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.ABSTRACT T L

-

A .

A series of~Rh{IiI)-amine cemplexes were ﬁhotolgeeé

in both the LF and CT manifolds to gain insight 'into the
ntrinSic electronic properties that dictate -the product ‘
distribution(s) Following absorption of a photon. In . A ;i
all cases, the.weak field axis was found to be the axis

of 1labilization. A model based on the degree of locali-

zation of antibording character within the excited state

has been used to interpret the SDElelCltV of a nartic-‘
ular“ligand or ligands aquated. The photochemistrw of

the trans—[Ir(en) ]+ (X = Cl, Br, I) series was also
.stuudied and was observed to parallel'tﬁe guali ive ‘ -

trends of the.analogous Rh(III) series.'

The pOSSibilitv of redox p;ocesses oecurring in the
CT photochemistrv of Rh(III)-amines was investigated by
omparison of the products obtained from direct photoly-
sis with those incurred from redox processes initiated
by reaction with hvdrated electrons. These latter studies
revealed interesting features and characteristics_of the

relatively unknown monomeric Rh(II) species.
The effects of pH, temperature, and solvent medium
on various photolvtic systems were studied. The observed

senSitiVity of the vields to the reaction efivironment

iv



has been interﬁreted as evidence of the .relative impor-
tance of mechanistic pathway on the sensitivity of the

photochemical systems. A diffusion mocdel is proposed as

LI - -

the dominant mechanistic pathway involved in these sys-

tems.

{.
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1. INTRODUCTION

In the past decade, the photochemistry of transition
metal coordination compounds has received con51derable

attention from both a fundamental and applied point of
view. Much progress has been made in the eluCLdatlon and
identification of excited states and reaction patﬁways.

In essence, a photochemical reaction may be regarded
as a bimolecular process in which one reactant is a photon
" and the other is the absorbing moiecule. Howéver, the
overall response of a system after the absorption of a
photon is rarely simple and usually involvés a se;ies
of intramolecular events some of which are sequential
whilst others are competitive; Because of the potential
compleﬁitieé inherent in photochemistry, it is convéﬁ-
jent to define three separate stages which together com-—
bine tc represent a primary phetochemical reaction: The"
first stage is termed the primary act and is merely tﬁe
absQrption of a photon. The resultant state, however
transitory, can be identified as a spectroscopic state
of the molecule and where the incident radiation is suff-
iciently energetic {i.e. visible or ultraviolet) ,this

state will be an electronically excited, state. | Apart

from the obvious significance as the initiating step, the.



primary act defines the manifold of excited states which

¢ s,
™,

may be activated in subsequent stages.

It has been well establishe& in numerous cases that .
the initial state produced in the primary act is not the
- state which undergdes reaction. This conversion from the
initial excited state to the ultimate reacting state con-
stitutes thg second stage and the events comprising this

stage are termed the primary photophysical processes. The

three stages can be represented by the following scheme:
A+ hv —e 2a* Stage 1

K * % - -
‘ A A :] Stage 2 (f“\i/

- . A**—bAﬂ—
k ' .

AT——lo product
k 2 )
——» 2 + heat Stage 3
k

—-?l'A-{-h\J

It should be noted that in some instances Stage g‘could

be totally absent (i.e. A*= A*) or could invplve a very
large number of steps.

As was mentioned, the' reactive species may be in thé
same state as was initiallyv populated or it may be in some
other state brought about by intermolecular or intramol-
ecular conversion (A**). Thus,in addition to producing

chemical reaction, they may also dissipate their energy



.by meané of radiative and non?édiative processes to the

surroundlng medium. These processes may also convert t?p
exc1ted states of the same or differing spin multlpll—'

cities. A‘radlatlve transition ‘to a lower excited.state
of the same mdltibliciéy is termed "fluorescence" while

_one to a lower.state of differing multiplicity is "phos-
phorescence"”. Nonrédiative transitions between states of
the same multiélicitylare designated as ;internal conver-
sionsk (IC) while those between states 'of different multi-
plicity are termed "intersystém crossipg“ (ISCY.

- From luminescence and photochemical studies on trans-
ition metal coﬁplexes, it is generaliy'énferred that the
nonradiative transitions:beiween excited states of the
same multiplicity are veryﬁfast and first order in kin-
é;ics (k=10ll sec_l).,.Intersystem crossiné between excited
states are ve;y rapid even though they are nomiﬁally for-
bidden (1,2). It haé also'ﬁeen'found thét the radiative
and nonradiative transitions from the lowest excitedjsﬁates
to the grouﬁd state are relatively slow {2). VTﬁat partic-
ular excited state from which reaction occurs is freguently
denoted as the"photoactive state". The aone possible
photophysical ané photochemicgl processeé upon ir;adiation

of a &° ion with octahedral microsymmetry are illustrated

in Figure 1. For a more detailed discussion of these
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Figure 1
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Figure 1. Photophysical and Photochemical Processes

-

of a d6 Ion with O, Symmetry (Ref. 1).
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processes, the reader is referred to the comprehensive

texts of Adamspn.(l)"ahd Balzani (B)j

-

In addition to characterizing photoevents in teéms of
the as§ociated-fate constépts, it is more co&mon to des-
cribe the efficiency of such events relative to the amount
of absorbed light because these are usuvally more readily
obtainable experimentally (2). The effiéieﬁcy for a partic-

ular photochéemical or physical process such as those shown

in Figure 1, is expressed in terms of the guantum vield,

-

¢, egquation [1].
&

¢ = rate of change of the process of interest [1]

rate of absorption of light quanta of a
specified wavelength

The totality of all such events, excluding possible sec-

ondary thermal ones, must be unity. This may be expressed

as in equation [2]:

O = ¢, + & o+ O + 3 ‘ ) [2]

hd
]

T total gquantum yield

£r
]

£ gquantum yield for fluorescence

Lo
]

gquantum yield for phosphorescence



Prx

¢

quantum yield@ for chemical reaction

-

NR quantum yield for nonradiative transitions.

In ggqeral,_the‘qﬁantum yields for éhoéochemical reactions
of transition'metal_cdmplekes ére leés than unity and in
many instances much léss. This indicates tHat to under-
ast;hd the cheﬁistry of the excited states, not pnly must -
the photochemical aspects be investigated, but also the
competing phofdphysical ones. °

Based on the gteady_state épproxiﬁation, the guantum
yield for disappea?ance of A or formation of products may

be expressed as:

k, [A*]
o = % .[3a]

(kl.+ kz)[A*]

or
ky [A¥] ky ' [3b]

E ki[A*] E ki

where I k, = sum of all rate constants deactivating A*.
i

When the reacting state is ne® populated by direct absorp-
tion of light but is reached indirectly through intercon-
version pfocesses, the efficiency of formation of A* (ic)

must alsc be considered.



r | B ¢S

The reaction of the excited state going £o products}*
as in the case of.ground state thermal reactions, has an

activation energy such that the rate constant, k can be

.17
_expressed in terms of an Arrhen@us equation.

—Ea/RT ._' ' : -

Combining eguations [3a] and [6], the following, expression

is derived:

. . ; /
-E,/RT 3
s = B e . e [7a]
—Ea/RT
. A e . + k2 -
or
‘F
—Ea/RT‘
in & = ~Ea/RT - (In(e + kz/A)) [7Tb]



i

*

The above processf%ssumes that the k, process is

[ 5 . ‘ L
temperature independent. In the limiting case where

i -E_/RT - . . -E/RT .
k, >> e 2 (i.es &< 0.1), In(e + ko/A) should

s

be nearly temperature independent {3}. Plots of In ¢ vs.
1l in this case would be linear with a slope of -F_/R. Norm=
ally, plots of this type are not linear because ¢ > 0.1 or
k2 (nonradiative p;ocesses) are femperature depéﬁdent.

Thus, over any temperature range T, to T,, an apparent

activation enexgy (Eaép) can be calculated

-

in ¢, - In.¢ ' . .
g =r_ 1 T (8]
app —
‘I‘2 'I‘l

and this will be less than or egqual to the. activation en-
exrgy Ea of kl (3).

Electronic transit%gns may occur through electric di-
pole, magnetic dipole, or electric quadrupole mechanisms (4).

Electric dipole is the only important mechanism for the ab-

_sorption of light in solutions of complex ions (5). An

energy level diagram, such as the.one shown in Figure 1,
provides a convenient representation of ‘possible excitéd_
state events, but does not adequately convey one very
important aspect, that is, the change 1in electron'density

upon excitation. Such a change is not cnly the source

d



of the nonedquilibrium doq§ition of the eXcited state but
also determines the nature of -the exciﬁed'staté and thus:
has a strong bearing on the subsegquent coﬁrse of évents (2) .
From quantum mechanical descriptions ahd_from.spec—
tral propérfies of absorption and emission banés,.there has
;risen an oversimplified, but nevertheless useful, ciass—
ification of electronic transitions in transition metal
compiexes as d-d or_charge transfer (CT) (3,6). Transitions
of the d-d or ligand field.(LF) tvpe are essentially loc-
aliéed on the central metal and represent an angular re-
distfibutién of electronic charge; For a,ds,metal systémt
this involves promotion of a tzé electron (ﬂ-symmetry.with.
respect to M-L bond axes) to an eg orbital (g-antibonding
with respect to M-L bond axes). This angular redistribution
of chargé does n;t modify thé electron density on the metal
or the ligands substantially and seldom leads to oxidation-
reduction reactions. The energy required to promote an
electron from the tzg.to the eg set of orbitalg depends on
the ligand- field strgpgth;ﬁx; or'lb Dg, which is a property -
‘of both-the metal and the ligand. For centrosymmetric
complexgs‘sﬁch as octahedral ones, ligand field transitions-
are frequently symmetry forbidden (Laporte forbidden).
This reSﬁi£s in low values for the molar extinction co-

3 1

efficients (1-150 dm~ mol

em 1y for 0, complexes and
\ .
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smaller if the transitibns are also spin-forbidden. The
energyﬂlevei diagram for d6 complexes of Oy and D,y Symm=
etry‘is illustrated in Figure 2.

Chargé transfer transitions, on the other hpndi are

-~ —

freduently both orbitally and spin-allowed and consequehtly
exhibit extinction coefficients of considerable magnitude

4 am3 mol”t cm_l). They- represent a much more exten-

(10° ém
sive redistribution of electron density and one of a more
_radial.nature. They are generally observed at higher
energies,(bug not glways) ﬁhan those for d-d transiﬁions.
and may mask thé higher-energy ligand field bands. CT
transitions may be fprther subdivided into thoSé involving
movement of charge from the metal to ;igand(s) (CTML),

from the ligand (s} to the metal (CTLM), or from one ligand-
centred orbital to another one (L-L). Frequently, CT
transitions are asséciated with redox processe§.

Recently, a number of authors have attached a consid-
erable significance with respect to the nonradiative deac-
tivation pfocessqs being competitive with éhotochemical
reaction. Therefore, it would be appropriate to briefly
discuss the curfent models emploved to describe nonradiative
transitions. For large moleculés, vibronic coupling

between an excited state and the ground state has been

analysed in terms of two limiting models (7,8), "strong



v
k.
3

Figure 2

11



Figure 2. Energy Level Diagram for d6 Complexes of

-+

! Q0 4k Symmetries (in C4v symmetry,

N ~h
the g subscript should be omitted. Only

and D

the lowest energy levels are shown. Dia-

gram not drawn to scale.) (Ref. 1l}.
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coupling” and "weak éoupling“.'

The "strong coupling limit" (Figure 3a) has ahnoﬁ—
radiative decay progabiliﬁy that éépends on fhe mean
" vibrational frequency of the molecule. This limit is
usually encountered when the ;elatiye displaceﬁents'(&s),—‘
-at leastralong éne normal modé of fhe two electronic po-
. tential energy surfaces, are large such that an intersectioﬁ
. of ?hesé surfaces will occur reasonably close to the min-
imum point of the excited state potential surface. With
respect.to the above treatment, the strong coupling deac-
tivation limit should be relatively insensitive to isotopic
cﬁagges {e.g. deuteration) ané display a temperature
'depéﬁaenbe similar in appearance to a conventiocnal rate
équat;on where AE| functions as the activation energy (9}.

The "weak coupling limit" (Figure 3b), normally assoc-
iated with a small displacement of the éotential energy
surfaces (Aw), has a transition probability déminated by
the fregquency corresponding to the normal vibration.of
maximum freéuency (7). The t;ansitipn probability is
determined by two opposing factors, the density of acceptor
states, and the overlap integral between donor and acceptor
states. The more dominant term is the overlap integral

which is maximized for the highest fregquency vibration of

the mo}ecule. Weak coupling deactivation would not be

’
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Figure 3. Strong and Weak Coupling Deactivation Limits.

