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ABSTRACT

Examination of the electronic spectrum of IrClé has
led to a reassignment of the electronic transitions in-
volved. The band at 206 nm, formerly assigned as the spin

allowed m to metal eg transition, is shown to be ltlu [g)=

Zeg(zz, xz ]. Low temperature spectra re-

2 1 1
~¥"3 1 Alg-’ Tlu

vealed the presence of additional features at 250 and 278

nm, These are ascribed to the lt (n)*Zeg (zz, xz-yz)

2u
1 2 “22 2, .1 3 .
B Tlu] and 1t2u (n)»Zeg (z%, x“-vy*) [ A1g+ Tlu] transi-

tions, respectively., Irradiation (X = 254 nm) of 1-12 M

g- yields IrClé' and H,. Since the

excited state populated at this wavelength has been shown to

1
(744
HC1l solutions of IrCl

be ligand to metal charge transfer in nature, the reactive
intermediate is proposed to be an Ir(II) species with a
chlorine atom still formally bound. Photolysis of the reac-

tion product, IrClé- in HC1l results in the formation of

W
6

length of excitation. The reactive state is again LMCT in

IrCl and Clz. This reaction prevails regardless of wave-
nature., Coupling of these reactions effects a reversible
photochemical hydrohalic acid splitting catalyst.

The photochemistry of Mo(III), Mo(IV), Mo(V) in aqueous
solution was investigated, and these ions were shown to be
photochemically inert, Structural characterizations via
Raman spectroscopy and X-ray ahsorption edge and EXAFS were

undertaken. The Mo(II) structure is shown to be g quadruply
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bound dinuclear species. The Mo(III) is singly bonded with
hydroxy bridges. Data for the Mo(V) ion are typical for
oxobridged dinuclear compounds. In strong acid, Mo(IV) is
shown to exist as a trinuclear species. As the pH of the
medium is increased, the Mo-Mo amplitude decreased, indicat-
ing possible cluster fragmentation. In basic solution, a
major structural change occurs. The presence of halide ions
had no effect on the spectra.

Rus(CO)12 reacts photochemically in the presence of
olefins, CO, and HZ to catalyze the hydroformylation reaction.

Typical yields are 1.5 x 1073

moles of aldehydes in a 2:1
linear to branched chain ratio. A heterogeneous catalyst

can also be effected by photoinduced fragmentation of the
cluster in the presence of PV4P, Attachment of a Ru-CO
moiety was confirmed by IR and elemental analysis. The first
step in catalyst activation was shown to be formation of
Ru(CO)4olefin with a quantum yield of 0.03 for l-pentene.
Subsequent steps involved formation of a hydrido-olefin
complex, rearrangement to a hydrido alkyl, "CO insertion,"
and reductive elimination of aldehyde. Olefin isomerization
and alkane production are also seen under reaction conditions.
Formation of larger ruthenium carbonyl clusters led to
catalyst deactivation. Photolysis of Rus(CO)12 in the
presence of H2 led to the formation of gﬁ4—Ru4(CO)12. This
molecule can also effect catalvsis of the hydroformylation
reaction, although yields are an order of magnitude less than

for the parent cluster.
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Chapter 1

The Photochemistry and Electronic Spectra of IrClg‘ and IrClg

-
—




2

Abstract: Examination of the electronic spectrum of IrClg'
has led to a reassignment of the electronic transitions
involved. The band at 206 nm, formerly assigned as the spin

allowed T to metal eg transition, is shown to be 1t (o) »

2 .2 .2y ,1 1 e
Zeg(z s X =¥ 3 A1g -> Tlu].Low temperature spectra revealed

the presence of additional features at 250 and 278 nm.

These are ascribed to the l (r) - Ze (z % -)2[1A *

1o %u 30 i
1u] and ltzu(n) = Ze (Q -y )[ A g 1u] transitions,
respectively. Irrad1at10n (A = 254 nm) of 1-12 M HC1l solu-

g° yields IrClé' and H,. Since the excited

state populated at this wavelength has been shown to be

tions of IrCl

ligand to metal charge transfer in nature, the reactive
intermediate is proposed to be an Ir(II) species with a
chlorine atom still formally bound. Photolysis of the

reaction product, IrClg' in HC1l results in formation of
Irc1y”

yields vary, regardless of wavelength of excitation. The

and Clz. This reaction prevails, although quantum

reactive state is again LMCT in nature. Coupling of these
reactions effects a reversible photochemical hydrohalic acid

splitting catalyst.
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The photoredox reactions of Cr

Eul*, 779 ce3* 10 co2* 4 g cut U1

2+ 1,2 Fe2+ 3-6 V2+ 4
’

’ >
in aqueous solution yield
molecular hydrogen and an oxidized metal species. Although
the formation of a hydrated electron via a charge transfer

to solvent (CTTS) state has been proposed, this type of
mechanism has beeﬁ Unequivocally established only for crétlz-14

’

Fe(CN)g“,12‘14 W(CN)S‘,12"14 Mo(CN)g‘,12‘14 and cuc1:.!

T
Recently, metal cluster compounds such as M02(804)i',15
M02C1g',16 Moz(aq)4+,16 and Rh4(br)g+ 17 (br = 1,3-diisocyano-

propane) have been shown to effect the photochemical reduction
of protons in aqueous solution. The mechanisms of these photo-

redox reactions have not been elucidated in any detailed sense.

Our interest in this area centered originally on the
aqueous photochemistry of Rezxg- (X = C1, Br). Both com-
plexes are diamagnetic, have an unusually short Re-Re bond,
and show an eclipsed rotational configuration. These
phenomena were first explained by Cotton18 who proposed that
ad4 -d4 complex such as Rezxg' possesses a quadruple metal-
metal bond (02n462). As shown in the molecular orbital
scheme in Figure 1, ¢,m , and § bonding and antibonding
orbitals may be generated from the appropriate linear combi-

nations of the dzz, (dxz, dyz) and dxy orbitals, respec-

tively. While the exact position of the 1Alg .
transition has been the subject of much controversy, it 1is

now well established that this transition in Re2C1§°

*
A2u (68%)

falls

at 680 nm.19 Assignments of the electronic absorption



Figure 1

2-

Molecular orbital scheme for ReZXS
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spectrum are given in Table 1.

A previous study of the photochemistry of RezClg showed
that irradiation led to cleavage of the quadruple bond, re-
sulting in monomeric productsz.O Photolyses (A < 366 nm) in
CH,CN yielded trans-[ReCl,(CH;CN),]  and ReCl;(CH;CN), as
the primary and secondary photoproducts, respectively.
Although definitive evidence was lacking, the most likely
mechanism invokes association of acetonitrile to the excited
state, thereby assisting dimer fragmentation.

