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The photochemistry of the following azide complexes in organic solvents has been investigated: [Au(N;),]~, [Au(N;),]~, [Ag(PPh;),N;],

[Pt(N3)s]*~, [Pt(N3),]*~, [Pd(N3),]>~, and [Pd,(N;)s]>~. All complexes underwent a photochemical reduction of the metal and oxidation

of azide upon ligand to metal charge transfer excitation. The photolysis of the complexes with the metals in the lower oxidation states

(Au(I), Ag(I), Pt(II), Pd(IT)) led ultimately to the generation of free metals which form colloids. These colloids were characterized by their

absorption spectra which showed the typical plasmon bands in the case of gold and silver. Pt(0) and Pd(0) produced during the photolysis

can be intercepted with allyl chloride to form [Pt(rn-allyl)Cl], and [Pd(n-allyl)CI],. Most photoreactions took place with rather large
quantum yields.

Introduction

The photochemistry of transition metal azide complexes
has been investigated extensively [1 —25]. Almost any azide
complex seems to be light sensitive regardless of the metal
and its oxidation state. Three types of photoreactions were
observed. In a few cases the azide ligand undergoes a pho-
tosubstitution [15, 16]. Oxidizing metals are frequently pho-
toreduced by the azide ligand while the photolysis of azide
complexes of other metals leads to the generation of coor-
dinated nitrenes. The interdependence of these reaction
modes was the subject of several studies [12, 13, 17, 19, 22,
25].

Suitable complexes which contain more than one azide
ligand may undergo multielectron photoreduction of metal
ions in higher oxidation states. Photochemical reductive
eliminations are typical reactions of this type [20, 21, 23,
24]. Homoleptic azide complexes are good candidates for
such studies [24]. The photoreaction of appropriate hom-
oleptic azide complexes containing oxidizing metal centers
may finally yield the metal in the oxidation state zero. In
the absence of m-accepting ligands naked metal atoms
should be formed first.

Since the metal atoms are very energy rich they are ex-
pected to react with the medium or agglomerate to clusters
and larger particles [26, 27]. In contrast to thermal reduc-
tions of metal compounds the photochemical generation of
the metallic state can be controlled much better by a suitable
choice of temperature, light intensity, and other reaction
parameters. The photoformation of free metals may also be
an interesting alternative to the metal-vapor cocondensation
technique [28 —30]. Although the latter method is widely
applicable it requires sophisticated instrumentation. In con-
trast, the photogeneration of free metals seems to be a very
simple procedure to generate metal atoms or clusters under
a variety of experimental conditions including low-tempera-
ture matrices. By time-resolved spectroscopy it may be pos-
sible to study the mechanism of conversion of metal atoms
to smaller clusters, larger clusters and metal colloids under

ambient conditions.
" The photogeneration of small metal particles under well-
controlled conditions is certainly also of interest with regard

to heterogeneous catalysis [31]. It should be possible to
prepare bimetallic particles which are not easily obtained
by other methods. The deposition of metals on semicon-
ductor materials can be carried out photochemically. New
processes of electroless metal deposition as applied to the
production of electronic devices may be developed on the
basis of the direct photoreduction to the metallic state.

Although some photoreactions which yield free metals in
homogeneous solutions are known [5, 24, 32 —34] this in-
teresting and important part of inorganic photochemistry
has not yet been advanced very much. The present study
describes the photogeneration of gold, silver, platinum, and
palladium by the photolysis of azide complexes. As an im-
portant feature the metals are formed in non-aqueous sol-
vents. This extends the range of possible applications. No
attempt was made to detect and characterize reactive inter-
mediates which are formed in the photolysis. However, it is
anticipated that our contribution will stimulate further in-
vestigations in this direction.