(a) ‘Strong Coupling Limit
A;'is thé Stokes shift.
AE + E_ corresponds to the energy of the
absorp;ion maximum.
AE is the 0-0 transition energy.
AET represents the activation energy for

strong coupling deactivation.

(b) Weak Coupling Limit
Aw'is the Stokes shift.
AE + Em correspopds to the energy of the-
absorﬁtion maximuam.

R AE is the 0-0 transition energy.



~A{a)

(b)




ouw (U

expected to“depénd on medium temperatﬁre since the energy .
of'thé}promoting and accepting mgdes are not a¥function of
teﬁperature;. Ho#everﬁ'temperatune changes may indirectiy
chaﬁge the qonradiative deactivation rate by changing the
Boltzmaﬁn population pf promoting modes in the electron-

ically excited-state. Such a perturbétion should be minor

in comparison to-isotopic changes in thé acceptor medes.

At the pre§enE stage of development, it is difficult
to fully.assess the‘relationship between possible coupling
modes and the overall photochémical activity.  1In pérticular,
the effect of.;ibronic'coupling on the nonradiative deac-
tivation processes in the photochemistrf of de complexes
remains very much open to guestion and is the subject of-
furtheE discussion in this thesis (pages 111-113).

To acguire an appreciation and unde}staﬁding for a
physical process, it is desirable to e;:;blish gualitative
and quantitative trends exhibited by a series of molecules.
Such a categecrizatien was first initiateé in 1967 by Arthur
Adamson (10) Qho proposed two semiempirical rules in an
attempt to predict the photoaguation behavior of nonocta-
hedral‘Cr(III) complexes. The principal statements are as
follows:

- "{i) Consider the six ligands to lie in pairs at the

ends of three mutually perpendicular axes. That axis



15

hgving fhe weakest average cfystal field will be
the one‘labilized, and the total quénéum vield will
be about that for an Qh-compiex OE the sa@é average
field. . -
(ii) If the labilized axis contains two different _
ligands, then ﬁhe ligand of_greater,field strength
preferentiallf aguates." : i B -
The applicability of these rules has met considerable sucégss
not only for Cr(III) syétems but alsc for the majority of
Co(III) and Rh(III) compléxes thus far studied. The predic-
tive utility pf_the rules can be seen with the complex '
CrfNH3)5C12+. Chloride has a spectrochemical position low-
er than NH3 and hence the axis of weakest average fie1§

strength is along the NH3—Cr-Cl molecular axis. Ammonia

is predicted and found (1l1l) to Be the ligand preferentiallf

&
* aguated.

Thg‘photochemical behavior of rhodium(III}-amine com-
plexes is of interest both for its unigueness and for its
similarities to the behavior of other ndscomplexes. The
halopentaammines were first studied by Moggi (12) and then
in more detail by Kelly and Endicott (13-17). The latter
authors found that irradiation of the ligand field bands
of Rh(NH3)5X2+ led-to two different reactions depernding

orn the nature of X, equationf[9].
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_(a) Rh(NH3)5H203+ + %X
Rh(NH3)5}(2+ hv,Li . _ (9]
H.O ‘ ' .
Hy
(b) +:

L2l trans-[rh(NH,) 4 (HZO)X]2+ +NH,

When X = Cl, only path (a) was observed, while path (b) was

the only pathway involved when X = I, For X = Br, intermed=

iate behaQior,was found with both Rh(NH3)5H203+ and trans-

[Rh(NH3)4(H20)Br]2+ being formed. The gquantum yields were
observed to increase in the following order: Rh(NH3)5C12+ <
Rh(NH.) Br°t < Rh(NE,).3°7.

3'5 3'5 _

Rh(NH3)SX2+ complexes have been reported te quench the
phosphorescence of biacetyl (14). Concurrent with phosphor-
escence quenching was the formation of the same products

2+. On the basis of

thréﬁgh direct excitation of Rh(NHB)SX
these data and limiting quantum yields.from the Stern-Volmer
plots, it was suggested that the reactive excited state has
triplet spin multiplicity and internal conversion/intersystem
crossing occurs with unit efficiency (10 = 1).
In conjunction with these studies, low temperature

(77—110°K) emissions andrlifetimes have been recorded for a
series of Rh(III)-amine complexes (18-20). These emissions

have been assigned as spin~forbidden d-d phosphorescence



((3Tld -—_lA )y for O symmetry and ( 3¢ or 3A -— lA ) for
‘ symmetrv) since the relatmve energy of the emmssxon
band,follows the same orderlng as the relative energy'of the
lowest d-4d absorptlon band. Also, the energy difference
'between the absorption and emission bands is too large o
assign the emission as fluorescence (18) . Whereas'these
studles are strongly indicative that the phétoactive state
is the first excited 3E, it cannot be lmmedlatelv assumed
that the same‘state will act as "the photoactlve state 1n
agueous media at room temperature. However, there is a
relative abundance of evidence drawn from sensitization
studies (14) and wavelength dependenc1es (14, 40) that

offers rather convincing support for the contentlon that

the 3E is the photoactive state. )

To account for the relative product distributions re-
sultrng from the photochemistry of Rh(NHB)SX2+ complexes
(equation[9]) ., Endicott and Kelly (16) have proposed the
enerqgy level diagram pictured in Figure 4. In the case

where X = Cl (i.e. Rh(NH3)5C12+), the 3x state is proposed

to be 10° cm + higher than 3y (only €1~ aguation observed).
For Rh(NH3)SBr2f, this energy 1is approximated as 300 to
900 cm e (14, 16), with thermal back population of 3X being

respon51b1e for NH3 aquation. The high quantum vield for

aquation of NH, (¢ = 0.83) for Rh(NH3)512+ suggests that

- -+
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" Figure 4. Qﬁalitafive Energy.Level Scheme for the

. Photochemistry-of Rh(NH3)5x2+ Complexes.

ISC refers to intersystem crossing. The
first prder rate constanﬁs kN and kx-are‘
indicated for product formation from loss

of NHs and X respectively (Ref. 16).
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the 3x is very close or.lower in energy than the 3Y state.
Quarntum ylelds have also been measured for llgand—
field excitation. of pentaammlnerhodlum(III) complexes .of
'the uncharged llgands NH3, RPyridine, acetonitrile,,and
benzonitrile (21,22). ‘Like the chloro complex, these pra-
domlnantlv undergo photoaquation of .the sixth ligand. a

sisple Spectrochemical series for these Rh(III) ocomplexes,

based upon the energy of the flrst LF -band, gives the foll~

I <Br <c17 < NH; = Py = CH.CN = CeHSCN (23 24) This
series suggests that unlike the 1odo and bromo complexes,
the electronic distortion of the various Rh(NH ) L com-
plexes away from the octahedral mlcrosvmmetry of the hexa-~
ammine is smalil (21). The magnitude of the photoaquation
vields follow the order NH3 < py < CGHSCN = CH3CN which
is the approximate inverse of the Bronsted basicities of the
free ligands:. NH3 > pvr>> CF3CN = CshSCN The relatively
high ligang field strength of the nitriles has keen attrib-
uted to their polarlzablllty (24). ’

The lowest Rh(III) LF excited State will derive from
the tzgsegl conflguratlon. Not only should this be digs-
ociatlon labile owing to population of the eg orbital,

Whléh is o in character, but also the excited state might

be considerably less polarizable (harder) owing to the
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angular redistribution of charge, thus reducing the bond-
ing interaction relative to the ground state more for the

unsaturated organic base than for NH, (24). This expla-

3
nation not only rationalizes the relative values of o (LY,
but also the essentially exclusive aguation of the sixth
ligand from the pentaammine complexes.

+

Ligand field irradiation of Rh(NH3)5(H20)3 has been

reported to lead to photoexchange of solvent and coordi-
nated water with a“quantum vield of 0.43 (25). Similar
excitation in the presence of added chloride or bromide

- .
results in photoanation to form the halopentaammine com-

+ with the quantum yields dependent on’

‘pléxes Rh(NHB)sz
the concentration of added halide. The mechanism for pho-
toexchange and photoanation has been postulated to occur

via a dissociative pathway since the photoanation guantum
vields in bromide solutiqn were -not dramatically different
from those in chloride solution.

The visible and u.v. photolysis of EEEEET[Rh(A4)X2]+
molecules (where A = 4NH3, 2en, and cyclam; X = Cl, Br, or
I) has been studied (13,26,27,28). All photoreactions
were found to proceed via halide aguation with complete
isomeric retention for both ligand field and charge transfer

excitations (egquation [10]). The gquantum yields followed

the order: trans—[Rh(A4)C12]+ < trans—[Rh(A4)Br2]+ <
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+
trans—[Rh(A4)12] .
- + | 2¢ -
trans-[Rh(A4)X2] + hv —» trans—[Rh(A4)(H20)x] + x [10]

Sellah and Rumfeldt have shown the yields'to be sensi-
tive to the degreeloflcheiation of_the‘amine svstem (28).
For example, whilst the electronic specera of trans-
[Rh(NH,) ,CL,]7 and trans-[Rh(cyclam)Cl,]” axe very similar,
the guantum yield of chloride aguation fo; the cyclam coml\’
plex is much lower. These authors have suggeseed that this
chelation effect is more likely to be mechaniStie rather
than electronic in origin.

‘ The u.v. irradiation of both Rh(NH3)512+ ané trans-
[Rh(NH,) T ]+ leaés to formation ef g;ggg—[Rh(NH;)4(H20)I]2+
as a primary photoproduct (13). Product vields were found
to be lower for-irradiation of charge-transfer-to-metal
(CTTM) bands than for irradiation of d-4 bands. “Hence,
Kelly and Endicott (13) have concluded that the decreased
vields at higher excitation energy signify that efficiency
of the interconversion from CTLM states to the lowest LF
state is less than unity. Consequently, direct radiation-
less deactivation from the CTLM states is competitive with
intersystem crossing. The g;;ef}te trend was observed for
irradiations of trans—[Rh(A )x ] Af“ en, cyclam) complex-

es whereby vields resulting from charge transfer excitation are
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,gfeater (28). An_expianation for this difference in trends
is-stéal ouﬁstandigg. | .
‘Rumfeldt and;Sellan have also studiéd“thé photochem-
istry‘of gi§~[Rh(cyclam)¥2]+ (where X = Cl, Br, I) and
gig;[Rh(en)2C12)+ (29) 9. Although only halide aquation with
;omplete isomeric retenpion was observed for the cyclam - ‘
complexes, amine aquation is the principél reactioﬁ mode
for ﬁhe ethylenediaminé complex with evidence for cis to
trans isdmerization. In each case, the photosensitivity
was greater for CT excitation than LF excitation. The re-
sults for the g;gr[Rh(cyclam)X2]+ complexes were interest-
ing since the dependence on the leaving group is completely
reversed.from the corresponding trans compléxes (i.e. &(C17)
> ¢(Brf) > & (I )) with the diioéo complex basically photo-.
inert. '
The.ggg—[Rh(cyclam)x2]+ series appear to be an excep-
tion to_Adamson's second rule. The anticipated feaction
would have been dissociation of a Rh-N boﬁ& ds is fournd. for
gig:[Rh(en)2C12]+. Rather t§§n constituting.an exception
to the rule, gigf[Rh(cyclam)Xé]+ {where X = Cl1, Br) demon-
.strates the potenfial inadequacy of any semiempirical rules
that lack sound theoretical justif;cation. The C1  and Br

yields have been attributed as deriving from a process of

specific labilization which is determined by some factors
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‘unigque to these complexes (29). From a comparison 6f thé
quctra-of gi§:th(en)2C12]+ and'gigffﬁﬁ(cyélam)912]+, the
change from aminé to halide aquation appears to be Felated
to a‘stru?tural disto:tionAin the complex (59). |

A tetragonal pyramidal intermediate has been proposéd
for bo#h the cis- aﬁd gégggtkh(III) cyclaﬁ‘éomplexes. .Such
.an intermediate not only-satisfies the demand for stereo-
mobility but also isomeric ;etentiOn (28,29). It has also
been suggested that the mechanism for photochemical redction
for complexesAof the type trans- and'gig-[Rh(Aé)X2]+ (A =
en, cyclam) proceeds via a dissoéfﬁtive pathway (40).

Amine complexes of iridium(III) have also been shown
to be photoéeactive but so far have been the subject of
relatively little guantitative study. Broad band irradia-
tion of the-comple#es EEEEE’[Ir(en)2X2]+ (X = C1, Br, I}
in‘aqueous solution leads to stereospecific agquatien (30,
31,32). Since the halogquo product reacts stereospecific-
ally with excess ligand ¥ , the photoreaction provides a
useful route for preparation of mixed diacidobigfethylene—
diamine) complexes. For the above -complexes, only trans-
[Ir(en52C12]+ has‘begn étudied guantitatively where for
350 nm excitaticq# the quantum vield of qh;oride was found
to bé”approximaﬁely 0.10 (32).