To see if Re2C1§' might undergo redox rather than sub-
stitution photochemistry, irradiations were carried out in
HC1 solutions (12 M). Ultraviolet light (A < 366 nm) led to
the production of hydrogen and the chloro-bridged RezClg'
species, as identified by the electronic absorption spectrum.
The fact that a one-electron oxidized binuclear complex was

produced implies that dissociation to mononuclear fragments

does not occur in this medium. If it had, both ReZCIg' and
Re2C1; would have been observed, and none of the latter was
evident. For photolysis (A < 366 nm) of RezBrgf in 48% HBr,

molecular hydrogen was again produced, but the oxidized metal
species in this case was RezBr;. In this case it is probable
that secondary photolysis occurred, as RezBrS' is strongly

absorbing in the region of irradiation, and it is also photo-
sensitive. The overlapping spectra (Table 2) and each of any

isosbestic points, however, preclude identification of any

intermediates.
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Table 1. Electronic Spectral Data and Assignments for

2-
Re2C18 .
1
A (nm) Mg
680 LA, (8 » 6%)
1
478 Ap,l8 > 4,2 2(b;,)]
423 1Eg (r > &%)
470,855 lAZU[egw“ and w) (halide) ~ 64]
1
280 Ay L6L 0 o )
255 1, sy

1lg 2u
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Table 2. Electronic Spectral Data for RezBrg', RezBr;, and
2-
ReZBr9 .
-1__-1
Complex A (nm) (2.mol “cm )
RezBr8 715 14,500
470 238
418 3,440
376 54220
ReZBr9 7258 560
396 18,000
Re BrZ~ 718 1,200
2779 ’
469 7,000
418 10,800

388 11,000
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The Rezxg‘ and Rezxé complexes (X = Cl, Br) are in-

effective as oxidizing agents and cannot be readily reduced
to the starting material, ReZXZ'. Also, the quantum yields
for hydrogen production are extremely low (<<10'4) and any
reasonable degree of conversion required continued irradia-
tion for several days. Accordingly, we turned our attention
to halo complexes of other heavy metals.

The chloro complexes of iridium seemed logical candi-

dates for investigation. Both IrClg- and IrClé' have been
studied extensively as thermal redox reagents,21-42 the latter
being a powerful oxidant (Eo = 0.867 v). Previous work on

the thermal aqueous chemistry of IrClg' has also indicated

that it undergoes spontaneous reduction in alkaline or weakly

acidic solution:

%
6

3-

2IrClZ™ + 20H - 2IrCly” + 1/2 0, + H,0 (1)

é' and H, could be produced by irradiation of

Thus, if IrCl
IrClg' under the right conditions, a homogeneous, photodriven
water splitting system would be available for detailed study.
The goal of our work was to define the conditions under
which photochemical water splitting by IrClg_/2° could be
achieved, and to begin mechanistic investigations of this
model system.

To date only cursory investigation of the photochemistry
of these complexes has been made. A report by Sleight and

Hare indicated that IrClé' undergoes aquation in neutral or
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acidic solution with no media or wavelength dependence
apparent‘}4 Conflicting results were obtained by Moggi, et
al., who found both redox and aquation photochemistry, the
products varying with the wavelength of irradiation and the
concentration of C1° present?5 In a flash photolysis study

of IrClg', Adamson postulated that ultraviolet irradiation

of this complex results in solvated electron formation.46

Although Jgérgensen had assigned the transition involved as

being ligand to metal charge transfer in nature,47 Adamson sug-

gested that it was, in fact, charge transfer to solvent.
Owing to these conflicting results, we reinvestigated the
electronic spectra of these complexes in parallel with our
photochemical studies. The results of both the spectro-
scopic and photochemical experiments are presented in this

chapter.

Experimental

Na IrCl,, Na,IrCl,, and H, 80 (99% isotopically pure)

were purchased from Alfa Chemical Company. Ultra-pure HC1
or HC1l distilled from hydroxylamine was used to minimize Cl2
content.

Electronic absorption spectra and spectral changes were
recorded with either a Cary 17 or a Cary 219 spectrophoto-
meter. Low temperature spectra were obtained using a C.T.I.
21 cryocooler. Infrared spectra were recorded with a

Beckman IR-12 instrument. A 250 watt Hg-Xe lamp in
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conjunction with Corning cut-off on solution band pass
filters was used for visible irradiations. A low pressure
Hg lamp was used for 254 nm irradiations.

Ferrioxilate actinometry was used for quantum yield
determinations at 254, 313, 366, 420, and 488 nm. The
procedure was modified to adopt precautions recently advised
by Bowman and DemaS-48 Quantum yields for IrClg' oxidation
were determined by monitoring the appearance of the 488 nm
é'. Differential quantum yields for IrClé'

photolyses were calculated from the tangents of concentration

P
6

at 488 nm. In order to minimize secondary photoreactions,

band of IrCl

versus time plots for the decrease in absorbance of IrCl

only a small percent of the initial complex was decomposed.
Photolyses were done in special two arm evacuable cells

equipped with Kontes quick-release valves. Solutions to be

photolyzed were either freeze-thaw-degassed six times or

purged with Argon prior to irradiation. In a typical experi-

ment 7 x 1075 M IrClg' or 4 x 1074 M IrClg' M was irradiated
in an HC1 solution. Typical photon fluxes were 2.7 x 10'6,
6.9 x 1078, 4.5 x 1078, 3.1 x 1077, and 1.3 x 10"’ einsteins

per minute for 254, 315, 420, and 480 nm, respectively.
Conventional flash photolysis was performed on an
apparatus constructed at Caltech. This consists of a Xenon
Corporation N851C flashlamp fired by a Model 457 micropulser
(energy = 36-100 J/flash), T1/2 ® 5 us). The sample was

placed in a 15 cm pathlength quartz cell, and Corning cut-off
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filters were used to isolate spectral regions. The monitor-
ing beam was the oﬁtput of a 200 watt Hg-Xe lamp; detection
employed an Oriel 7240 1/4 meter monochromator and a Hama-
matsu R928 photomultiplier. The signal was displayed on
either a Tektronix 549 storage oscilloscope with Type W plug
in or on a Hewlett-Packard 700 SB x-y recorder after storage
in a Biomation 805 transient waveform recorder.

Hydrogen and oxygen were qualitatively determined by
mass spectral data. Quantitative measurements of H2 were
done as follows. The total volume of gas evolved was mea-
sured by Toepler pumping the stirred, photolyzed solution
into a known volume and manometrically measuring the pres-
sure. The gases were then passed through a heated CuO
column., This oxidized H2 to HZO, which was condensed in a
liquid nitrogen trap. The amount of H2 was completed by
differences. Typically, 10 torr of H2 were collected and the
measurements were reproducible to * 6%. Mass spectral

18 2- 18

analyses for O2 were made on samples of IrCl6 in Hz

into which a known volume of HCl gas had been condensed.

