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X-ray photoelectron Jr4fT/+pectra of iridium(l) com- 
plexes with N2, CO and other ligands as well as Nls- 
spectra of Ir’, Co’, Fe” dinitrogen complexes and of 
some diazocompounds and azides were studied. Do- 
nor-acceptor properties of dinitrogen ligand, charac- 
ter of its coordination and electron density distribu- 
tion over nitrogen atoms were investigated. Dini- 
trogen ligand was shown to be in overall the electron 
acceptor, it being more eflective than PhjP, CS and 
diphenylacetylene, close to CO and less eflective than 
tetracyanoethylene. Dinitrogen fragment in organic 
diazocompounds bears the positive charge, while in 
transition metal complexes one of the nitrogen atoms 
was found to be negative charged. This results in 
the different reactivity of the compounds. 

Introduction 

A great number of molecular nitrogen complexes 
with transition metal compounds is known up-to-date.’ 
The coordinated Nz molecule in these complexes may 
be considered as a model of activated dinitrogen in 
the processes of its enzymatic and chemical fixation 
to ammonia. However, dinitrogen ligand in most 
known dinitrogen complexes, and first of all in mo- 
nonuclear ones, still failed to be reduced even under 
the action of very strong reducing agents. 

This fact is surprising, keeping in mind the cer- 
tain similarity of mononuclear dinitrogen complexes 
of transition metals to aromatic and aliphatic diazo- 
compounds and other molecules having diazogroup 
(azides, nitrous oxide). Actually, all these com- 
pounds are characterised by the same linear structure 
A”-NEN (where A - transition metal atom, C, N, 
0), as well as by similar NN-bond lengths ( 1.1 O-l. 16 
A) and values VNZN in IR spectra (1900-2300 cm-‘). 
It enables the dinitrogen complexes to be considered 
as some peculiar inorganic analoga of diazocom- 
pounds. From the chemical point of view, however, 
this analogy is to a great extent formal because diazo- 
group of real diazocompounds in most cases can be 
easily reduced. 

(1) A.D. Allen, R.O. Harris. B.R. Loescher. 1.R. Stevens, and R.N. 
Whit&y, Chem. Rev. 73, 11 (1973.). 
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To clear up the reasons of such a discrepancy and 
to compare the donor-acceptor properties of dinitro- 
gen ligand in transitio!i metal complexes with those 
of other neutral ligands we have used the X-ray pho- 
toelectron spectroscopy technique. This method ena- 
bles the binding energy (Et,i,,d) of atoms core electrons 
in a molecule to be determined.’ The value of Ebind 
increases with decrease of electron density on the 
atom and vice versa, 01’ more correctly is a function 
of potential in the region of the atom nucleus.’ 

The first investigation of Re’ dinitrogen complexes 
was performed by Leigh et al.4 and terminal nitrogen 
atom was shown to be negative charged. 

Here we wish to report the results of X-ray photo- 
electron spectroscopy investigation of Ir’, Co’, Fe” 
dinitrogen complexes and some diazocompounds and 
azides as well as of isostructural Ir’ complexes with 
Nz, CO and other ligands. 

Experimental Section 

Spectra were recorded in Varian IEE-15 spectro- 
meter and were excited by AlKal,2-radiation. X-ray 
tube operating conditions were 8 kVX80 mA. Va- 
cuum - 10m6 torr. Intensity was registered each 0.09 
cV. IP most cases kinetic energy of electrons enter- 
ing the P-spectrometer (E,,,,,) was equal t;hLO”,,;l 
which provided the maximum intensity. 
accuracy and reproducibility of the data was about 
+O.l eV. For each compound spectra were taken 
using two or more samples, prepared separately. The 
samples were prepared by application of fine powder- 
ed compounds to a thin organic film or by rubbing in 
a nickel net. When necessary this procedure was 
performed in a special chamber in the stream of dry 
cool dinitrogen. Some substances, in particular dia- 
zocompounds, decompose under X-ray radiation at 
room temperature. In such cases samples were cool- 
ed to -5O+ -1OO’C in the spectrometer when taking 
the spectra. 

(2) K. Siegbahn cl ul.. aESCA. Atomic Molecular and Solid State 
Structure Studied by Means of Electron Spectroscopy#, Uppsala, 1967- 

(3) M.E. Schwartz, Chem. Phys. Leffers, 6, 631 (1970): 7, 78 (1970). 
(4) G.I. Leigh, I.N. Mutrei. W. Bremser, nnd W.G. Proctor, Chew 

Comm.. 1661 (1970). 
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Table I. Reproducibility of binding energy values with charging effect taken into account. 

