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Photolysis of Ru(NH,)¢** in‘aqueous solution leads to products which can be attributed to two independent, primary
photoreactions: aquation of coordinated ammonia and oxidation of Ru(II) to Ru(III) with concomitant formation of H,.
At longer irradiation wavelengths (313-405 nm), which correspond to ligand field absorption bands, photoaquation predominates
and gives wavelength-independent quantum yields (&,q = 0.26 £ 0.1 mol/einstein). Wavelength-independent photooxidation
(®4x-~0.03) is also seen in this region, and it is argued that the latter pathway is the result of the back-population from
a common LF state into a higher energy charge transfer to solvent state. For A, <313 nm, a sharp increase in $,, and
simultaneous decrease in &, is noted. At these wavelengths excitation corresponds to direct absorption into a band attributed
to a CTTS transition. For 254-nm photolysis ®, is found to be 0.36 and the ratio .,/ @y, is ~2. Quantum yield effects
of [H*] and 2-propanol are interpreted in terms of the reaction of the CTTS excited state with H* to give Ru(III) plus
a hydrogen atom, a species which may lead to the oxidation of a second Ru(II) complex or may be trapped by 2-propanol
when the latter is present. Qualitatively, the photolysis behaviors of aqueous Ru(NH;)sH,0?" and Ru(en);** are similar
but several significant differences are evident. No photoaquation of NH; is seen for Ru(NH,)sH,0?*, and photolabilization,
if present, must be confined to the spectrally indetectable exchange of solvent and coordinated H,O. For Ru(en),?* the
photoaquation pathway for the longer A, is wavelength dependent indicating that a higher energy state is particularly photoactive
toward ligand labilization. The photochemical technique is employed to synthesize the monodentate ethylenediaminium

complex ions Ru(en),(enH)CI** and Ru(en),(Hen)(H,0)%*, and their properties are described.

Introduction

Earlier studies have demonstrated a wide variety of pho-
tochemical reactivities for ruthenium(II) complexes®® with
the pentaammine complexes Ru(NH;),L?* receiving particular
attention in this laboratory.>® When L is a r-unsaturated
ligand such as pyridine, acetonitrile, or dinitrogen, the spectra
display intense metal-to-ligand charge-transfer (MLCT)
absorptions.” In some cases, irradiation produces photo-
chemistry consistent with the formulation of the MLCT states
as an oxidized metal center coordinated to a radical ion ligand
[(NH,)sRu™(L")}?*, examples being the photoexchange!®
between the solvent and the pyridine hydrogens of Ru-
(NH,)spy?* and the electron-transfer photochromism seen for
the pyrazine complex Ru(NH,)spz®* in the presence of cupric
ion.** However, more common reaction modes in aqueous
solutions are ligand photoaquation (eq 1) or oxidation of

Ru(NH,),H,0** + L
hy
Ru(NH,),L** + H,0 )
Ru(NH,),(H,0)L** + NH,

Ru(II) to Ru(III) with simultaneous H, formation (eq 2).

hy ’
Ru(NH,),L* + H* — Ru(NH,),L%* + 1/,H, 2)

These pathways have been attributed to the population of
ligand field (LF) excited states* %1% and of charge transfer to
solvent (CTTS) excited states,® respectively. Such arguments
suffer major ambiguity given the fact that the intense MLCT
and internal ligand (IL) bands of the w-unsaturated L’s
generally obscure the spectral regions where the LF and CTTS
absorptions are expected. Consequently, it was deemed
necessary to examine the spectral and photochemical properties
of Ru(II) complexes having only saturated ligands. Here are
reported the photochemistries of Ru(NH,)2*, Ru(en);2*, and
Ru(NH,)sH,0?* in aqueous solution; elsewhere,!! are de-
scribed spectral properties of Ru(NH,)¢** and Ru(en),2*.

Experimental Section

Materials. Hexaammineruthenium{(II) chloride, [Ru(NH;)¢]Ci,,
was synthesized by the procedure of Lever and Powell.'? Purification
was carried out as follows. A 0.5-g portion of [Ru(NH;)¢]Cl, (1.8
% 1072 mol), 0.7 g of ammonium chloride, and 0.1 g of zinc powder

0020-1669/78/1317-1747801.00/0 © 1978 American Chemical Society
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Table I, Absorption Spectra of Ruthenium Complexes
in Aqueous Solution®