To provide a thepretical basis to Adamson's empirical



24

‘rulés, Zink has presented a molecular orbital model (33,

34,35) for the photoreactions ofAd6 complexes and applie

this to rationalize the product distributions resulti
fraﬁ the photolysis. of the haloPenfaamminerﬁédiumiIII)
complexes. The fundamental assumpfion in the model is that
the lowest excited state will be the dominant photoactivgl-
state (33a). The modellqonsists of three interrelated
parts (33b): (a) first, crystal field theory is used to de-
termine the symmetfy wave functions, the relative energies

of the states, and hence the directionality of the photo-

reactions, (b) second, molecular orbital theory.is included

+

in the analysis to determine the distribution of the excita-
t;onjﬁnergy along the labilized ‘axis in ordef to understand
which ligaﬁd on the axis will be preferentially labiiized,
and'(c) thirdly, a crystal fiéld determinétion of the f;gc-
tional d-orbital composition of the photo;ctive excited
state'is used to determine the relative quantum yields of
the photoreactions. Since direct reference will e made to
the model, it would be appropriate to present a brief re~
sumé of its more pertinent points.

when an electronic transition occurs, the population
of the electrdnic ground state decreases and that of the
excited’states increases. Since the two states in a ligand

field transition involve metal d orbitals which participate
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in the metal-ligand bonding, shifts of electron density
will change the metal~ligand bond strength. 1In a ds sys-
utem the orbital to.which an electron is promoted in the
low;energy ligand field trans;tlops always lnvolves the

unoccupied a‘z_yz and/or d_2 orbitals which in the molec-

ular orbital picture are o -antibonding molecular orbitals.

If the acceptor‘ofbital'is primarily dx2_v2 (or dz25 in

character, ¢ bonding in the Xy plane (dr Zz axis) will be

weakened and if the axial ligand has filled m-orbitals, the

loss of électrbn density from the (T-antibonding) dxé'dyz
pair will concomitantly result in a strengthening of the
T bonding in the z direction (34a).

As an example of the ana;ysis of the total bonding
changes caused by a particular excitation,lconsider the

lAl—b lE(lT ) transition. 'From the wavefunctions for lA

and lE(lT ) below, the transition results from promotion’

1

of an electron from the degenerate d dyz set to primar-

xz’
ily the dzz orbital.

A (d

al 4l 2 .42 41 .1
E(Ty) -{3/2(8° xy® %28 yzd g2 - 12087 a0 et et 2

2 .1 .2 1 2 .1 .1 1
+¥3/2(d xyd ezl y?d ,2) - 1/2(d xyd <z yzd 2

In this case, the Slater determinant representing the lE(

-V

-

1o

2)

2

1

)

)



————

2§

eiéenstate does not contein the pure one-electron d'2-or- ;
bital but lnstead contalns a linear combination of d 2 and
dxz y2 and the relatlve probablllty of flndlng the electron
in the d22 orbital compare@ to that of finding it in the
dx2_y2 orbital is 3/4:1/4 = 3:1 (34a). The model predicts
that the lerger the percent d 2 character'in the excited
state, the more antlbondlng the metal-ligand bonds on the
axis become, thereby increasing the probability of photo-
labilization of the z—axis ligands (35b). The approximate
trends in percent dZZ character can be obtained from the
trends in the ligané field theory parameter Dt (i.e., the
greater. Dt the more distortion along the z axis).

When the ligands in the labilized direction are diff-
erent, different degrees of labilization are expected for
each of them which will depend on the metal-ligand antibond-
ing properties of each ligand in the excited state (35a).
Zink has proposed a model problem in-whieh the four ligands
in the horizontal plane are neglected so that the system
may be regarded as an effectiveAlinear‘trietomic.ar%hy.

The molecular orbital treatment of the o-system was based
on a simple three-center, three-orbital problem. The MO
diagram for atoms along the labilized axis is shown in Fig-
ure 5.

In +he model problem, the ¢3 molecular orbital corr-
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Figure 5. Approximate ﬁO Diagram for ¢ Interactions
& Along the Unique Axis (G(s) and L(c) are
ligand o-donor orbitals of appropriaté
symmetry. L{w) represents a nonbonding

ligand p orbital of 7 symmetry) (Ref. 34a).
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esponded to the m;tal,dzz orbital of crystal field ébeorﬁ
and é; aﬁd ¢G_are the respéctive ligands. zThe>énergy of the
lowest undccupiéé MO, E(wa, is always éreater than the “
enerqgy of the most stable ligand donor orbital, E(¢L)'(34a5..
The degree to which one ligand is'pieferentially iabilized
over the other depends upon two related factors: (i) the
difference iﬁ energy between the two ligand donor orbitals

and (ii) the difference in energy between E(w3) ané the

ligand éhérgies E(¢,) and E(¢;). When E(¢;) = E(¢ ), for

example, both ligands will be labilized identically. The
.greater the energy difference between E(¢L) and E(¢G), the
greater the degree to which the bond between fhe metal and
the lowest .is preferentially labilized (34a).
Using thé~model, zink has recently repé?ﬁed MO calcu-
lations for mixed-ligand cobalt (III)- ana chromivm(III)-
amine complexes (35a). The results revealed that the lig-
and with the larger metal-ligand overlap or the smallest
vaiepce orbital ionization potential (VOIP) the greater
the ¢ labilization of that particular ligand. In other
words, of the two ligands on the labilized axis, the one
with the smallest VOIP will gain the greatest antibond-
ing character in the excited state and thus will be the

one preferentially aguated. As the VOIP of the metal in-

creases, the energy of the ¢3 orbital decreases. As w3
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approaches the energylof thefL donor orbital, the differ-
ence ih antibonding character of the two ligands rapidly’ |
;hcreéées. ' The maximum diffefen@e in the overlap popula-
tion occﬁrs when the energy of the w3 orbital,equal§ that
of the L or G dﬁnor orbitals. When w3'}ies between 1 and
G ih energy, @he 6Verlap population_between the metal and
the ligahd with the smallest VOIP represents metal:liéand
stability in the 2 orbital - (35a).

The ligand field model (LFM) has met fair success in
qualitatively predicting the ligand which will be aquated.‘
However, Ford has presentéd a critical evaluétion concern-—
ing its use for guantitative prediction of Quantum vields
(36). By placing the responsibility for ehanges-in the
guantum vields for a homologous series, MLsxn+, principal-
ly on the substitution reactivity changes in the excited
states, the LFM automatically assumeé that other pathways
for depleti?n of energy of the excited state éiffer little
over the series consideréd. Over a homologous series
such as ML4L'Xn+, where either X or.L' is‘being varied, it
is felt (36) that it is.a dangerouslassumptioﬂ to conclude
that nonradiative deactivation will remain uniformly con-
étant. Since sighificant differenées in kn (nonradiative
deactivation rate constant) have been meésured at 77°K for

the Rh(NH3)5X2+ series (19), it is not incconceivable that
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comparable oxn greater differencés will carry over to-the
.- photochemical conditions (3?). | )
Another criticism of the L¥FM voiced by Adamson et al.
(37, is thgt this model employs absorption spectral éafa‘
(thereforé Fraqck;Condon statesi in.the calculations used

to predict relative guantum yvields. For a series such as
2

Rh(NH3)5X * where X or X is the leaving group, predict-—
ions of photochemical labilities are based on the ground-
state configurations (not those of the thefmally eguilibra-
ted excited sfates) and ignbie possible mecﬁanistic éiff—
erepce§ in the steps‘leading to substitution.

The major liability of the model proposed by éink5

ﬁrests with its potential for abuse. If the model is inter-

preted as an absolute dictum of the photochemistry of tran-

sition metal complexes, then its failures would démand its

immediate-démise. On the other hand, if it is accepted

merely as a model by which selected electronic features

can be hypotheticaily isolated from the miriad influences

of real environments, tﬂen it becomes a useful tool in pro-

viding both insights and directions intd the elucidation

of photéchemiﬁal mechanisms. it seems that the primary need

in the mafuration of transition metal photochemistry is

. . ]
not so much in the evolution of models, but the acguisition

of reliable data which can sensibly act as a precursor to
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any substantial model.
Significantly, £he findings of Sellan and Rumfeldt
(28,29) may be taken to indicate a separation cof the gual-
itative and guantitative aspecfs of thé photoreactions of
rhodium(III);amiﬁés. ‘They suggested tﬁat whereas the type
of‘photoréaction was principally determined by electronic
properties, the gquantitative features were stronély influ-
enced by mechanistic factors. 1In ordef to more fully assess
the role of mechanistic participation in determining the
overall efficiency of photochemical reactions, it was deem-
ed that a-more systemati;fand é;itical investigation of
Aboth_structural and environmental influences waé'warrantéd.
Accordingly, for thfs reason, the effects of pH, tempera-
ture, and solvent medium were studied for a series of Rh(III)~
amines in an attempt to determine if these parameters were
in any.way respansible for th photoreactivity of a molecule.
Also, by synthesizing and studying\gQg ﬁhotochemistry of a
series of mixed-ligand complexes, it %Es hoped that they
would proviaé.a greater insight into the spe&iﬁicity of .
the reactions of an excited state molecule. The ultimate
goal in the project was to utiiize the data obtained from
the above invesﬁigations and determine those mechanistic
features that differentiatethe photochemistry of one mol-

ecule from another.



II. EXPERIMENTAL : '

~

1. Materials

Chemicals used iﬁ the preparétiog of complexes were
reagent grade.7‘RhCl3-3HéO and IrC13'3520 (Matthey—Bishop,
Inc.) Qere used without further purification. -Since no
difference could be detected between using ion exchanged
distilled water and disfillea water, the latter was used
for convenience. Reagent grade methanol and ethanol were
also used as solvents.

Spectrophotometric and photolytic solutions were pre-
pared with distilled water for the same reason noted above.

Other solvents used were reagent grade.

2. Preparation of Complexes

2.1. Cyclam Complexes of Rh(III)}

The cyclam comélexes and cyclam itself were prepared
according to the procedure of Bounsall and Koprich (38).
The trans-dibromo, diiédo, chloroiodo, and bromoiodo com-
plexes wefe prepared by the revised procedure of dericH
(39). The cis- and trans-dihalo complexes were first
isolated as the respective halide salts and then converted
to the perchlorate salt by dissolving the complex in a

minimum amount of water and adding cold conc. HClO, to pre-

cipitate the perchlorate salt. The product was filtered,

32
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Qashed with ethanol and ether, and dried under vaéuuﬁ.

| The purlty of these complexes was determined by
comparison of extinction coeffzcxents and peak posmtlons
of their electronlc spectra to literature data.

2. Blsethylenedlamlne Complexes of Rh(III) and Ir(III)

Ethylenedlamlne dlhydrochlorlde was prepared in ac-
cordance with that described by Sellan (40). The trans-
and c15 dlhalo-blsethylenedlamlne complexes were prepared
using procedures outlined by Basolo (41) witk slight med-
ifications as‘described by Sellan (40). The mixed-dihalo
complex Egéggf[Rh(en)zclBr]C1og was prepared according to
the procedure of Bott and Poe (42) and the E£§B§7[Rh(en)2—
C1I] to that of Bounsall and Poe (43) .

The dihalo-bisethylenediamine complexes of iridium
(ITII) were synthesized using the procedures of Bauer and
Basolo (44) and converted to the perchlorate salt§ as des-
cribed above. The purity of these complexes was deter-=
nined by ;omparison of their absorption spectra with lit-
erature data.

2.3. Halopentaamine Complexes of Rh(III)

2.3.1. Rh(NH3)5X2+ Series

Chloropentaamminerhodium(III) chloride was prepared
following the procédure of Johnson and Basolo (45). A

by;product of this reaction is the trans-[Rh(NH3)4C121Cl

»



complex.

The [Rh(NHj}SCl]Clé complex was converted to the
perchlorate salt by dissolving it in the minimum amount
of water ahd adding cold conc. HClO4 to precipi£ate the
perchlorate.salt; Tﬁe product wés filtered, wasﬁed with
ethanol and ether and aried under vacuum.

The bromo- and iodopeﬁtaamminerhbdium(III) complexes
were prepared as described by Bushnell et al. (46) and
then converted to their respective perchlorate salts.

The purity of the complexes was determined bv com-
parison of their electronic spectra with literature data.