0

Results and Discussion

3-

Electronic Spectra of IrCl6 2

and IrClﬁl. A generalized

molecular orbital energy level diagram suitable for discus-

sion of both iridium complexes is shown in Figure 2. The

2" complex has a low spin d6 electronic configuration,

6
2g

IrCl

the highest filled level is 2t (xy, xz, yz). Thus the
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Figure 2

Molecular orbital scheme for IrC162'/3-
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1

ground state is designated as Alg' The first excited state

configuration for a d - d transition is [thg(xy,xz,yz)]5

[Zeg(zz,xz-yz)],1 which gives rise to 1Tlg and 1T

3 1

3
2g and ~T

Alg to these

1g

and ng excited states. Transitions from

states give rise to four weak absorption bands in the 650-
350 nm region of the spectrum of IrClg' (Figure 3). The two
relatively weak bands observed at 615 (¢ = 7.5) and 560 (e =
10) have been assigned by Jdrgensen to the spin-forbidden
transitions, whereas those at 415 (¢ = 76) and 356 nm (e =
64) to the two spin-allowed onesf,'9 This assignment scheme 1is
consistent with the fact that the extinction coefficients

are lower for the spin-forbidden bands, and that the triplets
fall at lower energies than the singlets. An excellent fit
to the transition energies is obtained by taking the follow-
ing values for the octahedral splitting (A) and electron-
repulsion parameters: A = 28 110; B = 250; C = 4020 em L.
Calculated and observed energies of the ligand field states
are as £ollows: lTZg, 28,090 (calcd), 28,090 (obsd); lTlg,
24,090 (calcd), 24,096 (obsd); 3ng, 18,050 (calcd), 17,857
(obsd); 3Tlg, 16,050 (calcd), 16,260 em™L (obsd).

The intense, high energy band at 206 nm (Figure 3) was
assigned by Jgrgensen as the spin allowed T to g transi-
tion{7 Adamson, however, has criticized this assignment on
the basis of a flash photolysis study as mentioned earlier‘}6

3-

Photolyzed solutions of IrCl6 under an atmosphere of NZO

yielded IrClé' and N2’ the products expected upon solvated
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Figure 3

Electronic absorption spectrum of IrC163'
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electron formation. Although the quantum yield for reaction
(0.031) was an order of magnitude smaller than those for
other complexes studied, and the purported solvated electron
was not observed spectroscopically, Adamson suggested the
transition to be charge transfer to solvent in nature.

Flash photolysis studies in our laboratory showed no
transient ascribable to e (aq) although this could be ex-

plained by lifetime limitations of the apparatus. To test

3-

for charge transfer to solvent character, spectra of IrCl6

were recorded in various solvent systems and at different
temperatures. According to a detailed analysis of CTTS

bands by Blandemeyer and Fof? there are a number of unique
characteristics which can be used to diagnose this type of
transition. These include 1) a blue shift of several nano-
meters when the solvent is changed from HZO to DZO; 2) a

blue shift when organic solutes and solvents are added; 3)

a blue shift for a large increase in ionic strength; and, 4)
a very slight red shift as the temperature is increased. At
a given temperature, different Emax values for a given ion in
a range of solvents reflect differences in the radius of the
solvent cavity (which may be viewed as the radius of the
excited state orbital). As the radius increases (correspond-
ing to an increase in the number of cavities available for
electron solvation), the transition energy decreases. At

higher temperatures, there is more disorder of solvent

molecules, resulting in a larger excited state radius and a
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greater number of available sites for the solvated electron.
The high energy shift or Emax on replacing water by deuter-
ium oxide is in agreement with the generally accepted view-
point that water and deuterium oxide are very similar in
their properties, except those of the latter are comparable
to water at lower temperatures, i.e., more structural order
exists. The effects of added solutes or cosolvents on
charge transfer to solvent spectra have been extensively in-
vestigated but are not well understood in any quantitative
fashion. It is known, however, that Emax increases when
electron acceptor molecules are removed from the solvent
shell (by dilution, substitution, or ion pairing), as would
be expected from simple theoretical considerations. The
main result of our studies is that the 206 nm band in the
IrClg- spectrum is insensitive to environmental perturbations
(Table 3). Thus, at least for the transition that gives a
206 nm peak, a CTTS assignment is inappropriate.

It was noted, however, that the band in question 1is
extremely broad, tailing out considerably toward low energy.
Because this large bandwidth suggested the possibility of an
additional transition(s), low temperature spectra were
recorded. Figure 4 shows the spectrum of IrClg' in a 50%
LiCl glass at 60 K. The band at 206 nm has sharpened and
intensified, but more interesting is the appearance of a new
feature at ca. 245 nm and a shoulder at ca. 265 nm. If

either of these features is ascribable to a charge transfer
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Table 3. Studies of the 206 nm Band in the IrClg' Spectrum

Solute Experiment &max (nm)
3.38 x 10°° M IrClg' H,0 solution (25°C) 205.3
0.25 M C1~
0.20 M Li” D,0 solution (25°C) 204.7
+
0.05 M NH,
3.38 x 10°° M IrClg' H,0 solution (25°C) 205.0
1.0 M C1~
0.05 M NHZ MeOH solution (25°C) 206.0
0.95 M Li~"
3.38 x 10°° M Irc1§' H.0/1.0 M sucrose 205.2
) sélution (25°C)
1.0 M C1
1.0 M H' H,0 solution (25°C) 206.0
3.38 x 10°° M Irc1g‘ H,0 solution (25°C) 205.3
1.0 M C1~
1.0 M H' H,0 solution (50°C) 205.3
3.38 x 107> M Irc1g‘ H,0 solution (25°C) 205.0
1.0 M C1~
1.0 M H" 0/2M HC10, solution 204.0

(Es C)



21

Figure 4

3-

LiCl glass spectrum of IrCl6 at 60K
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to solvent transition, it should disappear in the solid

% s
6
16 X. All three bands are still present in this medium;

state. Figure 5 shows a KCl pellet spectrum of IrCl at
therefore, none could result from a CTTS state. The high
energy band at 206 nm has not changed position, whereas red
shifts of ca. 800 and 1800 cm'1 are observed for the less
prominent featuresa(these now appear at 250 and 278 nm,
respectively).

An assignment of these new bands may be made by analogy
to Mason's interpretation of the spectrum of the isoelec-
tronic PtClg- (Table 4)%1 Two intense high energy bands are
observed at 266 and 202 nm in the PtClg' spectrum. Both
sharpen and increase in maximum molar extinction as the
temperature is lowered, which is characteristic of a fully
allowed transition. The detailed assignment of the 266 nm
band is the 1t, (m) » Zeg(zz,xz-yz)[lAlg S N P
second band, observed at 202 nm in acetonitrile, is more

The

intense than the first. The band is ascribed to an LMCT

transition, but one involving ligand o orbitals: 1t1u(o) 4

2 1 3-

Zeg(zz,x 'Yz)[lAlg - Tlu]' The bands in IrClg must result

from analogous transitions as given in Table 5. The 206 nm

; 2 2 24,1 1
band is 1t1u(c) - Zeg(z WX7=y) [ Alg >
S | 1
Y )[ Alg i
278 nm is undoubtedly the ltzu(n) -> ZeQ(zz,x
3 §

Tlu], the 250 nm band

2
the ltZU(w) -> Zeg(z X Tlu]' The shoulder at

2 2,1
Tlu transition. These assignments are consistent both with

the intensities and energies of the bands.
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Figure 5