Experimental Section
Materials

The salts [N(C4Ho)J[Au(Ns)i], [N(cetyl)(CH3);1[Au(N;).],
[N(CsHo)s J[Au(N3),], [N(C4Ho)elo[Pt(N3)s], [N(CyHo)slo[Pt(N3)a],
[N(C4H,);1,[Pd(N3),], and [N(C4Hg),1,[Pd(N3)s] were prepared as
described by Beck et al. [4]. However, according to this report the
complex anions were isolated as [As(C¢Hs),]* salts. Since this cat-
ion absorbs in the UV region it interferes with the spectra and
photochemistry of the complexes. For this reason all complex an-
ions were isolated as salts of the non-absorbing counter ions
[N(C4Ho),]* or [N(cetyl(CH3);]* [35]. The neutral complex
[Ag(PPhs),N;] was also synthesized according to a published pro-
cedure [9]. The electronic absorption spectra agreed well with those
reported previously [4, 35]. In some cases ([N(C;Ho)s]J[Au(N3)4],
[N(C4Ho)sJo[Pd(N3)s], [N(C4Hg)slo[Pdo(N3)s], [Ag(PPh;),Ns]) the
purity of the compounds was confirmed by elemental analysis.

Caution:

All metal azide compounds are potentially explosive [4]. This is
particularly true for the alkali salts of the complex anions described
above. The alkali salts tend to explode even if they are wet. This
tendency is greatly reduced if the azide complexes are isolated as
salts with large organic cations such as [N(C4Hy),]*. Further pre-
cautions are mentioned in the paper by Beck et al. [4].
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All solvents used in the photochemical experiments were spectro
grade.

Photolyses

The light sources were an Osram HBO 100 W/2, an Osram HBO
200W/2, an Osram XBO 450 W/4, and a Hanovia Xe/Hg 977 B-1
(1000-W) lamp. The following Schott cut-off filters were used to
avoid short-wavelength irradiation: WG 305, WG 335, GG 395.
The Schott broad band glass filter UG 11 limited the irradiation
to wavelengths from 270 to 380 nm. The following Schott interfer-
ence filters PIL were used for the irradiation at selected wave-
lengths: 254, 313, 333, 366, 405, and 436 nm. When the photolysis
was carried out with the xenon lamp monochromatic light was
obtained by means of a Schoeffel GM 250-1 high-intensity mon-
ochromator. The photolyses were carried out at room temperature
in 1-cm spectrophotometer cells. For quantum yield determinations
the complex concentrations were such as to have essentially com-
plete light absorption. The total amount of photolysis was limited
to less than 5% to avoid light absorption by the photoproduct.
Absorbed light intensities were determined by a Polytec pyroelectric
radiometer, which was calibrated and equipped with a RkP-345
detector.

Progress of the photolysis was generally monitored by UV-visible
spectrophotometry using a Varian-Techtron Super Scan 3 record-
ing spectrophotometer or a Kontron Uvikon 810 spectrophoto-
meter. The nitrogen which was evolved in the photolysis was de-
termined by gas chromatography (Perkin Elmer GC 8500). A sealed
GC glass tube (6 mL volume) which contained 1 mL of solution of
the complex was irradiated. A gas sample was then drawn from the
head space and injected in the GC instrument. The measured
amount of N, was compared with that of blank samples kept in
the dark. Since the GC glass tubes transmitted light only at
A > 280 nm photolyses which required shorter-wavelength irradi-
ation ([Au(N3),]~, [(PPh;),AgN;], [Pt(N3),]*~) were carried out in
an optical quartz cell (3 mL). This cell was connected to a constant-
pressure gas buret. The following stochiometric N, to metal ratios
were found (experimental error +10%): [Au(Ns)]™: 3.2; [Au-
(N3)]17: 1.6; [(PPhs),AgNs]: 1.4; [Pt(Na)e]* : 3.15 [Pt(N3) "2 2.7;
[Pdy(N3)e]*~: 3.0; [PA(N3),]*~: 29.

Results
Gold

Upon irradiation (4, = 333 nm) or [Au(N;),]~ dissolved in te-
trahydrofurane, acetonitrile, and other organic solvents spectral
changes (Fig. 1) were observed indicating a clean conversion to
[Au(N;),]~ which has an absorption maximum at 218 nm. The
irradiation was accompanied by the formation of molecular nitro-
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Fig. 1
Spectral changes during the photolysis of 4.75-107° M [Bu,N]-
[Au(N;),] in CH;CN at (a) 0 and (g) 5 min irradiation time, A, =
333 nm, 1-cm cell

gen. Since [Au(N3),]~ absorbs only below 320 nm the photolysis
can be driven to completion. The disappearance of [Au(N3),]~ was
followed by measuring the decrease of extinction at the band max-
imum of [Au(N3),]~ (4 = 331 nm). In CH;CN as solvent the pho-
tolysis (A = 333 nm) took place with a quantum yield of ¢ =
0.51.