) 2+ .
2.3.2. Sh(N(CH3)3)5X Serlesk

-

The methylated halopentaaminerhodium(IIIf seriés
was prepared using identical procedures as outlined above
(45,46} with the exception that trimethylamine hydro-
chloride rather than ammonium chloride was used as the
amine source. To avoid confusion, these complexes will
be abbreviated as Rh(Nﬁe3)5X2+. d

Tﬁe purity of these complexes was determined by com-
parﬁson of their absorption spectra with the similar .
Rh (NH ;) 5x2+ spectra.

2.4. Tetraamine Complexes of Rh(III)A

The by-product trans-[Rh(NH C12]Cl from the syn-

34
thesis of Basolo and Johnson (45) was recrystallized by
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extracting it into 100 cm3 2:1 boiling HCL.V Upan stand-

ing, vellow crystals were formed which were filtereé,

-

. washed with ethanol and ether, and dried under vacuum.

Using the dichloro*complex,as'thé starting materiéiq the

.dibromo and diiodo complexes were synthesized in an anal-

‘ogous fashion as the corresponding ethylenediamine com-

plexes (40,41). All complexes were converted to their

perchlorate salts prior to use. Trans-[Rh(NMe 12]ClO

304 4
was synthesized from trans-[Rh(NMe3)4C12]ClO4 as outlined
direétly above.

The purity of the complexes was determined by com-

parison of extinction coefficients and peak positions of

their electronic spectra to literature data.

3. Actinometer Complexes

K3Fé(C204)3 was prepared as described by Eatchard
and Parker (47) with the complex being dried over low
heat in a current of &dry air.

KCr(NH3)2(NCS)4 was prépared according to the pro-
cedure of Adamson and Wegner (48) with the complex being
filtered to remove insoluble matter before the addition

of KNOB, The complex was recrystallized by repeating the

procecure.
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4. Spectral Measurements

a Beckmay-Modél DK-1A ratio recording-épectrdphoto—
meter'was-used to obtaih electronic spectra in‘the region
650 nm to 180 nm.. ‘

Spectral measuréments were carried out at room temp-
_erature.(20—25°C) using sample and reagent blank solutions.
Samp;e solutions of different concéntrations were madé up
for different regions of the spectrum so that optimum
values of absorbance could be obtained..

Quartz cells with a pathlength of 1.000 cm were ob-

"tained from Hellma.

5. Photolvses

The perchlorate salt of each complex was used since
the corresponding halide salt would involve (a) the neces-
sity of a large blank cofrection in the yield analyses,

(b) the occurrence of anion photolysis in the case of 254
nm irradiation of the iodide complexes; (c) the pogsibility
of ﬁomogeneous anation reactions;-aﬁd (d) the- possibility
of undetectable heterogeneous anation reactions if anv of
the various'complexes employed were susceptible to ién—
pairing. Due to the sparing solubility'of tﬁé cyclam-com—‘
plexes in waﬁer, a,10% CHBCN - 90% HZO solvent system was

used (40) for both spectral and photolvtic experiments.
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An'ofiel model C-13-62 16w pressure Hg lémp‘operated ¥
with a stabilized'éower sﬁpply in conjunétion with a 22.mmA
H,0 f£ilter (tolfemove 185 nmAlight) was usea as the éource
for. 254 nh irradiations. The reaction cell employed was a
1 cm-spectrophotometer cell. Light intensities were meas-
Qred usiﬂg the differential technique with the ferrioxalate
aétinometer (47) .

For ;rradda%ions in the 320-500 nm region, an Oriel
model 611 system\émpldfing.a-lso W high pressure Xenon
lamp in conﬁunction with an Oriel model 7240 filter mono-
chromator (approximate bandpéss 20 nm at half peak) was
used. A thermostated 10.0 cm pathlength guartz cell was
emploved for irradiations with this system. Light intep-
sities were determined using either ferrioxalate (47) or
the Reineckate ion (48) as the actinometegt The former
was used for calibration in the'wavelength region 320~
420 nm whilst the latter was employed for wavelengths
greater than 420 nm.

The concentrations of both the photolytic and acti-
nometer solﬁtions were adjusted so as to give an optical
density of 2 (for the total pathlength of the cgll)'for
the various wavelengths employed. In the event that suéh
an optical density could not be achieved (e.g., low sol-

ubility), the actinometer solution was prepared in accord-

ance with the maximum attainable optical density of the
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photolytic saméle.‘ For purposes of reference, photol-
ysis of a compiex in an aqueous medium at 25°C with an.
optical density of 2 at the excitation wavelength, will
be defined as "standard conditions".

To ensure constant light intensity, actinometry
was repeated both before and after each run. Absorbances
of the aétinpmeter solutions were consistently taken with )
a Hitachi Perkin-Elmer 139 spectrophotometer.

Halide ion analyses were performed using appropriate
. Orion selective ion electrodes with awdouble junction ref-
erehcé electrode and Orion model 801 metef. Calibration
curves were prépared accordinglto the procedure of Ingram
(49) after measurements on standard solutioﬁﬁ with reagent
blanks typical of those used in the various experiments.
Ingram's method proved to be the most sensitive means for
electrode measurements as it minimized uncertainties with
respect to éleétrode stabilization and thermal reactions.

After each photolysis run, the visible-uv spectrum
was recorded with a Beckman DK-1A spectrophotometer in
order to observe other products (photoaguated complex and
any possible photoisomerization). Spectrophqtometric and
ion analyses of thermal blanks prepared with each series
of photochemical runs revealed negligble effects due to

dark reactions.
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The determination of pH was made by a Sigma pH com-
bination electrode with a medel E510 Brinkmann Instruments
meter. The electrode was calibrated before each measure-

ment using a commercial standard buffer solution.
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ITI. RESULTS

1. Electronic Spectra and Band Assignments

. For a detailed compilation and interpretation of the
elecﬁronic spectra of the bisethylenediamine and éyclam
complexes of rhodium(III) used in this work, the reader
. is referred to the Ph.D. dissertation of James Selian‘
(40) . 'For the tetraamine‘complexes,.the'spectra were
comparéd to those reported by Basolo (45) and Endicott

(13,14). In all cases good agreement was found with
. ) IS

literaturé data.

The electronic spectra of the series Rh(NMe3)5X2+

used in this work were found to closely resemble those’

of the analcgous Rh(NH3)5X2+ series (50). The spectra

3)5X2+ series are presented in.Figures 6,

of the Rh(NMe
7, and 8. For purposes of comparison, Table 1l presents
the absorption spectra of the two series and due to in-
sufficient data, the bands are only.assigned'as LF-or

CT. ‘ : ’

2. Photolysis of Rh(III)-Amines Under Standard Conditions

A series of rhodium(III)-amines were photolysed in
both the ligand field and charge transfer wavelength re-
gions using the "standard conditions" pre&iously outlined.

In order to minimize potential difficulties due to secondary

40



 Table 1
Electma;iic Spectra of Same Fh(III)-Amine Complexes

-

Band

- - £ (M Tem )
Camlex A m.a}c(mo Assignment
,Rn(t~xn3)5ci2+ ' 348 LF, | 108
. 277 LF, 110
mowey) Cl7° | 348 LF, 141
' 277 LF, 162
B 2+ - 420 (sh LF 30
(NH3) Br 420 (sh) 1
360 - 1E, 137
B (NMe.) Bro " 420(sh) LF 40
3 55% 1
) 360 LF, 130
R (NH.,) 512+ 415 IF, 305
- 277 cr 3,162
224 cr 31,620
415 LF 160
% (N, 512+ 1
. 277 CT 1,900
226 cT 22,000
trans- [Fh (e ;) 4121+ 470 LF, - 480
340 CcT 18,330
270 cr 36,670
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Figure 6
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Figuré 6. Electronic Spectrum of Rh(NME3)SC12+ in H20'.
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Figure 7
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2+ in H,O.

Figure 7. Electronic Speétrum of. Rh(NMe,) ;Br 2
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Figure 8
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Figure 8. Electronic Spectrum of Rh(NMeB)SIz"' inAH20.
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photolysis 6: backreactions, photolysighwas restricted
in the majority of cases to less tﬁﬁn-?O% conversion.

Prior to irradiation, the pentaamine and tetraamine
complexes were acidifigd with HClO4 to a pH of 3.0. Since,
"the perchlorate sélts of the cyclam and\bisethylgnedia—
mine complexes tended to precipitate upon addition of
ﬁerchlorlc acid, all solutlons of these complexes were
irradiated at their "natural pH". As a consequence, each
complex would exist in equilibrium with its conjugate

base, e.g.,

—

(Rh(en) X, === [Rh(en) (8,N- (CE,)yNE)X,] + K"

For the most acidic of the compléxes, trans-[Rh(en) -
C12]+, a typical value of natural pH for a 2.2 x 1073 M
solution was pH = 3.53. Adamson and Kutal (26) have pho-
" -tolysed the chloride salt of Eggggf[Rh(en)2C12]+/aci—
dified to pH = 3.0 with nitric acid and their réﬁults
are essentially the same as those reported both in this
study and by Sellan.(40). A summary of approximate acid
dissociation constants are given in Appendix I. -
'In each case a thermal blank was prepared to estimate
possible background yvields due to dark reactions. Al-
though it ;as found for the méﬁoriﬁy of molecules studied
that thermal ylelds were negligble, this practice was

contlnued with all samples as a precaution against acci-
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dental contamination..

The concéntfations of halide ion-réleased during
phptolysis‘%ere measurgd?using fhe appropriaée specific
ion electrode. All amine vields, with the exception of
the lodopentaamlne complexes, were calculated from the.
difference in the pH of the svstems prior to and after
irradiation. To ensure accuracy, the:solutions were ad-
Justed prior to irradiation to an ionic strength of 0.10
Qith i\TaClO4 when pH measurements were taken. For the iodo-
pentaamine compleges, tﬁe rate of formation of tetraamine-
rhodium(III) product was an equivalen£ measure of the rate
of amine aquation. This method was feasible because trans-
[Rh(NR3)4(H20)I]2+ (R = H,CHB) anated verf rapidly in 0.20
M NaI. This procedure proved to be the-most“sensitive mea-
.sure of amine aquation due to the distinct aﬁd iﬁtense ab-
-SOrption spectrum of E;ggg—[Rh(NR3)4I2]+. Product vields
were calculated from absorbance measurements at 270 nm.

For each sample, the vields were measured for var-
ious irradiation times and product yield versus time plots
were constructed. All systems exhibited.an initial linear_
region in these plots followed ultimately by a region of
curvature. The onset of curvaﬁuie depended upon the com-
plex used.  For example, linearity was preserved bevond
60% conversion with Rh(NH3)5C12+ whereas trans-[Rh(en) ,-

+ .
12] could not tolerate more than 10% conversion. In
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a;;\event, all yields were computed from the initial lin-

ear portion of the respective curves using the relation-
ship

slope (M/min)
intensity (einsteins/l-min

¢ {product) =

A typical plot is illustrated in Figure 9.

2.1. Rh(NH3)SX2+ and Rh(NMe3)5x2+:.Photolyse§

The photolysing wavelengths in-the LF region-were
normally chosén to coincide with the first and/or second
LF bands. In the case of the fixed 254 nm radiation,
absorption occurred along the leading edge of the fi;st
CT band for ﬁhe bromo complexes whereas with the iodo com-
plexes, ab;orption would be about egqually distribu;;d
between the overlapping first and second CT bands. For
the chloro complexes, 254 nm radiatioﬁ resulted in the se-
cond LF band being excited with some CT absorption.

2;1.1. Irradiation of Rh(NH3)5X2£

2+

For Rh(NH,) C1°7, Cl™ was the only detectable agua-

tion product. Attempts to detect NH3 aquation by mea-
~ suring changes in pH showed that ¢(NH3) < 10-3. These
results are in agreement with those reported by Moggi (12)

and Endicott (1l4). The chloride yield was observed to be

slichtly sensitive to the wavelength of irradiation with

CR T
L)

«
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Figure 9. Product Yield versus Ir%gdiation Time Plot

from the Photolysis of Rh(NMe3T512+ at

254 nm.
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position of Rh(NH,) Br

~ 49,

the yield decreasing with increasing excitation eneréy.

The photolyqas of Rh(N§3)5Br2* resulted in the lib-

eration of both NHB‘and'Br- with NH, appearing as the

major product. It is noteworthy that Br--aquaﬁion was

independent of irradiation time up to at least 25% decom-

2+ thereby indicating that it should

‘- be regarded as a primary product and not a consequencé of

either secondary_thérmal or photochemical processes. The

bromide vields were found to exhibit a modest wavelength ’
dependence. In coﬂtfasti ammine yiel&s wefe'sigﬁificantly
réduced from irradiation at 254 nm.

Ammine aguation was the sole photolysis product from
. .

irradiations of Rh(NHj)slzf. ‘A marked wavelength depen-
dence was observed whereby product yiélds increased with

increasing wavelength.
In all cases, good Agreement was obtained with the

previously reported results of Endicott and Kelly (13,14,

-
P -

. 52
16) and are presented in Table 2.