3-

KCl pellet spectrum of IrCl6 at 15K
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Table 5 Electronic Spectral Data and Assignments for

Irc1g‘
H 2 1 -
H,0/298 K KCL/15 X A
3
615 b Tlg
3
560 b ng
1
415 b Tlg
1
356 b ng
c 3
278 Tlu
250 lp
1u
1
206 206 T1u
2\ (nm)
bnot measured
Cshoulder
IrClg;. 2-

The electronic absorption spectrum of IrCl6

is shown in Figure 6. An interpretation of this spectrum
can be developed from the molecular orbital scheme given
earlier (Figure 2). The ground state electron configuration

2-

of IrCl6 is ZtZg(xy,xz,yz)5 yielding a 2T state; The

g
ligand field transitions [2t2g(xy,xz,yz)]4 ]Zeg(zz,xz-yz]'
are at 360 (g = 300) and 306 nm (¢ = 1180). Due to the
presence of one t2g hole, ligand to metal charge transfer
bands occur in the visible region of the spectrum. The

T o> tZg transitions are at 590 (¢ = 410), 487 (¢ = 3280),

434 (g = 2560), and 410 nm (e = 2410). The 7 to eg
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Figure 6

Electronic absorption spectrum of IrC162'
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transition is at 232 nm (¢ = 21,600). These assignments are

summarized for clarity in Table 6%7

Table 6. Electronic Spectral Data and Assignments for

Irc1§'

A (nm) e (L mol-lcm-l) Transition
590 410 T - tZg
487 3280 T - t2

g
434 2560 T > t
2g
410 2410 T =+ t
2g
360 -
300 tZg eg
306 1180 t >
2g ~ %g
232 21600 T > eg

Photochemistry. Irradiation (254 nm) of a 12 M HC1

solution of IrClg' (6.7 x 1072 M) at room temperature
results in the disappearance of IrClg' and the appearance of

IrClé' (Figure 7). Hydrogen evolution accompanies the form-

ation of IrClé', according to Equation 2:

HY + Trc13” Az254nm o ;oc02- L /5y

6 TIZ M HCI 6 2 (2)

Exhaustively photolyzed solutions were Toepler-pumped for
hydrogen and IrClé' was analyzed by spectrophotometric
methods (Table 7), confirming the stoichiometry above.

The quantum yields for the reaction are extremely sen-

sitive to proton concentration (Table 8). A Stern-Volmer
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Figure 7

Spectral changes upon irradiation (A=254 mm) of 5.5 x 10-3 M

Irc163' in 12 M HC1
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Table 7. Analysis of the IrCl

33
1.

(254 nm irradiation)

IrClg' (moles)

1.24 x 10°°

1.02 x 10°°

Table 8. Quantum Yields for IrCl6 Formation from IrCl

(A = 254

52 (moles)
6.93 x 10”0

5,12 x 10798

2-

nm) in HCl1l Solutions

HC1l Concentration

5 Photoreaction in 12 M HC1

) . 2

Ratio HZ.IrCI6
0.56
0.50

B
6

(moles/liter)
12.0 0.28
9.0 0.127
6.0 0.0411
4.0 0.00921
2.0 0.00868
1.0 0.00653

plot (Figure §) of

quantum yield versus

hydronium ion con-

centration shows the two are directly related. Evidently,

at high proton activity, the photoprocess resulting in HZ

production is much more efficient, possibly due to proton

association with ground state IrClg

dependence for photohydrogen production is also seen for

4- 52

Fe(CN)6 ,”¢ a case in which the ground state species is

assumed to exist in a protonated form at low pH.

53,54

Proton concentration
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Figure 8

Stern Volmer plot of quantum yield vs. Hydronium ion activity
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The protonation of IrClg- has been investigated by
potentiometric pH titration in aqueous solution. As seen
from Figure .9, there is no evidence for protonation in the
pH range 1-7 individual points on the titration curve of
IrClg~ coincided with an analogous blank titration of pure
water. Pertinent calculations indicate that all three ioni-
zation constants of HsIrCI6 must be larger than 0.1 in order
to account for the results obtained. We were not able to
study the position of the 206 nm band at higher HCl concen-
trations (1-12 M), owing to the strong absorption of Cl1  in
this region. We can only speculate that protonation of
IrClg' becomes important at high acid concentrations, there-
by explaining the marked effect on the rate of photoconver-
sion of IrClg' to IrClé' and H,. This is consistent with
the results for Fe(CN)g- (HFe(CN)g-) mentioned earlier.

The quantum yields are also highly wavelength dependent

(Table 9), photoredox behavior being predominantly a high

Table 9. Wavelength-dependent Quantum Yields for IrClé'

Formation from Irc12' in 12 M HC1

Irradiation (nm) ) Excitation
254 0.28 “L(tlu) > oM*(eg)
-4
313 10 nL(tlu) »> cM*(eg)
*
366 ¢ Tyt (tge) > " (eg)

%
420 ) WM*(tzg) > Oy (eg)
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Figure 9

Protonation titeation oF 100 ml-ef 150 % 1070 IrC163‘ with

.1 F HC1 X and pure water @
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energy phenomenon (A = 254 nm). Our identification of the
Tey- to eg transitions in the IrClg- spectrum is particularly
crucial in the interpretation of this photochemistry.
Transitions to the 1T1u and 3Tlu states are located at 250
and 278 nm in the solid state spectrum. Because ultraviolet
irradiations were carried out at 254 nm, one or both of
these excited state configurations must be responsible for
the resultant redox chemistry. Direct excitation to either
state is possible. The triplet could also be populated by

1

rapid intersystem crossing from Tlu’ Both excited states

have Ir(II)-Cl- character, corresponding to the configura-

2

1
tion ZtZg(xy,xz,yz)62eg(zz,x -yz) for Ir:

[IT(II) - C1]*

These excited states of IrClg- may return to the ground
state or react with their immediate environment to yield
IrClé' and a reduced species. Chlorine atoms are not
released from these excited states, as evidenced by the fact

that Cl% was not observed in flash photolyses studies.

In strong acid solutions, IrClg' undoubtedly is in
equilibrium with nlrc1g‘, HIrClé, and possibly H,IrCl,. We

envision the photochemistry as in Figure 14 (for simplicity
HIrClg' is considered the reactive species). This scheme is
consistent with the variation in quantum yields with proton

activity. 1If absorption of light by HIrClé resulting in

hydrogen atom formation is the rate limiting step, the
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Figure 10

3

6 " photoreaction to give IrC162-

Scheme for the IrCl and H

2
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mechanism is also in accord with the observations that the

3-

reaction rate is first order in IrCl6 and quantum yields

are independent of light intensity (Table 10). Finally,

Table 10. Quantum Yields for IrClé‘ Production from IrClg'
as a Function of IrClg' Concentration and Light
Intensity
3. . Light Intensity
[IrCl6 ] (moles/liter) (Einsteins/minute) )
2.30 x 1073 4.78 x 1077 0.283%
1.18 x 1073 4.78 x 1077 0.279%
6.70 x 107° 4.78 x 1077 0.280
6.70 x 107° 2.66 x 107° 0.276

a¢ corrected for the fraction of light absorbed

this scheme explains Adamson's flash photolysis results,

because photogenerated hydrogen atoms could reduce NZO'
Although photoredox chemistry does occur at longer wave-

lengths (A = 313 nm), the quantum yields are extremely small

(¢ < 10_4

). We interpret this in terms of the small rela-
tive population of the LMCT states upon excitation at lower
energies. Irradiation into the ligand field bands'(x = 366
or 420 nm) results in aquation rather than oxidation of the
metal center.