Amax; e M

Complex ion nm cm™
Ru(NH,)** 390 sh 35
) 275 640

Ru(NH,) H,0%* 415 40
268 581

Ru(en),** 370 sh 120
302 1020

cissRu(NH,),(H,0),** 435 54
261 530

trans-Ru(NH,) ,(H,0),** 272 499
Ru(enH)(en),(H,0)** 385 118
290 740

Ru(enH)(en),C1%* 343 1880

@ Values measured at 25 °C in 0.001 M HCI/0.199 M NaCl
aqueous solution,

(1.5 X 107 mol) were mixed in a three-neck flask. After deaerating
the flask with argon, 8 mL of deaerated hot (70 °C) 1:1 aqueous NH,
was added to dissolve the crystals. The hot solution was filtered under
argon and then cooled in an ice bath. Bright yellow crystals appeared
immediately. After 30 min, the crystals were filtered under argon
and immediately washed with the mother liquor, deaerated cold 1:1
aqueous ethanol, ethanol, and ether. The yield of the twice re-
crystallized material was 0.4 g (38% overall) after drying under
vacuum overnight. Anal. Caled for H;gN¢ClL,Ru: Cl, 25.8; Ru, 36.9.
Found: Cl, 25.6; Ru, 36.8.
The electronic spectrum of recrystallized [Ru(INH,)¢]Cl, (Table
1) agrees well with a previous report,'? as does the IR spectrum.'
The complex was kept in a freezer over desiccant to slow possible
decomposition. The electronic spectrum of the complex kept in this
manner for 2 years was identical with that of a fresh sample.
Aquopentaammineruthenium(II) hexafluorophosphate mono-
hydrate, [Ru(NH,)sH,0](PF¢),:H,0, was synthesized using the
method of Callahan, Brown, and Meyer.!”* The electronic spectrum
(Table 1) matches that reported,’ and the ruthenium analysis is
consistent with the above formula. Anal. Caled for HigNsO,P,F;;Ru:
Ru, 19.7. Found: Ru, 19.5. Even when stored under vacuum in a
freezer, the complex underwent slow decomposition; thus, it was
prepared freshly within 1 week of use in any experiments.
Tris(ethylenediamine)ruthenium(II) tetrachlorozincate, [Ru-
(en)3]ZnCl,, was synthesized according to the published procedures!?
and recrystallized as follows. A 0.5-g portion of the crude crystals
(1 X 107 mol) was dissolved in 8 mL of deaerated aqueous hy-
drochloric acid and 0.05 g of zinc powder (8 X 107 mo}) was added.
The solution was filtered under argon atmosphere while hot. After
cooling in an ice bath, 1 mL of deaerated concentrated HCI was added
slowly. Light yellow crystals appeared upon cooling in an ice bath.
These were collected by filtration under argon and then washed with
deaerated cold ethanol and ether. This procedure was repeated twice,
and the resulting light yellow material was dried under vacuum
overnight. The electronic spectrum (Table I) agrees well with that
reported'® and a satisfactory analysis was obtained, Anal. Caled for
CcH NCLZnRu: C, 14.8; H,4.9; N, 17.2; Cl, 29.0; Ru, 20.7. Found:
C, 14.6; H, 4.9; N, 17.1; Cl, 30.8; Ru, 20.4. The complex salt was
stable when stored over desiccant in a freezer for a period of 2 years.
Chlorobis(ethylenediamine)ethylenediaminiumruthenium(IT)
chloride tetrachlorozincate, [Ru(enH)(en),C1]C1:ZnCl,, was syn-
thesized photolytically. A 0.2-g sample of [Ru(en);]ZnCl, (4 X 107
mol) was placed into a quartz tube closed with a syringe cap, and
the tube was deaerated by flushing with argon. Deaerated 0.02 M
HCI (35 mL) was added via syringe, and the resulting solution was
photolyzed with four low-pressure mercury lamps (Ultra-Violet
Products, Model PCQ X1) at 5 °C for 40 h with stirring. The greenish
yellow solution was then concentrated to dryness in a rotary evaporator.
The solid obtained was redissolved in hot (70 °C) aqueous 0.1 M
HCl1/0.1 M ZnCl, solution (4 mL), ethanol (2 mL) was added, and
the solution was left in a freezer overnight whereupon a yellow powder
separated from the green solution. This was collected by filtration
and then washed with ethanol and ether. The yield after drying under
vacuum was 0.10 g. The crude material was dissolved in 3 mL of
hot (70 °C) 0.001 M aqueous HCI, and then concentrated HCI (2
mL) was added to precipitate the product. The solid was collected
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by filtration and rinsed with ethanol and ether. This procedure was
repeated twice and the yield after drying under vacuum was 0.07 g
(319% overall). Anal. Caled for CgH,sN¢ClgZnRu: C, 12.9; H, 4.5;
N, 15.0; Cl, 37.9; Ru, 18.0. Found: C, 12.9; H, 4.6; N, 15.0; Cl,
37.7; Ry, 17.3. This material was stored over desiccant in a refrigerator
since it decomposed slowly at room temperature.

The chloride salt [Ru(enH)(en),CI]Cl;, was obtained by cat-
ion-exchange chromatography. A 0.2-g sample of [Ru(enH)-
(enh C1]C1-ZnCl, was dissolved in 5 mL of 0.001 M aqueous HCIl
and was loaded on a column of H* form Bio-Rad AGS0W-X2
(200-400 mesh) resin. The column was first eluted with 2 M HCI
until all zinc (detected with an aqueous K;[Fe(CN);] to form white
insoluble Zn,{Fe(CN)4]) was washed off. The column was then eluted
with 2.5 M HCI. The fractions were checked spectrophotometrically
and concentrated to dryness in a rotary evaporator. The resulting
hygroscopic solids were stored over desiccant in a refrigerator.