The photolysis of [Au(N;),]~ which took place in a variety of
organic solvents, required light of very short . wavelength
(<320 nm). The irradiation led to the formation of nitrogen, free
azide, and colloidal gold. The accompanying spectral changes are
shown in Fig. 2. The new band at 540 nm is the characteristic
plasmon absorption of colloidal gold [36—39]. It appeared much
more pronounced upon photolysis of [Au(N3),]~ at higher concen-
trations. Further remarkable features of the photoproduct appear
below 240 nm. Narrow bands can be recognized at A, = 204,212,
227, and 238 nm. The disappearance of [Au(N;),]~ was determined
by measuring the drop of extinction at the absorption maximum
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Fig. 2
Spectral changes during the photolysis of 1.29-10~* M [Bu,N]-
[Au(N3),] in CH;CN at (a) 0 and (e) 30 min irradiation time, white

light, 1-cm cell .
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Fig. 3

‘Spectral changes during the photolysis of 8-10~* M [Bu,N]-

[Au(N;),] in DMF at (a) 5 and (g) 80 min irradiation time, white
light, 1-cm cell
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of [Au(N;),]~ (4 = 218 nm) taking into account a residual ab-
sorption of the photolysis product of ~ 30%. The disappearance
quantum yield of [Au(N;),] ™ in acetonitrile was ¢ = 0.20 at 4, =
254 nm.

The photochemical formation of colloidal gold was studied in
more detail. In most cases it was produced by the irradiation of
[Au(N;),]~ with white light. It follows that the photolysis of
[Au(N3);]~ was followed by the secondary photolysis of [Au-
(N3);]~. A typical example is the photoreaction of [Au(Ns),]~ in
DMF. The color of the colloidal gold changed from red to violet
and finally blue during the photolysis. The accompanying spectral
changes are shown in Fig. 3. When [N(C,Ho)s]J[Au(N3),] which was
used in most experiments was replaced by the [N(cetyl(CH);]*
salt it was possible to dissolve the complex in solvents of very low
polarity such as ether, CCl,, and toluene. Even in those solvents
the photolysis led to the appearance of the plasmon absorption of
colloidal gold.
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Fig. 4
Electronic absorption spectrum of 6.87- 1075 M [Ag(PPh,),N;] in
CH3CN
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Fig. 5

Spectral changes during the photolysis of 1 -10~* M [Au(PPh;),N;]
in DMF at (a) 2 and (¢) 10 min irradiation time, white light, 1-cm
cell

Silver

The complex [Ag(PPh;),N;] was light-sensitive in a variety of
organic solvents. According to the absorption spectrum of this com-
pound (Fig. 4) the photolysis required light of wavelength below
330 nm. The irradiation led to the evolution of nitrogen, the release
of PPhs, and the deposition of metallic silver. Free PPh; was de-
tected by its fluorescence at A,,x = 450 nm. For quantitative anal-
ysis the photolyzed solution was evaporated and the residue ex-
tracted with hexane. Only PPh; but not the complex are soluble in
hexane. The concentration of PPh; was determined spectrophoto-
metrically at its absorption maximum (A, = 260 nm; ¢ = 10000).
In acetonitrile as solvent the quantum yield for the release of PPhs
was ¢ = 0.06 (X, = 253 nm). The photolysis was also associated
with changes of the absorption spectrum of [Ag(PPh;),N;]. How-
ever, these spectral changes were small since the absorption spectra
of the complex and free PPh; are very similar. The decrease of
absorption around 250 nm which was observed during the pho-
tolysis is partially due to a secondary photolysis of free PPh;.