Prolonged photolyses of IrClg' resulted in a marked
decrease in the rate of oxidation, possibly due to competi-

tive light absorption by IrClg-. The extinction
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coefficients at 254 nm are 958 and 7548 for IrClé- and IrC1€

respectively, so secondary photolysis seemed likely. Pre-

vious studies on the photochemistry of IrClé'

had led to com
flicting results. Sleight and Hare44 indicated that only
aquation products are obtained upon photolysis, irrespective
of reaction conditions. Contrary to these findings, Moggi,
et al., > claimed bhoth aquation and reduction products as a
result of irradiation, the relative yield varying with both
wavelength and media. The results of these earlier studies

are summarized in Table 11.

It was obvious at this point that investigation of

IrClg' under reaction conditions identical with those for

the photoreaction of IrClg' to produce IrClé' and HZ was
necessary. Irradiation at X = 254 nm for 30 minutes in 6 M
HC1 led to the spectral charges shown in Figure 11. 1If a
reaction to form IrClﬁ(H2O)' had occurred, isosbestic points should have
appeared at 386, 417, 437, and 518 nm; but, in fact, the
absorbance only decreased over the entire spectral region
examined. Because absorbances due to IrCls(HZO)_ have
extinction coefficients comparable to IrClg', whereas those

2' and its aquation products are orders of magnitude

of IrCl
less, it may be concluded that only redox chemistry resulted
from irradiation. The reduced species were easily identi-
fiable, as ITr(III) complexes of the type IrClx(HZO)g:i are
quantitatively oxidized by Cl2 to the corresponding Ir(IV)

complex without any change in inner sphere structure. On
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Figure 11

4

Spectral changes upon irradiation (A=254rm) of 6.7 x 10 * M

2-

IrCl6 in 6 M HC1
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bubbling Cl2 through the photolyzed solutions, the spectrum

returned to that of zero time, indicating the product to be

3-
IrCl6 .

Irradiations at longer wavelengths led to similar
results, as may be seen from the quantum yields given in

Table 13. No evidence for aquation products was obtained in

experiments in which the IrClé concentrations were 6.7 X

10'4 M. As was the case for IrClg', the rates of reaction

diminish with time. Neither a correction for interfilter

Table 13. Wavelength-Dependent Quantum Yields for Conver-

sion of IrCl¢” to IrCl;™ in 6 M HCL.
Irradiation (nm) ) Excitation
254 0.128 wL(tlu) - o;(eg)
313 0.107 w;(tzg) > ot (eg)
366 0.090 Wﬁ(tZg) - cﬁ(eg)
420 0.0159 T (tyy) » T(ty0)
488 0.00361 S CHR IR F O

effects nor one for secondary photolysis, however, explains
the marked decrease in reaction rate. Evidently, prolonged
photolysis results in steady state concentrations that can-
not be altered by further irradiation., Of the two possible
oxidation products, Cl2 and 02, only the former will back
react rapidly with IrClg' to form IrClé'. Unfortunately,

with the exception of czoﬁ‘, conventional Cl: or C12 trapping
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agents cannot survive the reaction medium. While czoi'

reacts thermally with IrClé' to produce IrClgn, there is a
dramatic rate increase upon irradiation (A > 300 nm) sug-
gesting the presence of chlorine atoms. More informative is
the fact that irradiated solutions will back react in the
absence of light. The spectra in Figure 12 show IrClé-

(6.7 x 10°% M) in 6 M HC1 prior to photolysis, after 30
minutes irradiation, and after 30 minutes dark reaction.
Exposure to light results in a bleaching of the spectrum;
cessation of irradiation results in the reappearance of
IrClé', suggesting the presence of Cl2 in the solution. Mass
spectral measurements did not reveal any Clz, but this is not

surprising because Cl2 is extremely soluble in HCl (over two

liters of gas per liter of solution). What is more, most of

the Cl2 produced would have been reduced by IrClg’. Experi-
ments with H2180 and HC1l gas as the reaction medium showed

no evidence for 18OZ formation, providing further proof that

the oxidation product 1is Clz.

The photochemical behavior of IrClé- is related to the
enhanced oxidizing power of [IrClg-]*. The ground state is
a strong oxidant (E =0.867 v, varying with the solvent), and
electronic excitation increases the driving force for reduc-
tion to IrClg°. In 6M HG1 it appears that both LMCT and
ligand field transitions result in photoredox chemistry. At

first blush these findings seem to conflict with previous

investigations. lowever, on closer analysis these conflicts
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Figure 12
Spectral changes upon irradiation (A>300 mm) of 6.7 x 1074 M
in 6 M HC1 (30 minutes) and due to subsequent thermal back

reaction (30 minutes)
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disappear, as the reaction conditions are so different.
Sleight and Hare observed only aquation products from

photolysis of IrCl6 . However, at their IrClg' concentra-
tions (2.0 to 0.5 M), any C12 produced would have been
scavenged immediately, yielding no net redox chemistry.
Moggi, et al., saw both aquation and redox chemistry at

lower IrClg' concentrations (10'4

M), the relative import-
ance of the processes being a function of Cl concentration.
Specifically, photoaquation is the predominant mode in the
absence of Cl1™; whereas with1.2M Cl™ present, the main
reaction is photoreduction. This is consistent with our
results: at low IrClé' concentration (6.7 x 10—4 M) and
high C1  concentration (6 M), redox chemistry is the sole
mode of reaction.

Because thermal aquations and anations are very slow
processes, it would seem that a common intermediate is re-
sponsible for both possible products, with reaction condi-
tions influencing which is obtained. A possible reaction
mechanism is shown for LMCT excitation in Figure 13. The
excited state is an Ir(III) complex with a chlorine atom
still formally bound. Because IrClé' is known to undergo
both inner and outer sphere electron transfer, the latter
may be invoked in the presence of Cl . This also explains
why no Clé is seen upon flash photolysis, as the Ir-Cl bond
remains intact.

The photoreactions of IrClé at 254 nm are summarized in
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Figure 13

Scheme for IrC162' photoreaction to give IrC163- and Cl2
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Figure 14. In 6 M HC1l, photolysis of IrClé results in the

formation of IrClg' and Clz. When the concentration of
IrClg- becomes large enough for competitive light absorption,

it undergoes secondary photolysis to yield IrClé- and HZ’ as

confirmed by mass spectral measurements. In this medium the
IrClg'/S' couple is a true photochemical catalyst for proton
reduction and chloride oxidation. Completion of a water
splitting cycle in this system can be achieved under condi-
tions where chlorine oxidizes water to oxygen.