The aquobis(ethylenediamine)ethylenediaminiumruthenium(II)
ion, Ru{enH)(en),H,03*, was obtained in situ by the reduction of
Ru(enH)(en),CI**. A sample of several milligrams of [Ru(enH)-
(en),Cl]Cl-ZnCl, was dissolved in 10 mL of 0.01 M aqueous HCI,
and the solution was deaerated with argon in a Zwickel flask. After
20 min, several pieces of Zn(Hg) were introduced, and the complex
was allowed to react for 30 min before transferal under argon to a
quartz spectrometer cell to obtain the electronic spectrum (Table I).

The cis- and trans-diaquotetraammineruthenium(11) ions, cis- and
trans-Ru(NH;)4(H;0),**, were obtained in a similar manner by the
reduction of ¢is- and trans-Ru(NH,),Cl,*, respectively. The electronic
spectra of cis- and trans-Ru(NH,)4(H,Q);** obtained are summarized
in Table I. The PFg salts could be synthesized using the same
procedure as for [Ru(NH;)sH,0](PF¢),-H,0; however, the diaquo
complexes decomposed much more readily than the monoaquo complex
even when stored under vacuum at freezer temperature.

Photolysis Techniques. Photolyses were carried out at 405, 366,
334, 313, and 280 nm using a 200-W high-pressure mercury lamp
as a source and Oriel interference filters for wavelength selection.
Irradiation at 254, 228.8, and 213.9 nm was obtained from low-pressure
mercury, cadmium, and zinc lamps, respectively, with wavelength
selection as described by Hintze.%'7 Ferrioxalate actinometry was
used with alt wavelengths except 228.8 and 213.9 nm where uranyl
oxalate actinometry was employed.®

The Ru(II) complexes studied here are air sensitive, so all photolysis
solutions were prepared in the dark under argon deaerated conditions.
Except where noted, all photolyses were carried out at 25 °C for
complexes irradiated in stirred aqueous solutions with an ionic strength
of 0.2 M (HCI/NaCl).

Quantum yields were determined from spectral changes measured
in quartz cells using a Cary 14 or a Cary 118 spectrophotometer and
were corrected for spectral changes (generally small) in an identically
prepared dark reaction solution. Inner filter effects were compensated
and secondary photolysis was minimized by limiting the extent of
reaction and by extrapolating stepwise quantum yields to 0% reaction.!®

Hydrogen was identified as a reaction product of 254-nm photolysis
by analysis of evolved gases with an AE1 MS-902 mass spectrometer.
Quantum yields of gas evolution were measured using a gas mi-
crovolumeter similar to that designed by Davis and Stevenson.!®
Stirred, hydrogen deaerated aqueous solutions (0.01 M HC1/0.19 M
NaCl) of the appropriate Ru(II) complex in thermostated, water-
jacketed quartz cells (25.0 °C) were irradiated with four low-pressure
mercury lamps (Ultraviolet Products Model PCQ X1). Changes in
the gas volume were measured periodically and the ideal gas law was
used to calculate the number of moles of H, evolved. This value was
compared to the number of moles of ruthenium(III) produced si-
multaneously in the photolysis solution as determined by spectral
changes.

Results

A. Photolysis of Ru(NH,)¢?*. Irradiation of aqueous
Ru(NH,)¢** at wavelengths ranging from 405 to 214 nm
results in photooxidation of Ru(II) to Ru(III) and in pho-
tosubstitution of coordinated ammonia. The quantum yields
are irradiation wavelength (A;,) dependent with photosub-
stitution being the dominant pathway at A;, 2313 nm while
photooxidation dominates at A;;; <280 nm. Quantum yields
for these processes can be obtained from spectral data ac-
cording to the following analysis.%’
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Table I, Quantum Yields® Measured for the Photolysis of
Aqueous Ru(NH,),** ;

Ajry, 1M @4y, mol/einstein ®,q, mol/einstein
405 0,025 + 0.003 0.27 + 0.05
(0.019 £ 0.007)° (0.21 + 0,05)%
366 0,022 + 0.003 0.26 + 0,03
(0.016 + 0.002)® (0,23 £ 0,03)®
{0.036 * 0,003)¢ (0.28 = 0,02)¢
334 0,028 £ 0,003 0.25 £ 0,02
313 0,036 + 0,003 0,25 + 0,03
280 0.25 + 0,02 0.04 + 0,01
254 0.36 = 0.07 0.06 + 0,01
(0.13 = 0.01)% (0.03 £ 0,01)¢
229 0.52 = 0.01 0.08 + 0,01
214 0.49 £ 0,02 0.08 = 0,02

@ Measured in 0,001 M HC1/0.199 M NaCl, 25,0 °C, unless
otherwise stated; mean value and average for three or more runs
under identical conditions reported. ® At 6.0°C. € Measured in
0,010 M HCI/0.190 M NaCl.* ¢ In 2 M 2-propanol.

