17 - [Fe(NO)(diars)=1(C104]z 7 401.2,399.6 1760 k
'8 402.6,400.2  1850,1687 3

18 [RuCL(NO) 2(P(CeHs) 3) 2 JPFe



o
19  [Rh(WO)=2(P(Calls)3)21PFg 10 4011 1730,1720 3
20 (Ir(N0)2(P(CeHs) 2) 2 JPFg 10 -, koo.2 1760,1700 i
21 Co(NO) (P(CeHs) 5) 3 10 . Loo.0 1738 n
22 Co(NO) (CO) (P(Cels)3) 2 10 400.8 1714 n
23 Rh(NO) (P(CeHs) ) 5 - ‘10 400.8 1650 n
N Ir(NO) (P(Cels) 3) 5 0 400.3 1615 n
25  Ir(NO)(CO)(P(Cgls)3)2 10 399.6 1645 'n
26 Rus(M0)2(CO) 1o | 10 400.5°  1580,1500 i

a Bésed on the assumption of NO+ nitrosyl groups.

g, D. Feltham, W. Silverthorn and G. McPherson, Inorg. Chem., 8, 3Ll (1969).

€. oGl Douglas, R. D. Feltham and H. G. Metzger, J. Amer. Chem. Soc., 93,
84 (1971). '
d Private communication, R. D. Feltham.
€ Ref. 9.

£y, ». Griffith, J. Lewis and G. Wilkinson, J. Chem. sbc., 872 (1959).

& G. Paliani, A. Poletti and A. Santucci, J. Mol. Struc., 8, 63 (1971).

‘Ref. 8.
* Private communication, J. P. Collman.

J Ref. 2.

X W. silverthorn and R. D. Feltham, Inorg. Chem., 6, 1662 (1967).

L E. P. Bertin, S. Mizushima, T. J. Lane and J. V. Quagliano, J. Amer. Chem. Soc.

81, 3821 (1959).

™ R. D. Feltham and R. S. Nyholm, Inorg. Chem., &, 1334 (1965).
I Ref. 1.

e} , . e
Very broad because of decomposition.



The second set of compounds in Tablé I formally have 7 or 8 @

7

electrons and are either five- or six-coordinate.’ Most of the binding
energies lie within #0.4 eV of L00.3 eV; the two exceptions are compounds
9 énd 1k, with‘binding energies of LOLl.5 and 402.3 eV, respectively. It
may be significant that both of the latter compounds afe five—coordinéte;
one woﬁld expeét a lower electron density on the metal and the attached
nitrosyl group in a five-coordinéte complex than in a six-coordinate
complex. However, the low binding energies of,the other two five-
coordinate complexes, compounds & and 10, are then difficult to rationalize.'
In this set of gight_ compounds, compound 1l has both the highest binding
energy and thé highest N-O stretching frequency.

t is interesting that, although compound 7 contains both terminal

and bridging NO groups,S»only one nitrogen ls peak was observed.

"‘ Apparently, the NO groups are so similar in electron density that they

are indistinguishable by X-ray photoelectron spectroscopy.

9

’  A binding energy of 402.0 eVlwas previously reported” for compound

-12, [CO(NO)(NH3)5]C12. We repeated this measurement several times with
samples that were éhown to be pure by magnetic susceptibility nmeasure-

. nents, ana consistently observed one slightly broadened peak due to the
NH> groups (at 400.2 eV) and the NO grbuﬁ. By computer fitting, ve were
unable to ascertain the position of the NO peak more precisely than

400.7 £ 1.3 eV.
It should be noted that, on going from compbund 13 to compound 1k,

the complex ion changes only by the removal of a chloride ion - with

the consequent change in coordination number from six to five. The
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increase in‘binding energy of 1.8 eV and the increase in the N-0 stretching
.freQuéncy of 300 en™t are the expected conseqguences of reduced electron
donation into the NO' x orbitals. R
The third set of'compounds in Table I formally have 7'or 8 d electrons
‘and show two separate nitrogen ;s peaks. For each of the cobalt compounds
15 and 16, two different coordination.geometries are thought to be present:?
~a trigonal bypyramidal structure with an equatoria}?inear nitrosyl and a
square pyramidal structure with anvapical bent nitrosyl. The two nitrogen
1ls binding energies observed for both of these compounds are separated by
about 2 eV. PreSumably_the‘bent nitrosyl corresponds to the lower binding. '
‘ energ& and the linear nitrosyl corresponds to the higher binding energy
in each case.
Two nitrogen 1s binding energles were dbsérved for compound 17,
- [Fe(NO)(diags)gj(ClOg)g, although only one N-0 stretchiné frequency has
 been reported. Perhaps different structural forms are present, as
postulated for compounds»lS and 16. Thié iron coﬁ@ound can be compared
to its six-coordinate analog - compound 11, trans-[FeC1(NO)(diars)=]C1O4.
.. The binding energy increases 1.2 eV and the étretching frequency increases_"

140 em™?

on changing from the six- to the five-coordinate systen,
'smaller chahges than observed for the analogous cobalt system.
In the ruthenium complex, compound 18, two different types of
ﬁitrosyl group are bonded to the same metal atom.3 This square pyramidal
compound ha% an apicai bent nitrosyl and a linear_equatorial nit?osyl.

Presumably, the higher binding energy (L402.6 €V) and higher N-0 frequency

(1850 cm™*) correspond-to the linear nitrosyl, and the lower binding



energy (L400.2 eV) and lower N-O frequency (1687 cm™*) correspond to

the bent nitrosyl.

The fourth set of compounds in Teble I (compounds 19-26) formally
have ten d electrons and, except for compound 26, are four-coordinate.
ITobébly because of the high electron densities on the metal atoms, the
binding energies are low; The low N-O stretching frequencies are con-\
sistent with these results.

We draw the overall conclusion that there is a definite éorrelation
between the nitrégen 1ls Einding energy of a nitrosyl group and the
electron density on that group. Bent nitrosyls have low binding energies.
Linear nitrosyls can have either low or high binding energies, depending -
on the extent of = back-bonding from the metal atom. The binding energies
aré at least roughly qorrelated with the N-0 stretching frequencies: when

one is high or low, so is the other.
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