Based on our findings, it is clear that the photo-
chemistry of the IrBré—/s' system should be studied. The
charge transfer transitions are considerably red shifted in
these complexes (Table 14)&7’49:nggesthm;that itmight be
possible to produce hydrogen and bromine from HBr at rela-
tively long excitation wavelengths by a photoredox scheme
analogous to that given in Figure 14 for the HCI/IrClS'/z'/

6
HZ/Cl2 system.
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Figure 14

3- and IrC1.2%” in 6 M HC1

The photoreactions of IrCl6 6
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Table 14. Electronic Spectral Data and Assignments for

IrBr}” and IrBry-

Complex A (nm) s(z.mol'lcm'l) Transition

IrBr” 860 800 ™ty
745 1570 >ty
700 2350 Tty
673 2520 ety
583 3220 "ty
545 1780 ™ty
509 1530 oty
318 8000 ey
270 17,000 T - eg

ITBro" 597 27 t, + e

6 2g g

447 232 tye * €,
387 198 tyg * g
Xe: 12,000 e

243 20,000 e,
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Chapter 2

Photochemistry and Structural Determination of

Molybdenum Aquo Ions
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Abstract: The photochemistry of Mo(III), Mo(IV), and Mo (V)
in aqueous solution was investigated, and these ions were
shown to be photochemically inert in a variety of media.
Since the exact speciation of these complexes in solution was
not known, a structural characterization via Raman spectros-
copy and X-ray absorption edge and extended X-ray absorption
fine structure (EXAFS) studies was undertaken. Vibrational

modes predominately Mo-Mo stretching in character were seen

1

at ca. 200 cm © in the Raman spectra of M0204(aq)2+ and

Na4M5608(EDTA)3'14H20. For these two complexes and CszMo 04—

(C204)3(H20)3 and M0304(aq)4+ ring stretching frequencies

3

appear in the 700, 400, and 300 cm'1 regions of the spectra.
A molybdenyl vibration was seen at ca. 900 cm-1 for M0204-
(aq)2+. X-ray absorption edge and EXAFS data were collected
for Mo(V), Mo(III), and Mo(II) in aqueous acidic solutions;
Mo(IV) was examined under a variety of conditions including
varying pH and anion environments. The Mo(II) structure is
shown to be consistent with a quadruply bound dinuclear
species. Although electronically capable of multiple metal-
metal bonds, the Mo(III) ion appears to exist as a singly
bonded species with two hydroxy bridges. Data for the Mo(V)
aquo ion are typical for oxobridged dinuclear Mo(V) com-
pounds. Evidence for a molybdenyl functionality is also
seen. Because of the controversy over the nature of Mo(IV),

a variety of aqueous samples was investigated. 1In strong

acid solution, the ion is shown to exist as a trinuclear
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species M0304(aq)4+. As the pH of the medium is increased,
the Mo-Mo amplitude decreased, indicating possible cluster
fragmentation. In basic solution, a major structural change

occurs. The presence of halide ions had no effect on the

spectra.
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Part A

Photochemistry and Acid Cryoscopy and Raman Studies
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Decomposition of water into H, and O, via visible
photolysis has generated much interest as a means of solar
energy storage. Since the electronic absorption spectrum
of water does not overlap the solar spectrum at the surface
of the earth, transition metal complexes that absorb visible
radiation have been employed to catalyze the reaction. Un-
fortunately, the formation of water derived radicals often
imposes high threshold energies and decreases the efficiency
of the system. This can be avoided, however, if the cat-
alyst and substrate are arranged in appropriate molecular
structures such as a binuclear coordination compound. As
depicted in Figure 1, formation of HZ’ O2 or HZOZ rather
than radical species is possible due to geometrical
restraints on excited state configuration.

In light of the above, an investigation was made of the

photocatalytic capabilities of molybdenum aquo ions. Pre-

vious work indicated that photolysis of Moz(aq)4+ in acidic

1

solution yields Moz( -OII)Z(aq)4+ and H,. It was thought

that either this MoIII dimer or the MoIVor Mo V analogues

might be capable of oxidizing water to form O2 and a reduced
metal species. The structures proposed for these ions
(Figure 2) seem ideal for oxygen production; all three have
hydroxy or oxo bridges, coordinated waters, and two metal
centers capable of variable oxidation states in close
proximity. The electronic absorption spectra show

transitions in the visible as reported in Table 1,2
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Figure 1
Schematic representation of 02, HZOZ’ and H2 production
from HZO via binuclear transition metal complexes
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Figure 2

Proposed structures of Moz(u-OH)(aq)4+, M0304aq4+

and M0204(aq)2+
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indicating that low energy light might be used to initiate
the reaction.

Unfortunately, photolyses of these ions under various
conditions proved them to be photochemically inert (Table 2).
This is reasonable upon structural considerations and exam-
ination of the transitions involved. For all three complexes
some type of metal-metal bonding has been evoked. This
coupled with the presence of oxo or hydroxy bridges makes
fragmentation unlikely. Furthermore the lowest energy trans-
itions have been ascribed to being metal localized (o - nn)s,
making redox photochemistry derived from this state not
probable. Higher energy irradiation is also unlikely to
yield net photochemistry as transitions are delocalized
electronically over several centers.

In view of this lack of photoreactivity, we focused our
attention on definitive structural characterizations of the
aquo ions by X-ray absorption edge and extended X-ray absorp-
tion fine structure (EXAFS) analysis. In particular, the
Mo (IV) aquo ion was of interest as the structure of this ion
plagued researchers in the past. Work by Ardon and

Pernick4’S led to the formulation of a binuclear M°202+

6

species, but this was disputed by Sykes and coworkers  who

+
favored a mononuclear structure MoO2

or Mo(OH2)§+. Initial
X-ray absorption edge and EXAFS data from our laboratory
indicated yet another possibility--that the ion existed as a

trimer. To complement this work, Raman and acid cryoscopy
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Table 1. Spectral Data for Electronic Absorption Bands in

Mo Aquo Ions

A g {nm) e(Rmol'lcm'l)

Mo,, (u-0H), (aq) ** 360 306

572 39

624 43
Mo0, (aq) ** 505 60
(acidic solution)
Mo (IV) (aq) 575 80
(basic solution
Mo,0, (aq) ** 254 1999

293 1927

390 50



73

Table 2. Reaction conditions for photolyses of Mo(V), Mo (IV)
and Mo(III) aquo ions.
Wavelength

Aquo Ion Medium Irradiation Result

Mo (V) 1-3 M HC1 broad band no reaction

Mo (IV) 1-3 M HC1 broad band no reaction
1-3 M HMS broad band no reaction
pH .5-2 HC1 broad band no reaction
pH .5-2 HMS broad band no reaction
5 M NaOH broad band no reaction

Mo(III) 1-3 M HC1 broad band no reaction
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studies were made in pursuit of the elusive nature of Mo(IV)

in aqueous solution. These are described herein.