In analogy to other d® hexacoordinate complexes, 822! the
only primary photosubstitution reaction of Ru(NH;)¢** ex-
pected is the simple displacement of NH; (eq 3). In chloride

hy
Ru(NH,),?* + H,0 — Ru(NH,),H,0%** + NH, 3

solution the labile equilibrium involving the sixth coordination
site is established (eq 4);° however, the equilibrium constant

Ru(NH,)H,0%** + CI"= Ru(NH,),Cl* + H,0 4)

is sufficiently small that Ru(NH;);H,0?* is the predominant
pentaammineruthenium(II) species in solution. Photo-
oxidation may give Ru(NHj;)¢** or conceivably may be si-
multaneous with aquation to give Ru(NH,)sH,0**. However,
it has been established that, under the experimental con-
centrations of chloride and catalytic concentrations of Ru(II),
any Ru(NH,)sH,03* formed will be converted to Ru-
(NH;)sCI?* (Apay 328 nm)®® according to the equilibria
described in eq 5, 4, and 6. At Ay, <280 nm very little

* Ru(NH,),H,0%* + Ru(Il) = Ru(NH,) H,0** + Ru(IIl) 5
Ru(NH,),Cl* + Ru(lll) = Ru(NH,),CI** + Ru(I) (6)

Ru(NH,);CI?* was produced by the photolysis. Thus, the
primary photoreaction pathways must be eq 3 and eq 7, and

h
Ru(NH,),** > Ru(NH;),* + ? %)

ruthenium(III) pentaammine complexes, Ru(NH;)sCI** or
Ru(NH,)sH,0*, must result from primary photoaquation (eq
3) followed by rapid secondary oxidation by the Ru(NH,;)¢**
formed independently. A similar conclusion was reached in
considering the UV photochemistry of Ru(NH,)sCH,;CN?*;
however, in that case no photoaquation at all was noted with
Nirr 214 or 229 nm.®

The above analysis leads to the following conclusions re-
garding the composition of the reaction mixture. When

photooxidation (eq 7) is the dominant reaction, the ruthenium

species in the reaction mixture are Ru(NH,)s** (starting
material), Ru(NH,)¢3*, and Ru(NH,);Cl?*. The photo-
aquation quantum ‘yield is evaluated from the amount of
Ru(NH,)sCI** formed while the photooxidation quantum yield
is derived from the total ruthenium(III) formed: Ru(NH;)s**
plus Ru(NH,)sCI?*, In contrast, when photoaquation is the
dominant pathway (A;; 2313 nm) the ruthenium species in
the photolysis solution are Ru(NH;)¢**, Ru(NH;)sH,0?*, and
Ru(NH;);CI?>*, Therefore &, is calculated from the con-
centration of Ru(NH,;)sCI?* while &, is derived from the total
concentration of pentaammine compqlexes: Ru(NH,)sH,0**
plus Ru(NH,)sCI**. Spectral andlysis at several wavelengths
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Figure 1. Electronic spectrum of Ru(NH;)¢2* in 25 °C aqueous
solution (0.001 M HCI/0.199 M NacCl). Quantum yields for ammonia
aquation &, (triangles) and for photooxidation @, (circles) are plotted
as a function of irradiation wavelength.

Table III. Quantum Yields® Measured for the Photolysis of
Aqueous Ru(NH,),H,0%*

Nirrs Doy, mol/ Adry, Doy, mol/
nm einstein nm einstein
405 0,05+ 0.01 254 0.22£0.03
366 0.05+0.01 229 0.69 = 0.05
334 0,03+ 0.01 214 1,101
313 0.06 = 0.01

@ Measured in 0,001 M HC1/0.199 M NaCl; at 25.0 °C; mean
value and average deviation for five or more runs reported.

using the carefully determined molar extinction coefficients
of the noted products allows the solution of simultaneous
equations! to calculate the concentrations of the relevant
species as a function of photolysis time in each of the ex-
periments.

Quantum yields @, and &, calculated in this manner for
aqueous Ru(NH;)¢** are listed in Table II.  The most notable
feature of these data is the sharp drop in ¢, and corresponding
jump in & in going from A, 313 nm to Ay, 280 nm (Figure
1). In addition, small decreases in both ®,, and &, are seen
when the temperature is lowered from 25 to 6 °C; however,
the differences lie within the stated experimental uncertainties.
Also, for 366-nm irradiation &, but not &,, increases sig-
nificantly when [H*] is raised tenfold. Lastly, addition of
2-propanol (2 M) to the reaction solution appears to decrease
both ¢, and &,, for 254-nm photolysis. The effect on &, is
somewhat greater.

B. Photolysis of Ru(NH,);H,0?". Irradiation of Ru-
(NH,)sH,0%" in deaerated pH 3/0.2 M CI- solution leads
cleanly to the formation of Ru(NH,)sCI*" as the only de-
tectable ruthenium product. The product solution spectrum
shows an isosbestic point at 292 nm as expected for eq 8 and

hy
Ru(NH,),H,0%* a:—» Ru(NH,) CI** + ? (8)

careful analysis of the spectrum at other wavelengths gave no
indication of the formation of the Ru(NH,),(H,0),%* or
Ru(NH,;),Cl,* species expected from ammonia photoaquation.
On this basis the quantum yield for ammonia photoaquation

‘is estimated to have an upper limit of 0.003 mol/einstein at

all Ay;. The quantum yields for Ru(NH;)sCI** formation (®,)
are reported in Table III. Similar to the behavior of Ru-
(NH,)¢2", &, is small but real at the irradiation wavelengths
2313 nm and jumps dramatically at shorter wavelengths.