2.1.2. Irradiation af RQ(NMeB)sz"

" 'In contrast to Rh(NH3)5C12*, irradiation of Rh(NMe

315'

‘c12+ resulted in both €1~ and NMe; formation with the for-

~

mer being the principal aguation product. Whereas the
amine yield appeared to be wavelength independeht over the

region studied, the gquantum vield of chloride increased

s
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Table 2

Quantum Yields .fram the Photolysis of Ru(NRy) X'

50

a‘mjs w.ork;

_ absorption ‘ R .
Complex Band 5 s ) ® (amine) Ref.
24 : -3'
Fh (NH_B) 5C:L LFHCTTM 254  0.11+0.01 10 ab
LF 280  0.12:0.01 1073 b
LF 350  0.16:0.01 1073 ab
1F 380 6.14«:0.01 1073 b
R (e ) 5c12+ LF+CTTM 254  0.085%0.005  0.030£0.002 a
: LF - 354  0:13:0.01 0.030:0.002 ., a
R(NH,) BrT | CTTM 254 0.019$0.001 0.027:0.003 a
IF 360. 0.019+0.001 0.18:0.02 b
IF - 360  0.015:0.001 0.1430.02 a
LF 420  0.019:0.001 0.170.02 b
m(m»se3)sar2+ CTT™ 254  0.035:0.005  0.1420.02
IF . 360 0.015:0.003 0,12+0.02 -
IF 420 0.032+0.002 0.20%0.02
L2 | .
R OWH) T CTT™ 254 —_ 0.430.04 a,c
CTTMIM 350 — 10.5840.03
- IF 420" _— 0.870.07 b
N
R0We,) T2 CTIM 254 — 0.55%0.03
IF 412 — 0.58+0.03
bReferenoes 14 and 16.

. cRe ference I_L3 .
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. with increaéing wavelength. _
As with the above,nirradiatibns-of Rh(NMe3)53r2+.—
produced both amine and bromide as products with the .
.former being gregter. Whilst the éuantum yields of
amine released were similar to those of Rh(NHB)SBrzf, the
bromide yields wefe generaliy largef. Wavelength depén—
dence studies revealed product.yields to be of the same
magnitude from irradiations either in.the first LF or CT
band. However, excitation into the secoﬁd LF band showed
a notable decrease in the bromide yields.

Photolysis of Rh(ﬁMe3)51?+ proéuced only, amine and
within the limits’of.the experimental error; no wavelengéh

'

dependence was observed. Such results are in contrast

with those observed for the nonmeéthylated analog. The
. L] -

quantum yields are summarized -in Table 2.

2.2.'trans—[Rh(A4)X2]+ (a = NﬁS,en,cyclam): Photolysis

-For irradiations in the LF region, the wavelength
employed was chosen to corfespond to the frequency at the
band maximum of the first spin-allowed LF band of each
complex. Illuminations with 254 nm radiation resulted
in absorption by the first CT band in the dichloro com-
pPlexes, while for the dibromo complexes absorption occufs
at the leading edge of the second CT band. For the diiodo

complexés, the main absorption is' by the second CT band
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although some excitﬁtion of the third band should aiso
occur. : . ‘

The principal.prodﬁct in-ali cases waé the haligde
ion. Analysis of the spectra of the photolyte solutions
confirmed the presence of the respective trans-monocaquo
complexes, and since at no tiﬁe could any evid?nce of a
cis isomer be detected, it was éoncludgd-théh the photo-
aquation proceeded with complete isomeric retention. The
very slight decrease of 0.01 - 0.02 units observed in the.
PH of the.photolySed solﬁtions corresponds‘to the higher
aciqity of aquo complexes compared to amine complexes.

It was particularly nécessary to use short irradi-
ation timgs k1os decomﬁosition) for all of the diiodo
complexes at 254 nm because longer times allowed for an
-accumulation of I~ which, in turn, créated an inner fil-
ter effect. Determination of I concentrations could not
be performed by electrode measurement for EEEEE'[Rh(NH3)4'
12]+ since no free @odide could be detected in either
the thermal blanks or photolysed solutions. In addition,
thé absorption spectrum of the irradiated sample showed-
no decay. This strongly suggested a highly efficient
back reactipn and for this reason AgNO3 was introduced
into the system to serve as a scavenger for free I .

The concentration of AgNO3 used was low enough (2.10 x
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"3 M) so as not to cause a catalytic decomposition.

10
Usihg this technique and measuring the disappearance of
complex at 270 nm, a quantum yield of 0.90%0.10 for iodide
releese was obtained. On the other hand, determination
of free I by specific ion electrode was possible for
trans-[Rh(en) 2] . .For the tetraammine and bisethylene-
diamine complexes studied, the quantum yields are con-
siderably larger than those previouslf reported (13,28).
It is the oplnlon of this.author that the quantum ylelds
reported earller (13,28) have been significantly reduced
due to a highly efficient anation via a redox mechanism
initiated by reaction with hydrated electrons generated
from the photolysds of the liberated iodide. This opin-
idn derives from experience obtained with the photolysis
of agueous I solutions containing nonabsorbing quanti- -
ties of complex. These systems are discussed in detail
in Section 4. .

The analyeis of bromide release from the Photolysis
of Ezgggf[Rh(NH3)4Br2]+ using a specific ion electrode

~

proved unreliable due to extremely erratic results. The

reason for the failuye of this otherwise standard tech-
nique still remains| uncertain. The only method that pro--
ved to be appropriate was spectrophotometric monitoring

of the decay of the second LF band (275 nm). The overall
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quantuﬁ‘yigld of hydrolysis was calculated from linear
plots of absorbance vérsus irradiation time. No evidence
_fof wavelength dependence of the vields could be detect-
ed. 'Howgver, owing‘to the_1e55e¥ degree of sénsitivity
Qith spectrophotometric techniques such as that outlined
above, the possibility of undetépted wavelength depend-.
ence cannot be excluded.

The quantum yields from the respective complexes

are summarized in Table 3.

2.3, £rans—[Rh(A4YXY]+'(A = en, cyclam): Photolysis

.The choice of the wavélength‘bf excitation-for-the-

LF region was complicated by the factlthat the apparent
first band was split. Heéce, the wavelengths were'selgct—

ed to correspond’to.the maximum of the band. Using 254
‘ nm radiation results in absorption by both the first and
second CT.bands in the chlorobromo'coﬁplexes whereas for
both the chloroiocdo and bromoiodo cases, absorptioﬁ would
be exclusively by the second band.

Halide ion analyses using specific ion electrodes
are complicated with complexes of this type since I in-
terferes with Br or €1~ and Br interferes with Cl1 .
Accurate determinations of I and Bxr in the presence of

Cl”™ were made; however, in agreement with Sellan (40),

Cl™ yields were badly scattered and were of only qualita-



- . 55
-, Table 3
Quantum Yields from the Photolysis of t:é:zs-{mcp;4)x2]* ‘
- Absorptim . -
Complex  Band Arm P(x) % ref.
trans- (R () €L} .- CTTM 254 0.11:0.02 a,b
IF 412 0.130.02 b
trans— [Eh (en) 2c:121+ T 254 0.12+0.02 ab,c
IF . 408’ 0.0820.01
- (eyelancL I CTT™ 254 0.035:0.002  a,c
= ' ~ IF . 401 0.008+0.001
trans- [Ra (1) Br, T - CcTT™ 254 0.17+0.04
LF 438 ° 0.17:0.04
trans- [ (en) Br, T CTT™ 254 0.09#0.02 -  a,c
‘ LF 430 0.0720.01
trans- (F (cyclam Bz, oo 254 0.1040.01 a,c
- IF 400 0.030£0.003 ¢
LF 400  0.023:0.003 a
trans- (Rh ONH,) T, 1" CTT™M 254 0.20+0.02
CTT™ 254 0.90:0.10 a
LF 470 0.48%0.10 d
trans— [Ra(en,) I, T CrTM 254 0.20£0.02
CT™M 254 0.86+0.01
LF 460 0.20+0.02
trans- P (cyelam 1) * CTT™ 254 0.18:0.01
Zas lam I .

460 0.14+0.01

his work-  CReference 26-  CReference 28. “References 13 and 14.
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'Fortunatély, the ﬁﬁotohydrolysis of the chloréiodo
‘-complexes was accompanied by a spectfophatometric decay
of the first CT band withla well defined iscbestic point.
The‘overall quantum‘yield of hydrolysis was caléulated
from linear -plots qf gbsorbanée versus irradiation time.
The presence of this isobestic point was indicative of
a single majof proauct, and since the I~ yields were
measured directly and found to be very small by compar-
ison with the oveérall yield, the princiéal ligand agquated
was_therefére Cl_.-

It was presupposéd that from Adamson's rules (16),
cl™ shbuld be the major prbauct.for the chlorobromo-bis-"
ethylenediamine complex. Howevér, it was discovered that
bromide rather than chloride is the principal ligand a-
quated. To ensure gualitatively that only bromide was be-
ing released, CCl4 and Clz were added.to the photolyte samplg
to oxidize Br to Br,. The sample was tben extracted with
15 mls CCl4 with the resultant organic layer é;éporated
to approximately 3 ems. With cCl, as the reference, the
absorption spectrum of the sample-was reéorded and found
to correspond to that for Br, and BrCl (52).

All of the quantum yields are réported in Table ?

with some adopted from Sellan (40) for purposes of comple-



_Table 4 R )

Quantum Yields the Photolysis of t:ans—[m(A4)}d]+ o }
. pbsorpt:.on _ o T
Complex Band anm (X)) oY) . FrRef.
frans-[®h (en) ,C1Bz]" crT™ 254 - 0.07:0.01  a
: S tF - 418 - 0.03:0.005 a
frans-[m(em CII]°  CTTM 254 10.35:0.02  0.04 a;b
- JIF . 430 - 0.003 b
trans- (R (cyclam C1I]*  CTT™ 254 0.32:0.02  0.01 ab
IF 433 - 0.001 b
trans-(Rh(en) BrIj’  CTTM 254 0.2980.02 0.02 b
©LF . 450 0.003 b
trems-[mh(cyclamBrI]t CrTM 254 0.32¢0.02  0.01 b

‘LF 497 0.28:0.02  0.001 b

3mhis work. - breference 40.
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tion of the series.

2.4. cis-[Rh(cyclam) le“‘: Photolysis

~ For excitation in the LF region, thé'wavglengéhs were
chosen to_coincide'&ith the first spin;éllowed ligand
fleld\band. Aﬁsorption resulting from 254 nm radiation
occdrgg;\éiong the leadlng edge of the first CT band in
’Epe dlchloro and dibromo complexes whereas w1th the diiodo
complexes, absorption would be about equally dlstrlbuted
between the strongly ovérlapéing first and second CT bands.

Photolysis of all of the complexes resulted in halide

release with the cis geometry being retained by tﬁe com-
plex. Analy§i§'of the spectra of the photolyte solutions
shoyed no evidence for the forﬁation of the trans-mono-
aquo complexes. With the exception of the bromide vield,
the gquantum yields 1isted in Table 5 were calculated from
the usual yield versus irradiation time plots. However,
due to the large extinction coefficient of cis-[Rh{cyclam)-
Br2]+ at 254 nm,_it was neceésary to use solutions adjust-
ed to an absorbance of 4.2 to avoid rapid solute depletion -
?hat occurred with the dilﬁte solutions (i.e.” absorbance
= 2: 10) (40).

2.5. pE Effects on the Photolysis of RR(NRy ) x%*

-

The role played by H+,in the photolyses of the pentar
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Table 5
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Quantum Yields- from thie, Photolysis of cis-[Fh(cyclam x,]"

- Conplex . Band Arm ¢ (X)) Ref.
cis-[m(eyclam LT crm 254 0.47:0.02 a
CTTM 254 0.45£0.02 b
LF 400 0.37£0.02 2
LF 400 0.36:0.02 b
ds-[R(cyclamBr,]”  cTmM 254 0.34:0.02 a g
CrTM - 254 0.22:0.02 b
LF 400 0.32£0.02
cis-[®(cyclam 1,17 CTTM 254 0.050£0.001 a
IF 402 0.030+0.001 a
gis~[Ra(en) ,c1,1 " cTT™ 254 0.1
¢ (-H")=0.4 a
®Reference 29. Brmis work. “reference 27.
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aminQ'complekes of rhodium(III) was investigated. by 254.
nm irradiation of selected complexes at various acidities.