The photolysis of [Ag(PPh;),N;] led to the deposition of metallic
silver in various forms. Depending on parameters such as the sol-
vent, complex concentration, and light intensity the silver formed
a mirror at the cell wall, larger particles which were suspended or
precipitated out, or a colloid. The formation of colloidal silver was
monitored by its plasmon absorption above 400 nm (Fig. 5)
[37—41]. In later stages of the photolysis or upon standing of the
photolyzed solution new absorption bands appeared at longer
wavelength. This red shift of the plasmon absorption was associated
with color changes of the solution from yellow to reddish and green-
ish. In chlorinated solvents such as CH,Cl, and CHCI; the plasmon
bands were very broad with maxima at rather long wavelength
(~ 700 nm) even in early stages of the photolysis.

Platinum

Solutions of [Pt(N3)s]*~ in acetonitrile were not light-sensitive
upon long-wavelength irradiation (4;, > 400 nm). When the irra-
diation was carried out with light of wavelength shorter than
400 nm an efficient photolysis took place. The evolution of nitrogen
was observed. The spectral changes during the photoreaction
(Fig. 6) indicated a clean conversion to [Pt(N3),]>~. At the isosbestic
points at 259, 224, and 213 nm the starting complex [Pt(N3)s]*~
and the product [Pt(N3);]*>~ have the same extinction coefficients.
The consumption of [Pt(N3)s]*~ was monitored at 305 nm. At this
wavelength the extinction of [Pt(N;);]*~ was neglected since it was
much smaller than that of [Pt(N3)s]*~. At Ay, = 313 nm [Pt(N3)s]*~
disappeared with a quantum yield of ¢ = 0.053.

Solutions of [Pt(N;),]*~ are light-sensitive, too. The photolysis
of [Pt(N3),]>~ in acetonitrile (4, < 300 nm) led to the evolution of
nitrogen and the release of azide which was detected as Fe(III)
complex (Ane, = 460 nm, ¢ = 3680) [42]. The photoreaction was
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Fig. 6
Spectral changes during the photolysis of 3.85-107° M [Bu,NJ,-
[Pt(N;)s] in CH;CN at (a) 0 and (f) 10 min irradiation time, A, =
313 nm, 1-cm cell
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accompanied by spectral changes as shown in Fig. 7. When the
photolysis was complete the product showed a continuous absorp-
tion which started in the visible region and increased steadily to-
wards shorter wavelength. At higher concentrations of the complex
(c > 1073 M) this absorption led to the typical brownish color of
the photolyzed solution. The disappearance of [Pt(N3)s]*~ was fol-
lowed by measuring the drop of extinction at its absorption max-
imum (Ay, = 255 nm, ¢ = 22500) taking into account the residual
absorption of the photolysis product at this wavelength (¢ = 8600).
At A = 254 nm [Pt(N;),]*~ disappeared with § = 0.41.
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Fig. 7
Spectral changes during the photolysis of 9.42-107> M [Bu,N]»-
[Pt(N3)s] in CH;CN saturated with argon at (a) 0 and (e) 60 min
irradiation time, A, = 253 nm, 1-cm cell

When 5-1073 M [Pt(N3),]*~ in acetonitrile was photolyzed
(Aier > 280 nm) in the presence of 5 M allylchloride the complex
[CsHsPtCl], [43] was formed as photoproduct. This compound
which precipitated during the photolysis was identified by com-
parison of its UV and IR spectrum with those of an authentic
sample (IR: ve_c = 1488 cm ™! [44]; UV: Jpax = 350 nm; ¢ = 700
and Ay, = 297 nm, ¢ = 1050). .

Palladium

Solutions of [PA(N3)s]*~ (Amax = 324 nm; ¢ = 17700) in aceto-
nitrile were thermally not stable. The complex was converted to
[Pdy(N3)s]*™ (Amax = 329 nm; ¢ = 22500). This conversion was ac-
companied by spectral changes which showed clear isosbestic points
at 238, 263, 287, 366, and 426 nm. During later stages of this thermal
reaction the binuclear complex underwent further reactions as in-
dicated by the loss of these isosbestic points. In the presence of an
excess of free azide the conversion of [Pd(N3),]*~ to [Pd,(N3)]*~
was supressed.