C. Synthesis of Ru(en),(enH)CE*. Photolysis of Ru(en);**
in pH 3/0.2 M CI" solution at 313 or 254 nm gives changes
in the electronic spectrum similar to that seen for the analogous
irradiation of Ru(NH,)¢**. Specifically, the photolysis-induced
spectral changes involved absorbance decreases for the more
intense absorption band of Ru(en);** (302 nm, Table I) and
increases at ~345 nm, a wavelength where chloroamine-
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Table IV, Quantum Yields® Measured for the Photolysis of
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Table V, Product Studies for Hydrogen Gas Formation at
254.nm Irradiation®

Ru(en),** in Aqueous Solution

®,q, mol/einstein

Ajpy, DM Doy, mol/einstein
405 <0.003 0.06 + 0,01
366 <0.003 0.06 = 0,01
(<0.003)? (0.031 = 0.005)®
334 0,015 = 0.002 0.14 + 0,02
313 0.020 + 0,002 0.18 + 0,01
(0.06 £ 0,01)¢ (0.20 £ 0.02)°
280 0.16 £ 0.01 0.03 £ 0,01
254 0,35+ 0.06 0.04 £ 0,01
229 0.98 + 0.06 0.07 = 0,01
214 0.9 0.2 0.06 = 0,01

%1In 0,001 M HCI/0,199 M NaCl at 25.0 °C unless otherwise
stated, mean values and average deviation measured for a mini-
mum of three runs. 2 At 6,0°C, © Measured in 0.010 M HCY
0,190 M NaCl,

ruthenium(III) complexes display strong ligand to metal
charge-transfer (LMCT) absorptions.>® Therefore, in analogy
to the reactions described above for Ru(NH,)¢2* the following
primary photoprocesses and secondary reactions may be
suggested for Ru(en);**

Ru(en),** + H,0* ﬂ Ru(en),(enH)H,0%* ©))
(where enH™ is unidentate ethylenediaminium ion)
Ru(en),** fi Ru(en),* +? (10)
Ru(en),(enH)(H,0)** + Cl"= Ru(en),(enH)C1** + H,0 (11)
Ru(en),(enH)Cl?* + Ru(en);*" = Ru(en),(enH)CI** + Ru(en),**
(12)

The unidentate ethylenediaminium complexes Ru(en),-
(enH)C1** and Ru(en),(enH)H,0 have not previously been
reported. Therefore, the photolytic synthesis of [Ru(en),-
(enH)CI1]Cl-ZnCl, was undertaken as described in the Ex-
perimental Section to demonstrate the viability of the scheme
described in eq 9-12 and to obtain spectral information for
use in the quantum yield calculations, The material obtained
by 254-nm irradiation of [Ru(en);]ZnCl, in 0.02 M HCl at
5 °C followed by isolation and recrystallization gave a sat-
isfactory elemental analysis for [Ru(en),(enH)Cl]Cl-ZnCl,.
The electronic spectrum (Table 1) is consistent with that
expected for a chloropentaamineruthenium(III) complex
(strong LMCT band at 343 nm). Furthermore, reduction of
this ion over Zn(Hg) in pH 3 solution followed by neutrali-
zation of the acid led to the re-formation of Ru(en);**
observed spectrally. (In acidic solution, the Ru(en),(enH)-
H,0%* ion is formed.) Since ruthenium(II) amine thermal
substitutions generally occur by stereoretentive pathways,” the
formation of Ru(en);?* implies that the photolysis-formed
enH* species have a cis configuration. Formal reduction
potentials for the Ru(III)/Ru(Il) couples in acidic solution
(0.1 M p-toluenesulfonic acid/0.1 M potassmm p-toluene-
sulfonate) were measured by cyclic voltammetry! and found
to be 0.15, 0.21, and 0.07 V for Ru(en);**/#*, Ru(en),-
(enH)H, O‘“'/“' and Ru(en),(enH)CI3*/2*, respectively.