2+

The molecules chosen were_Rh(NHB)SCl R Rh(NMe3)5C12+,‘

+

trans—[Rh(NH3)4C12]+ and Rh(NH3)5I2 . It was necessary

to closely monitor the thermal blank at éoncentrations of

B < 1073

M for the chloro complexes since chloride is

the iigand aquated in the "antithermal"‘reaétions,of these
'cqmpléxes. For Rh(NH3)512+, the amine éroup i§.not a_pro;
duct of thermal reactions thereby not creating any in;er—
.ferences at the higher pH valﬁes.‘

In thé case of Rh(NH3)5C12+( irradiations were per-
formed employing a pH range of 4.0 - 5.75 where 4.0 cor-
responds to the "natural"” pH for this complex. Lower.a—
cid}ties were accomplished by using a KH,PO,-KOH buffer
system. A significant increase in $(Cl”) was found for
pH media greater than 3.0. EHowever, the yields of chlor-
ide were found to be independent of pH in the range 4.0 -
5.75. The reproducibility in tAe@ yields and the linearity
of yield versus time plots strongly suggested that the
enhaﬁced vields were not a consequence of thermal reac-
tions. Figure 10 is illustrative of typical yield versus
irradiation time plots. |

When trans~-[Rh(NH3)4C12]+ was irradiated at natural

pH (4.2), the yield was &{Cl )

0.23 + 0.03 which is in

-
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Figure 10. Product -Yield vefsus,lrradiation Time Plot
from the Photolysis of Rh(NHB)5C12+ at

254 nm in a Medium of PH 5.75.
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. ]
‘contrast to a ﬁelue of.¢(Cl_) = 0.11 ¢ 0.02 obtained at
PH = 3.0. |
Irradiating Rh(NMe3)5 2 under natural pH conditions
(pPH = 5.0) resulted in 1dent1cal chqulde vields as those
found at pu 3.0. Fowever, the amine yield was found to
decrease by a factor of. 3 (1 e. 0.03 + 0.01).
rhe illumination of Rh(NHB)S ._resulted in yielgd
versus time plots which were invariant over ehe PH rance
4.4 - 8.7. However, for this range, the quantum vield of
ammine was lower than that found from irradiations in a
‘medlumvol PH"3.0. This effect is demonstrated in Flgure

11.

Table 6 presents the yields as a“unction of pH for
the various complexes. To eliminate anv.p0551b111tv of"
an inner filter eﬁfect from photolvs;s of I, yields were
calculated from initial irradiation tlmes for pH ranges

higher than 3.0 for Rh(NH3)512+.

3. Photolysis of trans [Ir(en) Xz] Under Standard Conditions

Due to the low extinction coefficients of the first
spin-allowedlLF bands, it was more practical to irraéiate
into the second spin-allowed LF bands. Illuminations with
254 nm radiation resulted in the first CT bané being ex-

cited in the dichloro complex, the leading edge of the ,sec-



Figure 11
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Figure 1l. Product Yield versus Irradiation Time Plots

from the Photolyvsis of Rh(NH3}512+ at 254
nm in the Media pH 3.0 (@), pPE 5.5 (Q),

ané pE 8.7 (A).
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- Quantum Yields of Rh(III)-Amines as a Function of pH at 254 rm

L Table 6
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4.2 —_

oH ¢ (amine) ¢ (X))
e 2+ :
RYQWH,) (C1 3.0 - 0.11+0.01
' 4.0 o 0.23+0.03
5.75 _ 0.23:0.03
HIG*H'EB)SC12+ 3.0 0.030+0.002 0.085+0.005
5.0 0.01040.002 0.09040.005
m(th)S_I2+ 3.0 . 0.43:0.04 —
’ 5.5 ° 0.33+0.04 -
6.9 0.33%0.04 _
8.7 0.33:0.04 _
Trans- 08, ,cL 1" 3.0 - 0.11:0.02
: 0.23+0.03
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ond CT band in the dibromo molecule and principally the
second CT band with possible excltatlon 1nto the thlrd
' C? band in the dllodo complex.

As with their Rh}III) analogs, tﬁe phetoproduct in
each case was the halide ion with complete isomeric re=
‘tertlon as indicated by the spectral analvses of the pho—
‘tolysed.solutlons. Table 7 presents the quantum ylelds
from the respective complexes.

A

4. ‘Photolysis of Iodide Solutions Containing

Rh(III)-Amine Complexes

4.1. Photolysis of Agueous Iodide Solutions

-Initiation of a redox substitution reaction involv-
ing selected Rh(III)-amine complexes was achieved by em-
. Ploying the simple technique of photolysing agqueous iodide

solutions in the presence of nonabsorbing concentrations

of compiex.

I™ + pv 224 nm I° + e;g - [11]
e, + Rh(III) — RR(II) [12]

aag

-

The criteria imposed on the solution composition were
dictated by the following considerations: . (a) esseﬁtially
all the incident radiation should be absorbed by the io-

dide (in effect, 90% or greater), (b) the concentration



- Table 7

Quantum Yields from the Photolysis of .trans-—tIr(enj 2X2]+

-

. " ‘on i
Corplex Band ) -Anm . $(X)
trans—-[Ir (en) 2c12]+ CTT™ 254 0.080+0.005

LF 345 - 0.070£0.005
trans-[Ir(en) Br,]” CTT™ 254 0.070+0.005
' IF 364 0.040+0.005
t.rans—[l'r(e.n)2121+ CTT™ 254 0.65+0.02 -
3 398 ©0.2240.02
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of the complex must be’' such ;hat essentially all of the.

photoelectrons generated in the primary actlarg scavené—

ed by the complex, and (c):that there.is sufficient com-
plex to ensure linearity in yieldsfki.e., avoid rapid

hY

solute.depletion). ' ' - '

In order ascertain optimum conditions, various

I to comple

5

timum con? tion found was a I : complex ratio of 10:1

with [I”] approximately 10~ % M.

centration ratios were tested. The op-

'

4.2.} Solutions Containing [Rh(en)2C12]+ Complexes

,,//)4.2.1. Aerated Conditions

Photolysis products were monitored& by differential

épectrdphotometry. .A broad asymmetric band with a max-

imum at’ 285 nm was found to be common for all-photolytic
solutions. Since triiodide formation was suspected\ known
amounts of sodium thiosulfate were’ added to the irradiated
sémples and the‘spectrum récb:ded, The original product
band was observed to change into a new band with a maxi-

mum at 270 nm (Figure 15). Of the possible compounds which
could conceivably be formedl, only the trans-diiodo cqnforms

to the spectral wavelength observed. Thus, the species

lThe possibility of the band being due to trans-[Rh(en)z—
ClI]+ absorption was discarded since the band maximum for

this complex in that region o6ccurs at. 304 nm.
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Figure 12.

Electronic Spectrum of the Product from
the Photolysis of Aqueous Iodidé Solutions
of trans—[Rh(en)2C12]+ at 254 nm (a2erated

conditions).
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giving rise to the permanent bamd at 270 nm wasg unamblg—

uously. assigned to trans—[Rh(en) ] when either ;;gns

[RﬁTeh)ZClz], or c1s—[Rh(en)2C1 ] was the complex._ In
addition, IBT was recognlzed as the product inducing the'
asymmetry in the original photo;yte spectrum. The restlts
are suméarized in Table. 8.

4.2.2. Deaerated Conditions

Deaeration of the:solutions was achieved by vigorous
purging for a minimum of 20 minutes with helium ees im-
medlatelv prlor to irradiation. As described directlv
above, for both the cis and ;:ans complexes, the spectra
of the original photolvte solutlons showed a broad asy-
'mmetrlc band at 285 nm which shifted to 270 nm upon addi-
tion of sodlum thlosulfate. Hence, +the ;dentlcal_products
' were formed under the twe conditions. The results are
" reported in Table 8.

4.3. Solutions Containing [Rh(cyclam)C12]+ Complexes

4.3.1. RAerated Conditions -

Addition of sodium thiosulfate to irradiated 'solutions
containing either cis- or trgns-[Rh(cyclam)C12]+ resulted |
in a complete bleaching of the band at 285 nm (Figure 13).
The pH of each system was measured before and after irra-
diation. Typical pE changes were as follows‘eith iﬁclusion

of the bisethylenediamine complexes: trans—[Rh(en)'ZClzl+



. Figure 13



Figure 13. Electronic Spectrum of the Pfoduct from

the Photolysis Aqueous Iodide Solutions

of cis-[Rh(eycl )C1,17 at 254 nm (aerated

conditions).
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(4.40 - 4.60), cis—[ah(en)2c12]+' (4.1% + 4.35), cis-[Rh-
(cy'ciam)Clzl+ (4.90 = 5.96), and trans—[Rh(cyclam)C12]+

(5.30 = 5.80). The trend of pH changes for the former are

N "

consistent with a simplg halide exchange, whereas the né-‘aﬁ
table increaﬁe‘in PH observed fér the cycléﬁ compiexes in-
dicates a 'substantial liberation of base. The only pos§i7
ble source of base would be thg cyclam liéand system.- To
identify the free base, I0 cm3 of a 50-50 mixture of eth-
‘anol and diethyl ether containing 10% NaHCO, was added to
the photolyte solution. The organic laver was extracted
and evapérated,to dfyness whereby a whité precipitate was
formed. ThiS'proéedure was not found to.liberate cyclam
from an unirradiated solution. NMR and mass spectral an-
_ v
alyses identified this precipitate as cyclam.

The absence of spectrophotometric evideqce for any
‘lodo-rhodium(III) complex indicated that the product rho-
dium species Qas one of the conjugate base forms of hexa-
aquo-Rh(III}. Due to the onset of thiosulfate absorption
at approximately 250 nm, detection of this species was not
possible but can be.reasonably inferred.

Cyclam product‘yields were calculated by measuring
hydrogen ion uptake by the free base. To calculate cyclam

vields, solutions pPrior to irradiation were acidified with

ECl to a pH of 3.0. Measurement of the hydrogen ion up-
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. Table 8

Quantum Yields frcm the Photolys:.s of Aqueous Todide

Solut:Lons Cmtau.mng Rh(III)-anxe Carplexes

Principal Product(s)

Complex Formed | ¢ (product)
+ + ' a
trans-[rh(en) 2C12] trans-[=h(en) 212] 0.2530.02
- | ‘ 0.226.062°
. + + ) a
SLs-[Raen) ,Cl,) trans-[®h(en) ,I,] 0.25:0.02
B .- . 0.22:0.02° -

gis-[R(cyclamcl,]”

trans-[®h (cyclam) C12 ]'+

trarzs—[R‘i(cgclanﬂ 12]+

cis-[R(cyclam 11"

RME0) ()T -
cvelam 0.22:0.02°

24 . :
Fh (H20) 5 (CH) —

cvelam 0.22:0.02°

R (H,0) ¢ (OH) 2* , —

ovelam 0.2240.02°
2+

™ (HZO) 5 (cH) —_

cvclam & 0.2240.02

aAerated conditions.

bDeaerated conditions.
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- take proveé to be a\sensitive and reproducible anaiytical
_technique. It should pe noted that it was first‘necessary
to determine the numbef of nitrogens of cyclam that would
be pfotonated in this pH raﬁge. Tﬁ%s was accomplished

by adding known amounts of free cyclam to a.solutionl pf
10-3 M HC1l and méasuriné the .ratio of hydrogen ion uptake
concentratibn to the concentration of added cyclam. Thié
_ragio was found to be 3:1. The guantitative results for

the iodide photolvses are reported in Table 8.

4.3.2. Deaerated Conditions
Deaeration of sample solutions was accomplished by
“the same procedure describked in Section 4.2.2. Under
these conditions, analogous fesulés were obtained as those
directly above. Cyclam produét vields were quantitatively
measured and are shown in Table 8.‘

4.4. Solutions Containing [Rh(cyclam)12]+ Complexes

Irradiations of respective solutions of gigr[ﬁh(cy—
clam)12]+ and EEEQE-[Rh(cyclam)IZ]+'with absorbing con-
centrations of I gave product solutions containing free
cyclam with gquantum viel@s identical to those reported for
the dichloro complexes in Table 8. This e#periment was

significant in that it demonstrated that the electron was

lThese blanks contained 10% CH3CN so as to be eqguivalent
+o the photolytic medium. )
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deed reacting with the rhodium(IIIf—émine complex.

4.5. Solutions Containing Rh(NR3)5

In a similar study involving iodide.photolysis with
nonabsorbing concentrations of Rh(NH3)5(H20)3+,‘Endicott
and Kelly reported that pheir yields were pH independent
(13). Their results seemed anomolous in view of the appar~
ent lack of pE dependence with the complexes studled in
this work. - .