The irradiation of [Pd,(N3)s]*~ (A4 = 313 nm) in acetonitrile led
to an efficient photolysis which was accompanied by the evolution
of nitrogen. The spectral changes which were observed during the
photolysis of solutions saturated with argon are shown in Fig. 8.
The final spectrum consists of a continuous absorption which in-
creased towards the UV. The disappearance of [Pd,(N;)s]*>~ was
followed by measuring the decrease of the extinction at its absorp-
tion maximum (A, = 329 nm) taking into account the residual
absorption of the photolysis product at this wavelength (¢ = 6500).
At Ay = 313 nm [Pdy(N;)s]*~ disappeared with ¢ = 6.5-107>,
When the solution was not deaerated the spectral changes indicated
the photochemical formation of another product which does not
absorb in the visible region. This photoproduct shows a maximum
Amax = 273 nm which disappeared upon prolonged irradiation.

The photolysis of [Pd(N3)s]*~ (4 = 313 nm) led in the begin-
ning to the formation of [Pdy(N;)s]*~. The accompanying spectral

changes were the same as those observed during the thermal re-
action. This photoconversion was monitored by measuring the ex-
tinction at 324 nm (¢ = 17700 for [Pd(Ns),]>~ and 11050 for
[Pd,(N3)s]*"). The quantum yield for this reaction was 6 = 0.019.
However, in distinction to the thermal reaction the photolysis of
[Pd(N;),]1*~ led to a loss of the isosbestic points at 237, 260, 298,
370, and 420 nm already in early stages. Finally, the product
showed the same spectrum as that of the photoproduct of the bi-
nuclear complex.
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Fig. 8
Spectral changes during the photolysis of 6.44-107° M [Bu,N],-
[Pd,(N3)e] in CH3CN saturated with argon at (a) 0 and (f) 10 min
irradiation time, A, = 313 nm, 1-cm cell

If the photolysis (A;; = 313 nm) of [Pd(N;),]*~ was carried out
in the presence of an excess of free azide (~ 10~ M) the formation
of [Pd,(N3)s]*~ was not observed. The spectra of the photoproducts
which were obtained in the presence and absence of air were very
similar to the final spectra of the photolysis of [Pdy(N3)s}*~ under
the same conditions. However, the photoreaction of [Pd(Ns),]*~
was much slower (¢ = 1.2-107%) in the presence of free azide than
that of the binuclear complex (¢ = 6.5-107%).

The irradiation (A;; > 305 nm) of [Pd(Ns),]*>~ in deaerated ace-
tonitrile in the presence of allyl chloride led to the formation of
[(C;H5)PACl],. After 30 min of irradiation the solvent and un-
reacted C;H;Cl were removed by evaporation. The absorption spec-
trum of the residue dissolved in CH;CN showed clearly the presence
of [(C3Hs)PdCI]; (Amax = 325 nm, ¢ = 1432; 280 nm, 1326; 245 nm,
3214) [45]. The spectrum was identical with that of an authentic
sample of the complex [46].

Discussion
Gold

The absorption spectrum of [Au(Nj),]~ (Fig. 1) is char-
acterized by intense bands at A, = 228 nm (¢ = 14500)
and 331 nm (¢ = 23900) which are assigned to ligand to
metal charge transfer (LMCT) transition [4, 35]. Ligand
field (LF) bands of much lower intensity occur at longer
wavelength. Upon LMCT excitation the complex undergoes
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an efficient reductive elimination according to the equation
[477:

[Au™(N3),]~ — [Au'(N3),]~ + 3N,.

The oxidative cleavage of two azide ligands from[Au(N;),]~
does apparently not occur in a concerted process which was
observed for the photolysis of [Pt(PPh;),(N3),] [23]. Beck
and Schorpp found evidence that the irradiation of
[Au(N;),]~ proceeds via the intermediate formation of azide
radicals [5].

The complex [Au(N3),] ~ absorbs only below 320 nm. LF
bands cannot appear since Au(l) has a filled d shell. The
intense absorption at A,,, = 218 nm (¢ = 15500) is assigned
to LMCT transition which terminates in the 6 s orbital of
Au. This assignment is also supported by the photochem-
istry of [Au(N3),] .