No. Compound ClS lr4f7,, Ir4f7,, 

Ebi”b measured measured corrected 

1. (PhlP)Jr(CO)CI 282.0, 58.6 61.5, 
2. (Ph,P)Jr(CO)Cl 280.95 57.51 61.6 
3. (Ph~P)Jr(CO)CI 283.9 60.5s 61.6s 
4. (Ph,P)Jr(CO)CI 283.75 60.2, 61.5 

1. (PhJP)Jr(Nz)Cl 283.9 60.85 61.95 
2. (Ph,P)Jr(NKI 283.9, 60.8 61.85 
3. (Ph,P)Jr(NXI 283.8~ 60.6 61.7, 
4. (PhJP)Jr(NJCI 283.1 59.8 61.7 

Since the accumulation of electrostatic charge on 
the sample cause change of measured values of Behind, 

rhe Cl s-line of phenyl group was used as an inner 
reference, its energy assumed to be 285,0 eV. The 
charging effect is inconstant and reach a few eV. For 
example, for each compounds (Ph3P)2lr(CO)Cl and 
(Ph3P)Jr(N$Zl four spectra were taken, the period 
between measurements I,2 and 3,4 being a few months 
(see Table I, where presented are the measured Cls 
and lr4f7,2 values of these compounds together with 
the Ir4f7,: values corrected to the charging effect). 

Thus, correction to the charging effect being taken 
into account, good reproducibility of resulting values 
was obtained. 

Results and Discussion 

1. lr4~~~~-spectru. Donor-acceptor properties of ni- 
trogen molecule in complexes are being intensively 
studied by IR, Mijssbauer spectroscopy and other me- 
thods. It seemed interesting to investigate the in- 
fluence of dinitrogen ligand upon the effective charge 
of central atom in complex to compare with that 
of CO, Ph3P and other ligands. With this in mind 
the X-ray photoeleclron spectra of a series of iso- 
structural tram-( Pl~~P)21r(L)C1 complexes, where L = 
Nz, CO, CS, PhZ, PhC=CPh, (CN)$=C(CN)2 were 
studied. Complexes were obtained according to the 
procedures described in.5-R Data on Ir4f7,2-electrons 
spectra of the compounds investigated are summariz- 
ed in Table II. 

Since the binding energy should increase with the 
decrease of electron density on Ir, it follows from 
the data above that in the series of the compounds 
studied dinitrogen ligand is more strong electron 
acceptor than PhJP, CS, and PhC=CPh and less 
strong one than tetracyanoethylene. The acceptor 
capacity of NZ ligand is not less than that of CO 
or slightly exceed it. 

It is of interest that (PhxP)Jr(N$Zl was shown by 
Collman et al.’ to escape the oxidizing addition reac- 
tion with HZ unlike (PhJP)2Ir(CO)Cl. This is in 
agreement with the fact that the reaction rate of HZ 
with square Ir complexes decrease with the electron 
density on the central atom.’ 

(5) I.P. Coltman, M. Kubota. F.D. Vastine, I.Y. Sun. and I.W. 
Kang, I. Am. Chem. Sot.. 90. 5430 (1968). 

(6) I.P. Collman and I.W. Kang. I. Am. Chem. Sm.. 8Y. 844 (1967). 
(7) P. Uguagliati, G. Deganello, L. Busetto. and U. Belluco, Inorg. 

Chem.. 8. 1625 (1969). 
(8) M. Kubota and C.R. Carey. 1. Orgonomelul. Chmt., 21. 491 

(1970). 
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Table II. Binding energies of Ir4fl,@ectrons (ev). 

No. 

:. 
3: 
4. 
5. 
6. 

Compound lr4f7,, 

(PhlP)JrCI 60.6 
(Ph,P)Jr(CS)CI 61.2 
(Ph,P)J r(PhCsCPh)Cl 61.4 
(Ph,P)Jr(CO)CI 61.6 
(Ph,P)Jr(N,)CI 61.8 
(Ph,P),lr[(CN),C=C(CN),]CI 62.7 

Electron density on the transition metal atom in 
complexes is generally ascribed by the competition 
of t--donor and n”-acceptor interactions between li- 
gand and metal. The first leads to increase of the 
electron density on metal, the latter favours its de- 
crease. The X-ray photoelectron spectroscopy does 
not permit the contribution of each of these effects 
to be determined separately, but in the most interest- 
ing ca:es of Nz a~?cl CO it is possible to correlate our 
results with the data on the relative n-acceptor and 
a-donor capacity of these ligands obtained by other 
methods. 