D. Quantitative Photolysis of Ru(en);>*. The scheme
described by eq 9-12 predicts that if photooxidation is pre-
dominant, the solution resulting from irradiation of Ru(en);**
would contain the following species; Ru(en);?*, Ru(en);**,
and Ru(en),(enH)CI**. If photoaquation is predominant, the
expected solution components are Ru(en);?*, Ru(en),-
(enH)H,0%*, and Ru(en),(enH)CI**, The dichloro species
Ru(en),Cl,* might be expected if the aquation of enH* was
rapid; however, under the reaction conditions, Ru(en);**,
Ru(en),(enH)H,0%*, and Ru(en),(enH)CI** are thermally
stable. Therefore analysis of the photolysis solution spectra
using several wavelengths and the extinction coefficients

R(Ru(IID)/

Complex n(Ru(IIl)? n(H,)° n(H,)
Ru(NH,),* 223% 10 1,28%x 107 174
L75X 107 071X 10~ 246

Ru(en),?* 4.00% 10~  1.96X 10™* 2,04
388X 105 173x 107 224

Ru(NH,)H,0**  1.83x 10 1.07x 10~ 171
183X 107 076 x 10~ 241

Ru(NH,)** ¢ 500% 106  2,05% 107  0.24
474X 10 233X 10 020

@ Photolysis with UV Products Model PCQ X1 low-pressure mer-
cury lamps at 25 °C, Concentrations were [Ru(II)]g =4 %10
M, 0.01' M HC1/0.19 M NaCl in aqueous solution, ° Number of
moles of Ru(IIl) species formed as determined spectrophoto-
metrically. € Number of moles of H, produced as measured volu-
metrically, ideal gas law assumed. dIn2M 2-propanol,

accurately determined for each of the solution components
(Ru(en),(enH)H,0%* can be generated in situ from Ru-
(en),(enH)CI3*, see Experimental Section) and solution of the
resulting simultaneous equations allow calculations of the
relevant quantum yields (Table IV).

The data in Table IV for the photolysis of Ru(en),>", al-
though qualitatively similar to those for Ru(NH;)¢** (Table
IT), display several interesting differences. For example,
photooxidation is undetectable for Ay, 405 or 366 nm, and the
reported value of 0.003 mol/einstein is only an upper limit.
Oxidation is notable for 334-nm irradiation and is dominant
for A, <280 nm as was also seen for Ru(NH;)s2* and Ru-
(NH;)sH,0?*. The photoaquation yields are larger than &,,
for iy =313 nm but show an unusual behavior, starting out
at the relatively low value (0.06 mol/einstein) for longer
wavelength photolysis (365 and 405 nm), rising to 2 much
higher value (0.18) at A, 313, and then dropping again to a
lower value (0.03-0.07) at wavelengths where oxidation is the
predominant pathway.

The effect of temperature on &, was briefly investigated
for 366-nm irradiation. At 6 °C &, is about half the value
of 25 °C (Table IV) leading to a calculated apparent activation
energy of 5 & 2 kcal/mol, significantly larger than that seen
for the analogous photolysis of Ru(NH3)¢2*. In addition, the
effect of [H*] was examined for 313-nm irradiation. The value
for &, at this wavelength was found the same at pH 2 as at
pH 3; however, &, was found to be a factor of 3 larger at the
lower pH.

E. Analysis and Quantum Yields of Evolved Gases. Pho-
tolysis in the UV region was found to be accompanied by gas
evolution for each of the Ru(Il) ions studied here. For each
case, mass spectral analysis and quantitative volumetric de-
termination of the gas evolved were carried out for photolysis
with unfiltered low-pressure mercury lamps. With these lamps
>90% of the absorbed radiation is at 253.7 nm. These ex-
periments were conducted in thermostated jacketed cells with
deaerated, 0.010 M HC1/0.190 M NaCl, aqueous solution
containing the appropriate Ru(II) salt.

Under the above conditions, the mass spectrum of the gas
evolving with 253.7-nm irradiation indicated it to have a mass
to charge ratio of 2; i.e., the gas is dihydrogen. Results of the
volumetric measurements are summarized in Table V for
individual experiments where these values can be compared
to the spectrally determined quantity of Ru(III) generated in
the same photolysis. In each case the Ru(1II)/H, ratio falls
close to 2 although there is significant scatter in the data. The
average of these six ratios is 2.1 with a standard deviation of
+0.3. However, when the product studies were carried out
for a photolysis solution containing 2 M 2-propanol, it was
found that the Ru(1I1)/H, ratios are markedly lower (Table
V).
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Figure 2. Hypothetical energy surfaces for the excited states of
ruthenium(II) amines indicating the view that the aquation and redox
pathways derive respectively from ligand field and charge transfer
to solvent excited states and that nonradiative deactivation occurs
independently from the ligand field and charge-transfer excited-state
manifolds.

Discussion -
The spectra of Ru(NH;)¢?*, Ru(NH;)sH,0%*, and Ru-
(en);¥* in aqueous solution are listed in Table I. Each ion
displays a low extinction coefficient shoulder and a much more
intense band at higher energy (Figure 1). On the basis of
solvent effects on the Ru(NH3)¢** and Ru(en),** spectra, we
have argued!! that the higher energy bands have substantial
charge-transfer character, a point made previously forRu-
(NH,)¢*" by Schmidtke.?> Among the possible charge-transfer
transitions, the photochemistry reported here, is consistent with
a CTTS assignment (vide infra). The shoulder at ~390 nm
was assigned!?® to the lower energy, spin-allowed LF band
~ expected for these low-spin d® electronic configurations (1A,
— 1T}, for Ru(NH;)¢?*). In addition solvent studies!! di
reveal another shoulder in the Ru(NH,)¢** spectrum at ~310
nm which was assigned to the predicted 'A;, — T, transition.