LMCT excitation of [Au(N3),]~ leads to an efficient pho-
tolysis according to the equation:

[Au'(N3),]~ — Au®+ 1.5N, + Ny,

Metallic gold is formed as a colloid which is characterized
by the plasmon absorption [36—39]. This band which ap-
pears above 500 nm causes the typical colors of colloidal
gold. These may be red, violet or blue depending on the
position of the plasmon absorption. According to the Mie
theory this position is determined by the size and shape of
the colloidal particles, the number of particles per volume
unit and the dielectric properties of the surrounding medium
[36 —39]. The band halfwidth is then also a function of the
size distribution. By changing the experimental conditions
(e. g. solvent, complex concentration, light intensity) the plas-
mon absorption can be shifted over a large wavelength re-
gion. Simple correlations are not apparent. As a typical case
the evolution of the plasmon absorption during the pho-
tolysis of [Au(N;),]~ in DMF (Fig.3) is discussed shortly.
The first gold particles which are relatively small give rise
to a plasmon absorption at Ay, = 525 nm. When the pho-
tolysis is continued the plasmon absorption becomes more
intense and is shifted to longer wavelength until a limit of
about 570 nm is reached. This red shift is an indication of
particle growth. In the later stages of the photolysis the
appearance of a new band at A, ~ 650 nm can be recog-
nized. It follows that new particles of much larger size are
now formed. The formation of these colloidal particles oc-
curs most likely by aggregation of the smaller particles.

The photochemical generation of colloidal gold was re-

ported before [34]. However, it is a unique advantage of the
procedure presented in this paper that colloidal gold can be
produced under well-controlled conditions in almost every
solvent including those which are of very low polarity such
as ether, toluene, and CCl,. This observation is certainly of
importance with regard to the catalytic properties of col-
loidal gold [48, 497].

It was not the aim of the present study to detect and
investigate intermediate stages of the metal aggregation be-
ginning from the generation of metal atoms. Nevertheless,
a few relevant observations should be mentioned here since
this subject is of great importance. It is assumed that metal

atom formation is followed by aggregation to smaller clus-
ters, larger clusters and so on. At some point there may be
a transition from molecular species to very small particles
which exhibit metallic properties [50]. The plasmon ab-
sorption is considered to be a criterion for the metallic state.
With regard to this problem the appearance of narrow ab-
sorption bands below 240 nm during the photolysis of
[Au(N3),]~ in CH5CN is certainly of interest (see results). It
is feasible that these bands belong to intermediates which
are of sufficient stability in dilute solutions under ambient
conditions. For example, gold cluster of various sizes would
be good candidates. It can be recognized that the general
pattern of the spectral features observed below 240 nm re-
sembles that of small gold clusters in noble-gas matrices at
low temperature [51]. Particularly, the appearance of the
two maxima at 204 and 211 nm is similar to that of the
intense short-wavelength bands of Au, molecules in an ar-
gon matrix (An., = 198 and 208 nm). Diatomic gold should
have a considerable stability due to its high bond-strength
(221 kJ mol~") [52] in analogy to the isoelectronic Hgl*
cation. However, upon evaporation of the solvent and re-
dissolution of the residue of the photolysis product the orig-
inal spectrum (Fig. 2) does not change. It does not seem
likely that diatomic gold would survive under these condi-
tions. The short-wavelength bands could therefore belong
to the colloidal gold particles. This may have been over-
looked in the past since this spectral region is usually ob-
scured by the medium, impurities or other substrates.

Silver

Homoleptic azide complexes of silver do aparently not
exist. The complex [Ag(PPh;),N;] [9] was chosen as a suit-
able alternative to study the photochemical behavior of the
Ag-N; moiety. The spectrum of [Ag(PPh;),N;] (Fig. 4) con-
sists essentially only of the intraligand (IL) absorptions of
PPh; (Anex = 250 nm, ¢ = 20000) which are slightly shifted
to higher energies when compared with the free ligand
(Amax = 260 nm, ¢ = 10000). However, the free ligand shows
a pronounced minimum at 241 nm, ¢ = which appears only
as a shallow minimum at 240 nm in the complex. It is as-
sumed that another band contributes to the intensity of the
IL absorption. The most probable origin of such a band is
a LMCT transition from the azide to the 5 s orbital of the
oxidizing Ag(I). This assignment is also supported by the
photochemical behavior of the complex.