It has been showntO-” that molecular nitrogen is 
both the weaker u-donor and the weaker n-acceptor 
than carbon monoxide. On the other hand CO ligand 
is usually considered to be totally an electron accep- 
tor, i.e. in this case the x*-acceptor interaction makes 
the greater contribution to the binding with metal 
than the a-donor one. That fact that Nz according to 
our data is slig!ltly stronger acceptor (in overall) 
than CO, may indicate that the contribution of d-+- 
interaction to the formation of M-N2 bond is probably 
still greater than to M-CO bond formation. 

It should bc noted that comparison of the total 
donor-acceptor ability of Nz with that of CO, drawn 
by different methods for various compounds gives 
diverse results. 

Thus Sellman’5-‘7 has detected in H’-NMR spectra 
of complexes GH5Mn(C0)2L, CsHsRe(CO)rL, and 
GHKr(CO)?L (L = N1) an aromatic ring protons 
shift of 3-12 Hz to a stronger field in comparison 
with those of complexes where L = CO. He came 

(9) W. Strobmeier and T. Onada. Z. Naturforsch., 236. 1527 (1968). 
(IO) I. Chat. D.P. Melville. and R.L. Richards, 1. Chem. Sm. 

(A). 2841 (1969). 
(I I) Yu.G. Borod’ko and A.E. Shilov, Uspekhi E;him.. 38. 780 (1969). 
(12) D.I. Darcnsbourg and C.L. Hyde, Inorg. Chem.. IO. 431 (1971). 
(13) G.M. Bancroft. M.I. Mays, and B.E. Pratcr. Discussim /-‘am 

day SW., 47, 140 (1969). 
(14) K.G. Caulton. R.L. DcKock. nnd R.F. Fenskc. I. Am. Chem. 

SW., 92. 515 (1970). 
(15) D. Sellmann, Angew. Chern.. 83. 1017 (lY71). 
(16) D. Sellmann, 1. Organomrful. C/rem.. 36. C27 (1972). 
(17) D. Sellmann and G. Maisel, Z. Nafctrforsch.. 27b. 465 (1972). 
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to a conclusion that NZ is so or less effective electron 
acceptor than CO. 

On the other hand, having analysed the Miissbauer 
spectra of cationic complexes [FeH(L)(Et2PCH2CH2- 
PEt&]BF, where L = N2 or CO, Bancroft et ~1.‘~ 
showed that NZ is poorer (x+cr) ligand, but better 
(Z--CT) one. These results indicate that in this case 
x-acceptance relative to c-donation is more important 
in NZ complex than in CO one. 

It is of interest that the better acceptor capacity 
of Nz in comparison with CO manifests itself also in 
some compounds having these groups covalent bond- 
ed with other atoms. For example it is evidenced by 
the data on X-ray photoelectron spectra of [NNN]- 
and [OCN]- ions,19 which may be considered as 
“complexes” of Nz and CO with N-.2o The Nls- 
electrons binding energies of the terminal nitrogen 
atom in these compounds are equal to 399.3 eV and 
398.3 eV respectively, i.e. the. electron density on 
this nitrogen atom is less in the first case. Similar 
data have been obtained also for NtO and C0z.Z’ 
The Ols-electrons binding energy for 0 =N= N is 
equal to 541.2 eV and for O=C=O to 540.8 eV. 

Thereafter it should be admitted that donor-accep- 
tor properties of N: and CO may depend on the na- 
ture of central atom and surrounding ligands. 

2. Nls-spectra. The Nls-spectra analysis permit a 
conclusion to be drawn about the influence of coordi- 
nation on the electron density distribution over nitro- 
gen atoms in dinitrogen complexes and about the 
character of dinitrogen coordination with central 
atom. 

Thus in a spectrum of (Ph3P)Jr(Nz)Cl a very wide 
Nls line with slight splitting into two components 
is observed. It can be considered as a superposition 
of two peaks at 399.9 eV and 401.5 eV. 

tPh:P)Ko(Nt)H complex (prepared according? gi- 
ves a wide Nls line \kith a maximum at 400.1 eV and 
3.3 eV half-width. (PhlP)3Fe(Nz)H2 (prepared accord- 
ing=) gives a line with a maximum at 400.2 eV and 
3.2 eV half-width. Analysis of the wide spectral band 
gives the Nls values for (PhjP)Ko( Nz)H equal to 
399.4 eV and 400.8 eV and for (Ph1P)3Fe(N?)H2 
equal to 399.5 eV and 400.9 eV. 