The photoreaction properties of the three ions foﬁow similar
patterns although individual differences are in need of dis-
cussion. For example, when Ru(NH,;)¢* and Ru-
(NH,)sH,0?* are compared, it is seen that the patterns for
&, are very similar but that photoaquation is not observable
for Ru(NH,;)sH,0*. Two alternative explanations are that
Ru(NH,)sH,0%* does not undergo photolabilization or that
the principal photolabilization path involves exchange of
coordinated and solvent water. The latter phenomenon is
spectrally undetectable and also cannot be studied by isotope
labeling studies owing to the thermal lability of the coordinated
H,0.** Nonetheless, this alternative is the more attractive
given studies® with the isoelectronic rhodium(III) ion Rh-
(NH;);H,0%" which displays considerable photolability of
coordinated H,O but not of NH; when irradiated into LF
absorption bands.

The quantum yield pattern for Ru(NH;)¢2* shows a marked
discontinuity between 313- and 280-nm irradiation. For Ay,
2313 nm, both &, (~0.03 £ 0.01) and &,; (~0.26 £ 0.01)
are essentially independent of Ay,. Independence of A,
suggests population of a common state and that the two re-
actions represent competitive, first-order deactivation pathways
from this state. Since this spectral range corresponds to the
LF absorptions, a possible common state would be the lowest

_energy LF singlet 'T;,. A reasonable scenario would be the
following: (1) direct excitation into the LF singlet states; (2)
relaxation to a common state, e.g., 1Tlg; (3) aquation via
intersystem crossing into the LF triplet states competitive with
oxidation via internal conversion from Ty, into the CTTS
state(s). This scenario is illustrated in Figure 2. Ligand
photoaquation is consistent with the expected deactivation
pathways of d® LF states and similar photoaquation is seen%!®
for the LF excitation of the isoelectronic Rh(INH;)¢** and the
analogous Ru(II) species Ru(NH;)sCH;CN?*, In the latter
case, irradiation of the lower energy LF band gave no ob-
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servable photooxidation (®,, < 107%). However, the Ru-
(II1)/Ru(1II) reduction potential is considerably larger for

Ru(NH,)sCH,CN**/2* (0.43 V)? than for Ru(NH,)*/2*

(0.05 V),% thus making Ru(NH;)sCH;CN?** the more dif-
ficult to oxidize.
The sharp increase in &, and decrease in &,; for Ru-

.(NH;)¢2" at 280 nm corresponds to the onset of the CT band

in the absorption spectrum (Figure 1). However, while &,
has increasing importance at shorter wavelengths, residual
photoaquation is also seen. Interestingly, the ratio &,,/®n
is approximately constant (~0.16) over this wavelength range
although the experimental uncertainty in calculating the
smaller number is considerable under these conditions.
Possible alternative explanations for the observed photo-
aquation in this region are (1) internal conversion of initially
populated CT states into substitution reactive LF states, (2)
direct excitation of LF transitions observed by the CT band(s)
but still comprising a significant fraction of absorption in that -
region, or (3) direct reaction from the CT state. Although
the last alternative might be suggested by the constant ®,,/®,,
ratio, it is notable that the photooxidation of Ru-
(NH;);CH,;CN?* in the same wavelength region is accom-
panied by little or no photoaquation. Regardless of which of
the three alternatives prevail, the ®,; yields do reveal one
important property of the state formed by CT excitation: Since
&, is decreased at least threefold from the values seen for
direct LF excitation yet oxidation to Ru(III) represents at most
~50% of the deactivation from the CT state(s) (actually half
that value is a more appropriate comparison, vide infra), it
is clear that considerable nonradiative deactivation to the
ground state is occurring directly from the CT states.

Observation of H; as a reaction product with the observed
®,,/ Py, ratio of 2 is consistent with a reaction scheme such
as:

hi
Ru(l) = (Ru(IlD)--+e.") (13)
CTTS*
CTTS* + H* ~ Ru(lI) + H- (14)
H- + H* + Ru(ll) » H, + Ru(llD) (19
2Ru(Il) + 2H* - H, + 2Ru(lll) (16)

This scheme predicts an upper limit for the quantum yield of
Ru(IIT) formation (®,,) to be 2.0, a prediction consistent with
the indication that ®,, may exceed 1.0 for 214-nm photolysis
of Ru(NH,);H,0%". Notably in acidic aqueous solution, H-
can oxidize Fe?* to Fe3* %7 and thus is sufficiently powerful
to oxidize Ru(NH,)¢**. (In the aqueous chloride media it is
conceivable that Cl- or Cl,” will be formed by reaction of H.
with HCl and that these species may serve as the oxidant of
Ru(II).?®) The formation of H- in a reaction such as eq 14
is supported by two observations. First, ®,, is sensitive to acid
concentrations, increasing substantially as [H*] is raised, and
indicating competition between the trapping of CTTS* by H*
and relaxation back to starting material. Second, carrying out
the reaction in 2 M 2-propanol solution leads to major de-
creases in the &,,/®y ratios (Table V) as well as a corre-
sponding decrease in ®,, (Table IT).?* The data indicate
trapping of H- by the alcohol to form a reducing CH,C-
(OH)CH, radical which would be expected to react with the
Ru(III) present in solution (eq 17 and 18).%