Light absorption by [Ag(PPh;),N;] is thus assumed to
lead to the LMCT excited state either directly or via the
transitory population of the IL excited state of the coordi-
nated PPh;. The LMCT state initiates the photoredox re-
action according to the equation:

[Ag(PPh,),N;] — Ag® + 2PPh; + 1.5N,.

Under suitable conditions the metallic silver forms a colloid
which is characterized by its plasmon absorption [37—41].
As discussed for colloidal gold the precise position of this
band depends on various parameters. However, the evolu-
tion of the plasmon absorption at A, = 410 nm (Fig. 5)
indicates a rather uniform size distribution with an average
particle diameter of about 200 A. In addition, new bands
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appear at longer wavelength. This is certainly due to the
agglomeration to larger particles at later stages of the pho-
tolysis. In chlorinated solvents (e.g. CHCI;) the photolysis
of [Ag(PPh;),N;] leads immediately to rather large particles
and a larger distribution of different sizes. The photolysis of
[Ag(PPh;),N;] in CHCI; was observed before [9]. In this
study the photochemical formation of [Ag(PPh;)Cl], was
reported to occur. It seems rather reasonable that the silver
atoms which are formed in the primary step do not only
agglomerate but are reactive enough to abstract chlorine
atoms from solvents such as CHCI; in a competing reaction.
In less reactive solvents the agglomeration certainly prevails
or taken place exclusively.

The photoreduction of Ag™ in aqueous and alcoholic so-
lutions has been described previously [32, 34]. Nevertheless,
our results on the photolytic generation of colloidal silver
in non-aqueous solutions could be of particular value with
regard to catalytic applications [53].

Platinum

The electronic spectrum of [Pt(N;)s]*~ displays LF ab-
sorptions above 400 nm. Solutions of the complex are not
light-sensitive upon LF excitation. At shorter wavelength an
intense LMCT band (A, = 305 nm, ¢ = 36300) occurs
(Fig. 6). Upon LMCT excitation [Pt(N3)s]*~ underwent an
efficient and clean photolysis according to the equation [54]:

[PtY(N3))*~ — [Pt"(N3),1*~ + 3N,.

Similar photochemical reductive eliminations of other
Pt(IV) azide complexes were observed before [20, 21].

The complex [Pt(N;),]>~ show LF bands above 300 nm.
Light absorption by the LF bands does not cause any chem-
ical change. LMCT absorptions appear in the shorter-wave-
length region at Ay, = 255 nm (¢ = 22500) and 211 nm
(¢ = 24900). CT excitation leads again to a reductive elim-
ination [54]:

[Pt"(N3),]*~ — Pt°+ 3N, + 2Nj".

The absorption spectrum of the photolyzed solutions is ap-
parently due to colloidal platinum [55]. Sometimes the plat-
inum is not formed as the characteristic brownish colloid
but separates as larger particles which form a black suspen-
sion or precipitate out. In contrast to this observation the
photolysis of [Pt(PPh;),(N;),] was shown to generate
[Pt(PPh;),] by a reductive elimination [23]. It follows that
PPh; as a strong m-acceptor but not azide is able to stabilize
zerovalent platinum.

The platinum which is formed by the photochemical re-
ductive elimination of [Pt(N3),]>~ may not only agglomer-
ate to larger metallic particles but also react with suitable
substrates. The platinum atoms which are certainly very
reactive can be intercepted with allyl chloride under mild
conditions according to the equation:

4Pt’ + 4CHsCl — [C;HsPtCl], .

It is quite interesting that finely dispersed platinum powder
reacts apparently only with the more active allyl iodide [56].