The data demonstrate the nonequivalence of N- 
atoms in these complexes which agrees with the di- 
nitrogen linear coordination of M=NgN type. It 
should be pointed out that while for (PhjP)&o(Nz)H 
there is the direct X-ray diffraction evidence of M-N2 
fragment linearity, 24 for (PhaP)Jr(N$l and (PhjP)J- 
Fe(N2)H2 the Nz coordination is considered linear on 
the basis of indirect data on integral intensity measu- 
rements of VN-N band in IR spectra.” Thus, the X- 
ray photoelectron spectroscopy data are the convinc- 
ing evidence of such a conclusion. 

(18) G.M. Bancroft, R.E.B. Garrod, A.G. Maddock, M.I. Mays. 
and B.E. Prater. /. Am. Chem. Sot.. 94, 647 (1972) 

(19) D.N. Hendrickson. J.M. HoBander. and W.L. Jolly. fnorg.. 
Chem.. 8, 2642 (1969). 

(20) K.F. Purcell. Inorg. Chim. Actu, 3, 540 (1969). 
(21) K. Siegbahn cf 01. xESCA Applied to the Free Molecules*. 

Amsterdam, 1969. 
(22) A. Misono. Y. Uchida, T. Saito, M. Hidni, and M. Araki. 

Inorg. Cltem., 8. 168 (1969). 
(23) Yu.G. Borod’ko. M.O. Broitman, L.M. Knchapina, A.K. Shi- 

low, and A.E. Shilov, Zh. Strukf. Khim.. 12. 545 (1971). 
(24) J.H. Enemark, B.R. Davis, I.A. McGinnety. and I.A. Ibers. 

Chem. Comm., 96 (1968). 

Nls-spectra of different diazonium salts, diphenyl- 
diazomethane, p-quinondiazide and P-naphthylazide 
were taken to be compared with those of dinitrogen 
complexes. All these compounds had been obtained 
solid according to the known procedures just before 
taking their spectra. Diphenyldiazomethane and B- 
naphthylazide show in the spectra two resolved peaks. 
Other diazocompounds investigated show a broad line 
with half-width of 3.2-3.6 eV. The resolution of this 
line in two components allows the Nls values with 
an accuracy of f0.2 eV to be estimated. 

Additionally the N Is-spectrum of sodium azide 
was taken. Our results for NaN3 as well as for 
PhNzBF, are in good agreement with the literature 
data 2,19,25 

Nis-lines maxima in spectra of Ir’, Co’, and Fe” 
dinitrogen complexes, diazocompounds and azides as 
well as values of vNZN in IR spectra of these com- 
pounds are given in Table III together with the lite- 
raturc data on Re4.25v27 end Ru25 dinitrogen complexes. 

From data in Table III it follows that the specific 
feature of the dinitrogen complexes under conside- 
ration, which distinguishes them from aromatic and 
aliphatic diazocompounds and azides, is the higher 
electron density on the dinitrogen fragment. 

It should be noted that NN bond stretching vibra- 
tion frequency in these compounds tends to decrease 

Table III. Nls-electrons binding energies and NN bond vi- 
bration frequencies of dinitrogen complexes, diazocompounds 
and azides. 

No. Compound E,,.(eV) YNEN 
(cm-‘) 

: : 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 

(Me,PhP),Re(NZ)CI a 
(MePhZP),Re(NI)CI * 
( PhlPCH,CH,PPhJIRe( N,)CI (t 
[(Me,PhP)rRe(NZfCI]FeClr c 
([~~~JICC~~~~;1PPh,)2Re(N,)C11FeClrC 

(Ph:P):Fe(N2\HZ 
(PhlPhIr(NZ)CI 
[(diars)lRu(Nj)CI]PFsd 
PhEN, 
/J-OC~H,N~ 
NaN, c 
f3-C,oH,N, e 
p-HOGH,N,HSO, 
/KH~OCaH,NzHSOa 
IIFSO,CaH,Nz 
p-SO,CeH,N, 
PhNzHSO, 
PhNzBF, 

398.4 400.1 
398.5 400.1 
398.8 400.9 

400.1 
400.3 

399.4 400.8 
399.5 400.9 
399.9 401.5 
400.7 402.3 
400.8 402.9 
401.5 402.9 
399.3 403.7 
401.3 404.4 
402.7 404.2 
403.0 404.5 
403.5 404.9 
403.5 404.9 
403.7 404.9 
403.1 404.9 