H. + CH,CH(OH)CH, — H, + CH,C(OH)CH, an
Ru(Ill) + CH,C(OH)CH, ~ Rudl) + H* + CH,C(=0)CH,  (18)

The excited-state diagram shown in Figure 2, represents the
CTTS state as having a discrete energy; however, it must be
rather diffuse given the uncertainty and variety of the many
solvent/complex configurations in the excited state. The very
nature of CTTS states, especially for cationic complexes,
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remains a controversial topic. Solvated electrons generally
have not been observed in the flash photolysis of cations*® and
attempts in our laboratory using a conventional xenon flash
apparatus to study aqueous Ru(INH;)¢>* in acidic aqueous
solution indicated no transients with lifetimes exceeding 40
us, especially absorptions attributable to e,,~. The failure to
see e, Wwas certainly no surprise given the rate constants
reported for trapping of this species by Ru(NH,;)¢*t (7 X 10°
M s™) and by Hy * (2.2 X 10 M s71).31 The question
remains whether the CTTS state represented in eq 13 and 14
actually involves the formation of a solvated electron or one
more tightly bound to the Ru(III) center. However, our view
is that the behavior of the system (e.g., the observation of a
definite absorption band and the trapability of the CTTS state)
suggests the existence of a CTTS state with an energy and
configuration loosely defined by a minimum on a potential
energy surface as illustrated in Figure 2. Such bound states
in which the excited electron is promoted to a spherical po-
tential surface around the central atom are the bases for
various theoretical treatments of the CTTS absorptions of
halide jons.!}*%3233 The rapidly increasing &, values seen at
the shorter irradiation wavelengths are consistent with the
higher energy excitation leading to dissociative states with the
quantum yields being a function of the excess energy imparted
to the reaction fragments.

The photochemistry of Ru(en),®" differs from that of
Ru(NH;)¢*" in several important regards, particularly at the
longer irradiation wavelengths. First, unlike Ru(NH,)*
which shows a wavelength-independent @, at A, >313 nm,
Ru(en);** shows &, to drop to immeasurable values (<0,003)
at these wavelengths. Similar patterns for ®_, were seen for
the Ru(NH;)(CH;CN)?* and Ru(NH,);spy** complexes>®
where the failure to see photooxidation for the longer
wavelength irradiation (366 and 405 nm) was attributed to
the greater difficulty in oxidizing these species as indicated
by electrochemical data.?® The tris(ethylenediamine) complex
with a Ru?*/2* reduction potential of +0.15 V is somewhat
more difficult to oxidize than Ru(NH;)¢>*. However, if an
excited-state scheme such as that shown in Figure 2 is indeed
applicable, then the differences must lie in the relative rates
of reaction or deactivation from the lower energy ligand field
and charge-transfer states since absorption spectra (Table I)
indicate that the CTTS and lowest LF singlet states may be
closer in energy for Ru(en);*t than for Ru(NH,)>".

Another difference for Ru(en),;?* is the wavelength sen-
sitivity of &,, when the complex is irradiated in the A, region
405-313 nm. Excitation of the ligand field band at A,, 370
nm with either 366- or 405-nm light gives &,; = 0.06, much
smaller than when X\;, is 334 or 313 nm on the lower energy
side of the charge-transfer band. We have no ready expla-
nation for this observation other than to suggest that higher
energy LF states may be more reactive toward dissociating
the nitrogen of the chelating ethylenediamine.

In summary, the photochemical properties of the saturated
ammineruthenium(II) complexes can be attributed to two
types of excited states, ligand field states from which ligand
aquation is one deactivation mode and higher energy charge
transfer to solvent states from which oxidation of Ru(II) to
Ru(III) with concomitant H, formation is a principal deac-
tivation mode. The quantum yield patterns when the
charge-transfer absorptions of aqueous Ru(NH;)4%* are ir-
radiated indicate that the oxidation occurs with the formation
of hydrogen atoms, apparently by the reaction of H* with the
CTTS excitated state. We believe that this CTTS stateis a
bound state with a shallow minimum in its potential energy
surface which may be populated by internal conversion from
lower energy LF states and may deactivate directly to the
ground state. However, the rapidly increasing ®,, as the
irradiation energy is increased through the CT region suggests
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that, at the higher energy regions, the CTTS states formed
are dissociative in nature and quantum yields for product
formation are partly a function of the excess energy imparted
to the reaction fragments. Some photooxidation is evident
when the lowest energy LF absorptions of Ru(NH;)¢?t and
Ru(NH,;);H,0%" are irradiated and this is interpreted as
resulting from back-population of CTTS states from LF states
initially populated. The fact that Ru(en);**, Ru(NH;)spy?*,
and Ru(NH;);CH;CN?* do not show comparable photo-
oxidation at these wavelengths can be correlated with the more
positive Ru(IIT) /Ru(II) reduction potentials of these species.
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