A photochemical production of metallic platinum was re-
cently observed also by Cameron and Bocarsly [33]. It was
achieved by the irradiation of [PtCls]*~ in the presence of
alcohols as reductants. The overall process is thus a four-
electron reduction from Pt(IV) to Pt(0). This is quite anal-
ogous to the complete photolysis of [Pt"(N;)s]*~ which can
undergo two successive reductive eliminations yielding fi-
nally metallic platinum. The photoredox decomposition of
[Pt(N3)s]*~ or [Pt(N3),]*~ should be also a suitable method
to generate metallic platinum under well-controlled condi-
tions for catalytic applications in various areas including
photoreactions at semiconductor interfaces and photoge-
neration of hydrogen [55, 57].

Palladium

The absorption spectrum of [Pd,(Ns)s]*>~ in CH;CN con-
sists of a LF band at A, = 400 nm (¢ = 4800) and two
LMCT bands at Ap,, = 235 nm (¢ = 29500) and 329 nm
(e = 22500) [4] (Fig. 8). LMCT excitation leads to an effi-
cient reductive elimination according to the stoichiometry

[Pdy(No)]>~ — 2Pd +2N,+ 2Ny .

If the photolysis is carried out in acetonitrile saturated with
argon colloidal palladium is formed. This colloid with its
typical brown color [58] causes a characteristic absorption
spectrum which extends from the visible to the UV with an
increasing extinction (Fig. 8). In air-saturated solutions the
Pd colloid is not formed. Pd(0) is apparently intercepted by
oxygen. The photoproduct which is characterized by an ab-
sorption maximum at 273 nm may be a PdO, complex or,
more likely, another oxidation product which itself under-
goes further photodecomposition.

The electronic spectrum of [Pd(N3),]*~ in acetonitrile dis-
plays a LF band at A, = 410 nm (¢ = 1800) and two
LMCT absorptions at A, = 242 nm (¢ = 16400) and
324 nm (¢ = 17700) [4, 35]. The complex is thermally labile
in solution and undergoes a substitution which leads to the
formation of the binuclear complex according to:

2[PA(Ny), >~ — [Pdy(N3)s]*~ + 2Nj .

This reaction takes also place as an efficient photoreaction
upon LMCT excitation. It is feasible that the CT excited
state is deactivated to a lower-energy LF state which initi-
ates this substitution as a typical photoreaction of LF states.
LF excitation at longer wavelength (4, = >405 nm) leads
to the same result.

In the presence of an excess of free azide the mononuclear
complex [Pd(N3),]>~ in CH;CN is only slightly light-sen-
sitive. It is still possible that [Pd(N;),]*~ undergoes an ef-
ficient photosubstitution. However, the binuclear complex
is known to react rapidly with N3 to regenerate [Pd-
(N3)s]*>~. LMCT excitation of [Pd(N;),]*~ in the presence
of azide leads to the deposition of metallic palladium but in
very low quantum yields. The reductive elimination

[Pd(N3), >~ — Pd(0) + 3N, + 2Ny

may thus be a side process originating from the LMCT state.
As an alternative the formation of palladium could be also
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caused by the reductive elimination of [Pd;(N;)s]*~ which
might be always present in small amounts by the thermal
or photochemical substitution reactions of [Pd(N3),]*~ even
in the presence of free azide.

Upon addition of allyl chloride the photolysis of
[Pd(N;),]*~ or [Pdy(N;)s]*~ did not lead to the deposition
of palladium. The metal atoms as primary photoproduct are
apparently scavenged by allyl chloride to yield the well-
known allyl complex [46] according to the equation:

2Pd(0) + 2C;HsCl — [(C;Hs)PACL], .

Conclusion

It has been shown that ligand to metal charge transfer
excitation of the azide complexes [Au(N;),]~, [Ag-
(PPhy):Ns1, [Pt(N3).]*~, [Pd(N3)]*~, and [Pdy(N3))]*~
leads to the oxidation of the azide ligands and the reduction
of the metal ions to the metallic state in non-aqueous sol-
vents. Metal colloids which are of great interest for catalytic
applications can be generated under well-controlled condi-
tions by this procedure. It is also anticipated that these re-
sults provide a good basis for the study of the metal ag-
glomeration process under ambient conditions.
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