Experimental

Aqueous Mo (IV) was prepared by the method of Ardon and
Pernick.4 A Beer's Law study (Figure 3) of this ion indi-

cated that only a single species was existent in solution.

Aqueous Mo (V) was prepared by reduction over mercury.7

8

The

compounds Na

Mo O8 (EDTA)3-14H 0

4776 2
were prepared by literature methods.

9
and C52M0304(C204)3 (HZO)3

Ion and cryoscopy experiments, Mo(IV) was concentrated
on a Dowex 50 X2 cation-exchange column followed by elution
in 5.1 M aqueous trifluoroacetic acid. At this concentra-
tion the acid has a eutectic freezing point of -22.465 %
.005°C. Using a copper constantin thermocouple and a digital
microvolt voltmeter, this temperature corresponds to a
reading of 78.1 ¥ 5.2 uv. Standard calibration curves were

2+

made using Zn and Fez+ as solutes. The freezing point of

each solution was measured ten times by the procedure in

+

Reference 10, yielding average values good to I 6 uv.

Aerated aqueous solutions of Na4Mo608(EDTA)3~14H 0 and

2
C52M0304(C204)3(H20)3 and 3 M HCl solutions of the Mo(IV)
and Mo (V) aquo ions were used for Raman studies. A Spex
14018 double monochromator with 2400 lines/mm holographic

. + .
gratings in conjunction with a spectrophysics 170 Ar ion

laser were used to record the Raman data. Detection was by
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Figure 3

Beer's law plot for varying concentrations of M0304aq4+

in 3M HMS
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7
standard photon counting techniques using associated Spex
electronics and a Spex SCAMP SC-30 data processor.

The 5145 & excitation line was used for M0304(aq)4+ and
Cs,Mo;0,(C,0,) ;(H,0); data collection, the 4545 A excitation
line for M0204(aq)2+ and Na4Mo608(EDTA)3-14H20. Spectra
obtained using the 4545 A excitation line were complicated
by numerous plasma lines, a spectrum of which has been in-
cluded (Figure 4) for clarity. All frequency measurements
were calibrated by using the emission spectrum of CC14.

The electronic spectroscopic data were recorded on a

Cary 17 spectrophotometer.

Results and Discussion

Acid Cryoscopy. The degree of polymerization of transi-

tion metal ions and other species which are stable only in

acidic solutions may be determined by acid cryoscopy.11

12

This
method was employed by Ardon, et al., in a study of Mo(IV)
in aqueous acidic solution, Average molal freezing-point
depression constants nearly one-half of the calculated were
obtained, thus leading to formulation of a dimeric species.
Because our EXAFS results indicated a trimeric structure,
we reinvestigated the acid cryoscopic study above to see if
evidence for our formulation might be gleaned. Unfortunately,
the data obtained do not permit absolute characterization of

the system due to large errors in measurements. This may

best be understood by examination of the standard calibration



78

Figure 4
The Raman spectrum of plasma lines obtained

with 4545 K excitation 1line
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curve given in Figure S5 for Zn2+/5.1 M HTFA. While discrimi-
nation can be made between a mononuclear and polynuclear
species, the numbers obtained do not permit analysis as to
the degree of polymerization. For example, if a solution

.1 M in Mo(IV) (the maximum concentration preparable) were
analyzed, values of 45.0 * 5,3, 53,2 * 7.2, and 65.3 ¥ 6.1
uv readings should be obtained if the complex exists as a
monomer, dimer, or a trimer, respectively. Typical values
for Mo(IV) solutions at this concentration were in the

51-67 uv region. Although one may conclude with surety that
some polymerization is existent, the error limits preclude
13

evidence as to the degree.

Raman Spectroscopy. In a further attempt to obtain

spectral evidence for the trimeric structure of M0304(aq)4+,
the low frequency Raman spectrum was examined. The symmetry
of the proposed species is C3v’ thus two Mo-Mo stretches of
ay and e symmetries are expected. From previous investiga-
tions on complexes containing metal-metal bonds, p(Mo-Mo) 1is

expected to appear in the 250-100 cm™ ! 14,15

region. Similar
spectra are anticipated for CszM0204(C204)3(H20)3 and
N34M0608-14H20 complexes, while only one (Mo-Mo) stretch
should appear for the dimer M0204(aq)2+ due to the lower
symmetry (e.g., CZV).

The Raman spectra are given in Figures 6-9 and Table 3.
Using the 5145 R excitation line of the Ar® laser, no bands

were observed below 340 cm'1 for M0304(aq)4+ or CszM0304-
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Figure 5
Calibration curve for Zn’'/5.1 M HTFA
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Figure &

The Raman spectrum of M0304(aq)4+
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Figure 7

The Raman spectrum of C52M0304(C204)3(H20)3
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Figure 8

The Raman spectrum of M0204(aq)2+
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Figure 9

The Raman spectrum of Na4M0608(EDTA)3~14H20
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Table 3. Molybdenum-oxygen Terminal and Bridge Vibrational

Modes
Cs ,Mo;0, (C,0,) 5 (H,0) 5 353 481 521 736 786 907
Mo 0, (aq)** 381 488 528 735 791

Na,Mo Og (EDTA) ;- 14H,0 194 348 445 516 722 781
Mo,0, (aq) ** 200 342 484 742 806 981



92

7 7 SAQTY MOpZ wzzz
(0-o ) “0“on A
SOTZ SSO¢ M8GZ wo6z upse w/sz
UOTIRIqIA ﬁ M8TS 4% MpZg MLTS MppE
UOT]euLL
Otieliozop uggs uz9g MOSS WS wggs
2 7 SSLY MOOS wgos woos SS0S
(;_ud)“0“opn A
WsTS w9rs
yssoL
77 qugy/ q‘sags/ qusy, q‘szyL wgsy S¢9L uge/ SG¢L
(;_uo) oA A
ysosS. YsSLL
uige S8$6 w68
(y W) 0 = oW ugy6 SZS6 ugse SHS6 usee S0¥6 w/06 wot6
SATL6 SAQLG SACL6 SAQ86 SAYS6 SAQ96 SAQS6 SAQS6
o | I 24| Il By 11 By II
Vi%oloal (PNl [C4DYa 0%oné('un)  aeng - [Pa"0%ow)Yon  [Pa¥olowl? (i)
spunodwo) vQvONoz UT SOpON [BUOTIBRIQIA 93prag pue TJeutwid] uaddxo-unuapqA[oN ‘¢ 91qe]



g3

Table 5. Molybdenum-oxygen Terminal and Bridge Vibrational

Modes in M0204(LL)2

Compound Isotope IR Spectrum

v (Mo=0) (cm'l) v (MoO,Mo) (cm-l)

Mo,0, (S,PPT,), 165 9g0vs 7325
961m 714w
475m
185 934vs 701s
913m 454m
[932,914]2 [696,679,452]2
Mo,0, (S,CNET,), %0 973vs 730s
9565 709w
477m
185 926vs 6965
910s 672w
[925,909]2 455m
[694,674,454]2