" Since Rh(NH3)512+ is obviousl& a Bronsted acid and
'1ts partlcular initial state will be pH dependent, the
© analogous compound Rh(NMe ) 12 which is a non-Bronsted

acid was &lso studled. i

The pH range emploved ﬁag 2;5Awhere §C164 was used.
A1l samples were deaerated priog-to jrradiation in accor-
dance with the procedure outlined in Section 4.2.2. As
described earlier, differential spectrdphotometry was used
to monitor product formation and any IB_ formed-was destroy-
ed by the addition of Nazs2 3° In all cases, & product
band appeared at 270 nm thereby s;gnlfying the formation
of Ezgggf[Rh(NH3)412] . The results are summarized in
Table 9. From this table it.can be seen that no change
'in ;he guantum yield was found for both comﬁlexes in the

pH range emploved.



Table 9 . f/‘\j:]
Quantum Yields from the Photolysis of Aquecus Iodide

'Solqtionslcontaining R (III)~Amine Complexes )

-

R ' R

Corplex pH © Mtrans-I 2)

mh 0w 12 o 2.0 ' 0.2320.02
i - 3.0 0.23£0.02 °

] 4.8 ©0.23:0.02

2+

R (NMe ) 1 2.0 0.23%0.02

' 3.0 : 0.23+0.02

5.0 0.2320.02
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-

4.6. Solutions Containing Nonabsorbing Concentrations

of Iodide in the Presence of Rh(III)-Amines

-To ensure that the reactiong with‘iodidé were a di-
rect conséQuence'of the glec;ron ﬁroducéd.from.iodide
-photolysis reacéing with the rhodium(III)‘ahine coﬁﬁlex,
E;gggr[Rh(en)2C12]+ Qas'irradiated in the presence of non-
absorbing amounts of I . The absence of the characteris-
tic. 270 nm band of Egggg—[Rh(en)2i2]+ in the 9p§ctrum of
the irradiated sample established that disubstitution-had
ﬂot occurred. - “

-

5. Temperature Dependence Studies

The éffect of temperatuie on the photochemical pro-
. cesses was ihvestigated using the molecules gi§;[Rﬁ(cyclam)-
JXj]+ (X = €1, Br) and g;ggg—[Rh(cyclam)Br2]+. These com-
plexes were chosen because of their greater thermal sta-
bility over their ethylenediamine and simple amine ahalogs.
Q;g-[Rb(éyclam)C12]+ was irradiated in both the CT
(254 nm) and LF (400 nm) manifolds. For cis-[Rh(cyclam)-
Br2]*; irrgdiation; Qere conducted at 254 nm(CTd while for
studies oflggggg-[Rh(cyclam)Br2]+, the first LF band (400
nm) was emploved.
Immediately after photolysis, the sample was cooled

in an ice bath to quench the potential thermal reactions.



Concurrent blank runs were made at each temperature in

order to make corrections for the thermal dark reactions. )

. Typical thermal blanks were of the order 5.0 x 10 ¢ M. .

Table 10 presentskthe_quantﬁm‘yields for. each complex at

the various temperatures.

i ' -

6. Solvent Dépendence Stpdieg
The photochemistry éf sélected Rh(IIIi; and ir(III)-
apiﬂes_was studied in varioﬁs miﬁture compositioné of gly-
cerol and.water.' To ensure that there were no significant
shifts in the band maxima and inéensities in éﬁelelectronic
spectra of the complexes utilized,,absorption4spectr&"ﬁf““’
the complexes were run in ihe various mixed-solvent sys-
tems. 'These spectra were compared’with the corresponding
"spectra in aqueous media. No differences were observed
even in the CT region which is offen solvent sensitive.
The identical excitation wavelengths thosen for
standard condition photolvses were used. Xirk and Wong
{53) have fecently suggested that spectrophotometric mea-
surements of the photohydrolysis pfoduct can often lead
to erroneous interpretation of solvent viscosity effects.
The analytical techniques previously described were emploved
to measure products. However, it was necessary to recal-

ibrate the specific ion electrodes due to the introduction

k]



Table 10 .
Quantum Yields for the Phot'oa-quajcion of Various -

Rhodium '_(III)—Am'.nes as a Function of Temperature

-

Complex A rm Temp’C & (X )
cis= [Rn(cyclamcl, ] " 254 24 ' 0.4530.02
| 35 0.55%0.02
38 " 0.61:0.02
- . s6 0.89£0.02
400 36 0.36$0.02
48 0.77+0.02
62 0.95£0.02
g;é[Rh(cyclqm)Br2]+ 258 26 . 0.22#0.02
38 0.31:0.02 .
44 0.3920.02
55 0.53£0.02
£rans- (B (cyclam Br,,]* 400 26 0.023#0.002
‘ 35 0.03140.002

62 0.071#0.002
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of glycerol into the systems. - .

The product yields were based on dlrect measurement .

3

of hallde ion or amine release. Thus, the problems de-
scribed by Klrk and wong (53) are avoided and the effects’
observed can be-con51dered to be real. The quantum v1elds
6f.product as a function of:the solvent system are presented
in Tables 11 and 11A. @(?roduct); corresponds to guantum
vields from aéueous media whereas @(product)s represents

the guantum yields from the mixed-solvent systems.

-
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IV. - DISCUSSION

1. General ‘ g’y
| The first section of this chapter wili involve a @&is-
.cussion of fhe électrqnic properties influencing the photo-

chemistry‘of the complexes studiéd in this thesis. The
subsequent sections will be céncefﬁed Qith the results ob-
tained from the méchanistic'studiés. A discussion of these

‘systems will constitute the substance of the remainder of

this chapter. f’

2. Photochemistry of RH(III)-Amines Under Standard Conditions

Examination of. Tables 2-5 reveal that, without exéep-
tion, the axi® of labilization is always the weak field
axis and is in accdrdance with Adamson's £irst rule.' Thus,
it would seem that as the numbe£ of systems studied accum-
ulates, thi; rule is approaching the proportions of a "Law".

' The'majof‘challengg to any interpretative model lies
in the séﬁdy of mixed-ligand complexes. Assumi9g'A?amson's
first rule is obeyed, in prospect, there exist \several posg-
ibilitieé for the pathway of photolabilization. ’lrst of
all, exclusive labilization éan occur whereby only one lig-
and oﬁ the unique axis is aquated and thus the reaction

+

can be termed as photospecific. This seems to be the case

82



for the majority of systemé studied.. However, the complex-

3)sBr2 and trans—[Rh(en) ClI] ’ for_examplg, deny

es Rh(NH
'éhis as a true characteristic of the photochemistry of Rh-
(IIIY—amines. In the case where dual lablllzatlon is found,
there exists the pOSSlbllltV of two e\c1ted states as pro-
posed’ by Endicott (16). The primary crxtlcmsm of thls pos~‘

tulate is-the 1dent1ty of these states. From llgand field

.theory, the onlv Sstate in’ thls env;ronment is the 3E. The

- nearest other states, A2 or 3B2, do not prov1de an ;Bequate

explanatlon for the minor and major lablllzatlons. éhe only
possfblllty would be a splitting of the E state into two
states such that each state would haﬁe unique ligand iabi-
lizing characteristics. However, the E state is ﬁot split_
by the presencé of noﬁequivalent ligands-along the z axis:
Therefore, it is difficult to v&sdhlize just what these
two stgies could be. The possibility‘ghat the primary
photoactive state is the 3E and the sg-calle& seéond state
is an unidentified >CT or SE, cannot be immediately dis-
counted; however, these possibilities seem rather unlikely
since thé same phenomenon of dual labilization also occurs
ig the CT region. Thus, it seems reasonable to seek an
element-common to both LF and CT excited states which would

provide a basis for the observed dual labilization. Such

a common element is immediately recognized in the MO treat-
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ment because both CT"and LF* use the'alg(Mo)L jHence this.
recomﬂends Zink's treatﬁeht as a modus opérahdi for inter-
pretatlve analysms whereby the dlstrlbutlon or partition:
of energy wlthlnﬂa single excited state is responsmble for
~the agquation of both 11gands on the unigue axis.

The applzcatlon of Zink's model to systems such as
Rh(NHB)Sx 2+ would predict the followings: (a) the total
labilization .(represented by the sum of the quantum yields
of aqustion for ligands on the z axis) will decreésé as the
ligand field strength of the unique axis approaches that
of the othes axes (i.e., as Dt decreases) and (b) the quan-
tum yield of aguation of the ammine hill decrease and that
of X ‘will lncreasefas +he energy of the donor orbital of
.X decreases and approaches that of the ammine. Reference
to Table 2 shows ﬁhe total gquantum yield of aguation to
decrease in the order Rh(NH3)512+ > Rh(NHB)SBr2+‘> Rh(NH3)5Cl2+
as predicted sn the basis of the decreasing values of Dt
“hich have been estimated by Zink (35b) to be. 789 em Y, 560
cm T, and 457 em T respectively. Prediction- (b) is also .
fulfilled since the energies-of +he halide donor orbitals
approach that of the ammine in the ordef'I- > Br > Cl°
(34a). By simply examining the products formed in this

series, -it is evident that the degree of antibonding of the

Rh-N bond changes considerably for X = Cl to X = I. Thus,
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it seems leglcal to presuppose that -there would be a me-
dlan effect for X ; Br whereby the Rh-N bond would predom-
inate in antibonding character but the Rh-Br bond. would
also possess a'sufficient-deéree of antibonding to effect

labilization of this ligand as a minor component. This is

found_ to be'the case for Rh(NH3SSBr2+ where ¢(NH3)>>¢(Br7).

Since the electronic spectra of Rh(NMé3)5X2+ are very sim-

2+

ilar to those of Rh(NHBiSX (Table 1), it is anticipated

and found, that the two series exhibit parallel photochem-

ical trends. The dual lablllzatlon found from_gh(NMeB)SCl2

suggests-that the energy difference of the Cl™ and NMe
donor orbitals is greater than that of the corresponding

C1” and NH.. The small yield of NMe, (0.03) found would

3 3
indiqate that the ligand field strength of NMe, is not con-

"siderably greater than that for NH, and would, in turn,
explain the lack of band maxima shifts in the electronic

spectra of the two series. Following from the above, in

comparison to Rh(NHB)SBr2+, it would be predicted that for

Rh(NMe3)5Br2+ the yields of Br_ and NMe, should slightly

inerease. Table 2 confirms this prediction. Figure 14 pre-

sents a qualgtetive MO diagram to illustrate the proposed
P ) -

enerqgy levels for the two series.

An apparent contradiction to this proposal is evident

by comparing the gquantum vields of amine for the iodo



Figure 14
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Figure 1l4. Relative Energy Level Diagram for Trans
Ligands cf Mixed-Ligand Rh(III)- Amine

Complexes.
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complexes. Instead of the yield for Rh(NMe3)512+ increa-
sing from iiradiation 1n the LF region, it is found to
decréase. An-explanation for this may be suggested by ﬁhe
electronicfabsorption data in Table 1. From a comparison
of the extinctioﬁ coefficients, it appears that methylating
the Rh‘(NH3)5C12+ complex produces further distortion £rom
octahedral microsymmetry (i.e., larger extinction coeffi-
cients for Rh(NMe3)5C12+) whiie the methvlated iodo com-
plex more close;y approaches Oh symmetry as evidenced.by
+he smaller extinction coefficients. Methylation of the

- bremo complex does not produce any significant changes iﬁ '
the symmetry of the molecule. The only plausible means

by which the iodo complex could achieve a higher symmetry
would be steric compression éaused by the bulkier methyl
groups. A meclecule which is éterically compressed would
be expected to have a lower vieléd of product (1b) than a

more distorted complex as in Rh(NH3)512+. Thus, although

the model is still operative for Rh(NMe3)512+, a true in-
Gication must also consider the steric factors introduced
by methflation.

The electronic spectra of the mixed-dihalo complexes
(i.e. trans-[Rh(,)x¥]") are very similar to the halo-

pentaamines and thus, one would expect, following Zink's

model, their photochemistries to be similar. Also, these
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complexes provide a variation since both ligands on-fhe
unique axis are charged. For the chloroiodo and bromo--
iodo complexes, the model is upheld whereby chloride and

*
bromide  respectively, are the aquated ligands (Table 4):

In addition, gquantitative agreement is found for A = eﬁl
since the vield of the principal aguated ligand is the
approximate average of the guantum vields of the two par-
ent dihalo complexes (jable 3). On the other hand, the
cvclam complexés appear to be anomolous becéuse vields
from the mixed-dihalo complexes are larger than those of
either parent molecule. However, there is strong suspi-
cion that the structures of the mixed-dihalo complexes
are mcre distorted in the ground state than the parent mol-
ecules and thus such a distortion could provide a greater
stabilization in the excited state. Consegquently, larger
yields would be anticipated for these complexes.