1922 
1939 
1980 
2000 
2060 
2085’ 
2074 
2105 
2130 

2110 
2140 
2115 
2235 
2255 
2280 
2285 
2294 
2296 

20. PhNzBF, ’ 403.8 405.1 2296 

(1 Data from ref. 26. * Data from ref. 27. C Data from ref. 
26. Broad line with 3.5 eV half-width. It is considered 
as an unresolved doublet with components separated by 
about 1 eV, but the exact values of these components have 
not been calculated. d Data from ref. 25. Formula (diars&- 
Ru(NXI, which is printed in=, is not correct (see ref. 28). 
Diars = o-phenylenebis(dimethylarsine). e The ratio of two 
peaks intensity is 2: 1. f Data from ref. 25. 

(25) P. Finn and W.L. Jolly, fnorg. Chem., 11, 1434 (1972). 
(26) G.J. Leigh, in: ax-Ray Photoelectron Spectroscopym. lnterna- 

tional Symposium. Ziirich. 1971. p. 52. 
(27) V.I. Nefcdov. M.A. Porai-Koshlts, 1.A. Zakharova. and M.E. 

Diatkinu. Dokl. Akud. Nuuk SSSK. 202, 605 (1972). 
(28) P.G. Douglas. R.D. Felthnm, and H.G. Meager, /. Am. Chem. 

sot.. Y3. 84 (1971). 
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with increasing of electron density on Nz fiagment. 
It points to the ir.crease of d-x*-interaction participa- 
tion in NN bond loosing. 

Unfortunately the X-ray photoelectron spectroscopy 
permit neither the atom effective charge nor even its 
sign from Ebind value to be estimated precisely. It is 
a consequence of the different accuracy of charge 
calculation by different methods and the relative cha- 
racter of the effective charge determination itself. 
Nevertheless with the limited accuracy such a corre- 
lation between Ehilld and atom charge can be per- 
formed. Thus Siegbahn et d2 correlated the Nls 
values of numerous compounds with nitrogen atoms 
charges in these compounds, calculated by Pauling 
method. Hendrickson et al.” made use of charges 
calculated by extended Hiickel and CNDO methods. 
The slope of the correiation line and the position of 
the neutral nitrogen atom depend on the method of 
calculation. Th: range of Nls values for neutral 
nitrogen atom lays according to these calculations 
between 399-401 eV. It should be noted however 
that Nls binding energy of negativ charged terminal 
atoms in NJ- anion is equal to 399.3 eV. 

It may be concluded from the data in Table III 
that in organic diazocompounds nitrogen atoms bear 
positive charge while in most of dinitrogen complexes 
at least one of nitrogen atoms is negative charged. 

Of course, it is to be taken in account that electron 
density on the dinitrogen fragment in complexes must 
depend on nature and oxidation state of central atom 

and on surrounding ligands. Actually, the Nls va- 
lues of Ru” cationic dinitrogen complex trend to 
those of diazocompounds. On the whole, however, 
for complexes of molecular nitrogen more typical 
seems to be the negative charge, at least on one of 
nitrogen atoms. 

Thus the molecular nitrogen complexes on one 
hand and diazocompounds and azides on the other 
differ in electron density distribution on nitrogen 
atoms which is probably one of the reasons of their 
different chemical reactivity. Unlike the diazocom- 
pounds, an attack of reducing agents, such as H- and 
R-, to the dinitrogen Iigand of transition metal com- 
plexes should be hindered and directed to the metal. 
This may result in dinitrogen ligand displacement 
out of the coordination sphere. 

Marc preferable for the dinitrogen ligand in com- 
plexes should be the reactions with electrophilic 
agents. This conclusion is in agreement with very 
interesting findings of Chatt et uZ.,~-” that in some 
dinitrogen mononuclear Re’, MO’, W’, and OS” com- 
plexes dinitrogen ligand displays basic properties, 
Lewis and protic acids added to the terminal nitro- 
gen atom. 

(29) I. Chatt. I.R. Dilworth, G.I. Leigh, and R.L. Richards, Chm. 
Comm., 955 (1970). 

(30) I. Chatt, GA. Heath. and G.I. Leigh, Chem. Cornm., 444 
(1972). 

(31) I. Chntt. R.ll. Cmbtrcc. and R.L. Richnrds, UIOII. Cornm., 
534 (1972). 

(32) I. Chatt, GA. Ilcalh, and R.L. Richards, Clrertt. Corrm. 1010 
(1972). 
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