18

qcalculated values for O vibration
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(C204)3(H20)3. This is probably a result of the cut-off
limit due to Raleigh scattering of this intense laser line.

o
On 4545 A excitation, however, the Raman spectra of Na4Mo6O8

(EDTA) ;- 14H,0 and Mo,0, (aq) ¥ show peaks at 194 and 200 cm *

’

respectively. These peaks can be assigned to vibrational
modes predominantly symmetric Mo-Mo stretching in character,

although there is undoubtedly some oxygen bridge interac-

tion.14 While it is surprising that no band ascribable to

an e mode is evidenced in the spectrum of Na4M0608(EDTA)3,
these bands are often weak and difficult to discern.
The remainder of bands given in Table 3 may be assigned

to molybdenum-oxygen terminal and bridging modes by com-

parison with the assignments given by Von Mattes and Lux16

for M0204 fluoro compounds (Table 4) and Newton and

17

McDonald's IR study of Mo2 2 2(LL)2 compounds (Table 5).

Both authors assign molybdenyl frequencies in the 900 cm -3

region and MoZO2 at somewhat lower energies, 700-400 cm-l.

In our study (Table 3), Mo 04(aq) * with two Mo = O groups

=l

exhibits a peak at 981 cm ~, consistent with a molybdenyl

assignment, whereas the 907 band for C52M0304(C 04) (H O)3

te Ring stretching

=1

is due to an oxalate localized vibration.
frequencies appear in the 700, 400, and 300 cm regions of
the spectra. Using the 4545 R excitation line, another
feature was found at approximately 200 cm -1 for the Mozo4
(aq)2 and Na Mo O (EDTA)3 14H20 compounds, which again are

most likely ascribed to ring stretching modes.
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Figure 10

Near and far IR spectrum of Na4Mo608(EDTA)3-14H 0

2
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Figure 11
Near and far IR spectrum of C52M0304(C204)3(H20)3
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The Na4M0608(EDTA3-14H20 and C52M0304(C204)3(H20)3
compounds exhibit CSV symmetry in the crystalline state.
Thus, both ay and e modes should be both IR and Raman
allowed. The IR spectrum for CszMos(C204)3(H20)3 (Figure 10)
shows a band at 350 as compared with 353 for the Raman.

Similarly, the IR spectrum for Na4MO608(EDTA)3-14H 0

2
(Figure 11) shows a band at 355 as compared with 348 for the
Raman. It seems likely that this band can be attributed to
either an a or e mode for both complexes.

While no conclusive structural evidence for the trimeric
nature of M0304(aq)4+ was gained, the infrared and Raman
study was informative for location of the v(Mo-Mo) at

= 200 cm-l, a mutually allowed vibration at ~350 <:m_1

, and
observed similarities between these compounds and other
bridging oxygen systems.
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Introduction

Molybdenum compounds play an important role in both
biological and industrial catalysis,1 owing in part to their

rich oxidation-reduction chemistry in aqueous solution.2

It
is now well established that all oxidation levels between

IT and VI are represented by stable species in the aqueous
chemistry of molybdenum,2-27 although in certain cases the
structures of these species are not known. Our recent
interest in this area has centered on the structure of the
red species that is present in acidic aqueous solutions of
Mo(IV)§-7’25 Several different proposals have been put
forward in regards the structure of this species, but it

appears from the elegant study by Murmann7

that a trinuclear
formation is correct.

We have now completed extensive investigation of the
X-ray absorption edge and EXAFS spectra of aqueous Mo (IV)
solutions with variations in pH and added anions. We have
also examined the edge and EXAFS spectra of aqueous solutions
containing Mo(II), Mo(III), and Mo(V). The results and

principal structural conclusions drawn from these studies

are reported herein.
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Experimental Section

Sample Preparation and Characterization

Aqueous Mo (II) was prepared in trifluoromethanesulfonic
acid by the method of Bowen and Taube.26 The Mo(III) samples
were prepared in 3 M methanesulfonic acid using a Jones
reductor and purified by column chromatography.27 Mo (IV) in
4 M methanesulfonic acid was prepared by the method of Ardon
and Pernick,6 and lower acid concentrations were achieved by
addition of solid NaOH. Solid NaCl or NaBr was added to the
4 M sample until saturation for the anion experiments.
Finally, aqueous Mo(V) was prepared by reduction over
mercury.28 All of the samples were characterized by optical
absorption spectroscopy, and oxidation states were verified

by ceric ion titration,.

Data Collection

The solutions were loaded into lucite cuvettes with 1 _.
mm thick lucite windows and 5 or 10 mm path lengths, The
air-sensitive Mo(II) and Mo(III) samples were stored over
zinc amalgam and loaded into the cuvettes in an anaerobic
glove box just prior to data collection. Spectra were
recorded at the Stanford Synchrotron Radiation Laboratory.

Data Analysis

The spectra were calibrated using the Mo foil edge
inflection as 20003.9 eV, and the EXAFS was processed using
standard procedures of pre-edge subtraction, spline removal,

and Fourier filtering,29 The curve-fitting analysis of the
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EXAFS data depends upon the assumption of phase shift and
amplitude transferability between compounds of similar

29-3

chemical structure. OThe molybdate ion Mooi' was used as

the standard for Mo-O interactions, while the compound
KZ[M0304(OX)3(H20)3]31 was used for Mo-Mo functions.

52

K3M0C16 and (NH4)M00Br4-HZO33 were used for the Mo-Cl and

Mo-Br functions.

The curve-fitting program simulated the EXAFS as:

-202k*
L1 NSAS(k)e _
x (k) = i ———Ej———- sm(ZkRS % as(k))
s

where k is the photoelectron wave number, RS is the distance
of a group of NS scatterers to molybdenum, 8 is the mean
deviation of Rs, and as(k) is the total phase shift. The
amplitude function As depends not only on the electron-atom
backscattering amplitude for the particular scattering atom,
but also on the properties of the particular X-ray absorbing
species.

Definition of As(k) for a given Mo-X pair requires
knowledge of the appropriate Debye-Waller factor for a
simple standard compound. For the Mo-0O amplitude we used
the o of 0.0411 & for Mooi° calculated from the vibrational
spectrum.35 The Mo-Mo amplitude was calibrated by using the
Mo-Mo stretching frequency of aqueous Mo(II) of 355.7

-1 36 37
cm 1, and the formula:
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h hew |1/2

(o B = coth 2’~k—T-

vib 8mucw

where u is the reduced mass, and v is the vibrational fre-
quency in wave numbers, which yields‘a o of 0.0377 &. Since
all of the calculated Debye-Waller factors were obtained
through differences with respect to these standards, they
should be recalculated in the future if more accurate values
for MoO;  and Mo(II)-Mo(II) become available.

The particular functional forms and parameters used for
phase shifts and amplitudes are summarized in Table 1.
Furthermore, a comparison of our amplitu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>