Although the quantitative results for Egggg-[Rh(én)z-
ClBr]+ correlate well with the model, the gualitative pre-
diction of Cl  as’ the pfincipal ligand aguated is not
observed. Close examination of Table 3 shows the gquantum

vields for trans-[Rh(A4)C12]+ and trans—[Rh(A4)Br2]+ (A =

NHB’ en) to be the same within experimental error and hence
el .

1. . - ' '
Using the value ¢ (I”) = 0.86 for trans—[Rh(en)zl

-
254 nm reported in this work. ]

o) 2t
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is not'§ﬂ agreement‘with Zink's pr6p05a1 that within a
particular series [Rh‘(A4)12]+ > iRh(A4)Br2]+ > {Rh(A4)C12]+.
The same experimental vields strongly imply that the ener-
gies (VOIP's) of the c1” and Br donor orbitals are very
éimilar. This would explain the identical vields for the
dihalo complexes and also why Br is aguated in the chloro-
bromo complex singe a unigque axis péssessing‘two ligands

of similar-electfonégativities ané donor orbital energies
would be expected'to be indiscriminate witﬁ respect to
labil?zation.

The trencds exhibited by the mixed;ligand complexes-
reveal some interesting features. It appears that for those
complexes with the unigue axis éonﬁaining ligands where
" the difference in donor orbital energié%“is large, (e.g. I-
Rh;NH3 or I-rRh-Cl)}, exc}usive agquation occurs whereas if the
?neréies are similar, (e.g. Cl—Rh-NH3 or Cl-Rh-Br), there is
preferential aguation. 1In addition, the charge on the met-
al is importgnt_fér those complexes where preferential
aguaticon occurs. For example, for Rh(NH3)5C12+, the metal-
ligand cverlap population is greater for Rh-Cl and thus
Cl™ is aquated whereas fqr EEEEE;[Rh(en)EClBr]+, the over-
lap population is greater for Rh-Br. ‘Likewise, the same

2+

phenomenon is found by comparing Rh(NH3)SBr and trans-
N Zreis

+ .
[Rh(en)2ClBr] . Based on experimental results such as those
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described above, it is possible to construct two series
to order the degree of metal-ligand overlap between Rh (IIT)

and various ligands in the excited state. -

gptt c1” = Br > I

rRhZ en > Cl > NMe, > NE, > Br > I

It is noteworthy that for the Rh+2 series, the ligands with
the least degree of metal-ligand cverlap are m—-denor lig- |
ands andé ligands trans to these have the greatest gquantum
vields in a particular se;ies. Alphough it is felt that
¢=-bonding effects on the unique-axis in the excited state
predominate ovér r effects, +he series does lencd support
to Zink's proposal (34a) that w effects contribute to the
relative cuantum yields. >

The wavelencth dependence exhibited by the halopenta-
amine series is rather peculiar and contrasts with that ob-
served for the gggggj[Rh(A4)X2]+ éeries. For the formér
‘céﬁplexes, the general trend is that the quantum vields
Gecrease with increasing excitation energv. Such a trend
is rather strange since intuitively one might be léad to
expect that increasing excitation energy would produce a
nore distorted excited s;ate and hence higher product yields.
Critical gxamination of the electronic spectra of Rh(NMeB)S-

+ . ;
X2 (Figures 6,7,and 8) reveals considerable asymmetry
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in the LF bands -which ié-indicative of more than oné-band.
in-gontraét} the CT bands are symmetrical. This anomoly
‘is also observed in the other mixed-ligand series Rh(NH3)5-
x?¥ and g;gggr[Rhﬁen)2XY]+ but not in the’spéctra of the
trans-[Rh(A ) 2.]+ complexes. hlthout a detailed assign-

ment of the bands in this region of the soectra wavelengthl
dependence trends will remain ambiguous.' It is possible
that the asymmetry (or apparént splitting) of the first.
LF band mav be due to a low lying 3C'I‘. Thus, 'pure' LF
excitation would not be achieved unless only the leading
edge cf the first LF band ‘was irradiated. If this were
+he case, the larger quantum vields observed from LF irr-
adiations could be a consequence of pop ulation of more

than one excited state. The most peculiar wavelength de-
pendence 1s seéh-for the Rh(NMeB)SBr2+ complex where a sig-
nificant érep in the product vields cccur from 360 nm ex-
citation whereas 254 nm andé 420 nm irradiations procduce the
same product vields. Suth behavior strengthens the pPropos-
al that éimultanéous excitation of both CT and LF mani-
Folds persists even into the nomlnallv LF region. A more
notable asymmetry is observed in the 420 nm reglon For
Rh(NH3)SI 2+ than Rh(NMe3)512+ anéd is borne out b¥ the cgrea-
ter wavelength dependence for the former. Thus, until the

extremely difficult task of elucidating the precise assign-

£
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" ments of the bands in the absorptidh speckra of these com—-
ple\es is accompllshed, lt seems conceivable that the or-
igin of the observed wavelength dependence will remaln

uncertain. o

1

The serie; EEEEET[Rh(A4)C12]+ (A NHy, en, gyclam)
(Table 3) whose electronic spectra are very similar shows
"a notable decrease ih ®{(Cl”) for the cyclam complex. AS
was prewlouslv mentioned, this‘has been éttributed by cther
authors (26,28) as being due to the rlglcltv of the cvclam
belt system which reduces stereomobility in the excited
st%te and conseguently decreases the vield of chloride.
As was élso discussed in the first chaptex, distortional
effects on the effective symmetry cf the EEE-[Rh(cﬁclam)X2]+
complexes leads to an unpredictable photochemistry. Thus,
X~ rather than amine is photoaquated which is opposite to
tﬁat observed for gig—[Rh(en)2C12]+. Thé cyclam c0mplexe;
clearly demonstrate the necessity for the inclusion of mech-
-anistic facté}s sﬁéh as structural characteristics in a
comprehensive model. Similarly, the magnitudes of the
vields from the photolysis of Ir(III) complexes are not im-
mediately explieable in terms of a purely electronic model,
although as seen from Tablé 7, the photoreactions of the

+ . .
trans-[Ir(en)zle series follow precisely the trends pre-

‘dicteé by their Rh(III) arnalogs.

n
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Although Zink's médellcorrectly predicts which axi
will be labilized‘from charge trarsfer excitation (34a},
his assumption that the chérge transfer mechanism will
lead to increaseﬁ labilization of ‘the ligand which pri-
marily proyides the charge is not generailﬁ found to be
tﬁe case forth(III) complexes studied in this work. For
egample, the most easily_oxidizéd ligand in the trans- |
[Rh(en)ZClI]+ complex is the iodo ligénd. However, éhlor—'
- ide is the ligand aquated. A reasonable prerequisite to‘
interpreting the pﬁotochemistrv in the CT region is an el-
ementary distinction between a redo\ and an ionic substitu-
t;on’mechanlsm. For this reason, e\perlments were design-

ed to potentially elucidate whether or not CT excitation :

led to redox processes in Rh(III) photochemistry.

3. Charge Transfer Photochemistry of Rh (III)-Amines

Charge transfer ‘excitation is frequently portrayved in
casual terms as an intramolecular redox process. Whereas
it is recognized that such a description bears approximaté—
lvy the same relationship to reality as the identification
of formal oxidatioﬁ numbers to actual charge, nonetheless,
photoactivation by excitation of charge transfer states._
does offer a serious possibility of initiation of redox

processes. Since a comparison of the vield data in Tables

4
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-~ |
2-5 indicates a recognizablejdifference in the quantita-
tive aspects resulting from CT and LF excitations, it
'seemed prudent to et least consider.that this difference
.mey reflect.contributions Sf a redoxlprocesé in the cT
photocheﬁistry. The likely prospects of a photoredox pro- |
cess would .only seem probable for a charge-transfer-to- |
solvent (CTTS) (54). or o.— ¢* transition. The former is
equivalent to a solvent-assisted photoionization process
whereas the latter constitutes a change of bond order of

one and thus would correlate wlth a2 homolviic bond flSSlOn
"-.‘__’_______.—'

The lower energy_CT transitions (i.e. 7" —e oc*} would

correspond to a nominal change of bond order which would
cause a general destabilization within the molecule in
which.specificity must be determined by the distribution

- of repulsive energies of the excited state.

\\“ Rumfeldt and Sellan " (28) have conjectured ehat the
more facile reaction coordinate would involve a halide ion
rather than a halogen as the leaving group since the form-
er would not only be more sensitive to metal-ligand repul-
sion but would also experience the advantage of solvent
stabilization. \Thus, if this were the case, the CT and
ligand Flerafhﬁxhanlsms should be virtually the same. They

attributed the higher gquantum vields from CT exc;tatlon,to

a higher charge density localized on the metal which wouléd
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effect a greater metal-ligand repulsioﬁ {28).°

However, although it seems gnlikgly_that CT'transif-
tions initiate redox processes, this possibilty cannot be
immediately dismissed particularly in view of.Endicott's

perpbrted observation (13) that u.v. excitation of Rh(NH3)5—
I2+ leads to oxidation of I and the formation of a tran-

sient Rh(NH3)42+ speciles. Flash photolvsis of RE(NH3)512+

containing relatively nonabsorbing quantitiés of I was
found to produce iz— and photodecomposition of the Rh(III)}

starting material to trans-[Rh(NH3)4(H20)I]2+.

The three step mechanism shown below could account

for the observed prodﬁcts without ,inclusion of any net

overall oxidation or reduction.

b

Rh(IIT) (Aé)}(z'{_ + hv —= Rh(II) (A,)X  + X° 113]

Rh(II) (3,)X" + H,O — Rh(II) (A,)XE,0" [14]

2+ -

. S -
Rh(II) (A4)XE,O0 + X —= Rh(III) (A,)XH,O X [15]

Thus, it is evident that the net effect is precisely the

same as a unimolecular ionic process.

Rh(III) (A4)X2+ + hv —s RR(III) (33.4‘)x2+ + X [16]

2+

RR(IIT) (B,)X 2% + H,0—» Rh(III) (A,)XH,0 [17]

L3

Tt should be noted that in the former mechanism the key

dissociative step involves a neutral atom as opposed to an
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anlon as the leaving group which cotuld in all probabil-

ity provide an easy explanation for -the enhanced photosen-

-

T.

sitivity gt‘shorter qavelengths.- s

To ﬁest'the above hypothesis} a gén;inéf}edox Drocess
was initiated in the Rh(III)-aminé svstems to gharacterize
any unlque features such as product dlstrlbutlon and over-
all yield sensitivity. Then, by comparlson of these re-
sultg with the sygtems prev1ously studied by direct pho-
tolvsis at 254 nm, sensible.conclusion with respect to a
redox process may become poséible. i

The redox reaction used for comparison was the reduc-
tion of Rh(III) complexes‘by-hydrated electrons generated

by the photolysis of iodide (51). The initial step in the

reaction sequence would be

-

°

- .+
ag + Rh(A4)}\2 —_ Rh(A4)x2 ‘ [181

The species, Rh(A4)X2 , would be expected to undergo &

rapid dissociation

-}

Rh(A,)X, — Rh_‘(A4)X+ + X [19]

4)

thereby generating an intermediate or transient which
would be common to that suggested by reaction [13]. This
is depicted in Figure 15 where I is the species produced

by the induced redox process, II being the starting species
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for dlrect photolvs;s, and III- belng the presumed lnter—
medlate common to both mechanlsms.

The exlstence of such a common intermediate was not
found as ev1denced bv the lack of dlsubstltuted products
from direct photolysis. Such observations unambiguously
indicate that the excited state species and subsequent ™
product mechanistic pathways produced £trom CT excitation
ate different from thoee occurring in the I : complex -

redox system. As a result, the obvious conclusion to be

drawn from such studies is that tbe charge transfer exci-

ted state species must lack the essentlal thermodvnamic

and kinetic characteristics of a true d7 configuration.
It would appear that the foremost distinction other

than the CT transitions being more intense, is the type

-—

! - - . ) .
of d' configuration formed. Figure 16 reveals an essen-

tial configurational similarity between LF*, CT*, and Rh(I

It should be noted that for all configurations, the dzz
is the acceptor orbital. Thus, a ligand field transition

may be described as producing a pseudo d7 configuration

-

with a hole within the & configuration, whereas a CT tran-

sition such as those seen for complexes in this study (i.e.

- o*) would again be a pseudo d7 with the hole in the

m-nonbonding configuration. Such an analysis would pro-

vide an adeguate basis for explaining fhe common element

I).
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Figure 15. Reaction Scheme for Direct Photolysis and
Photolvsis of Aqueous Iodide Solutions of

trans-~[Rh(en)2C12}+ at 254 nm.
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Figure 16. LF*, CT*, and Rh(II) & Electron Configurations.

W
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‘between CT and LF illuminations with the enhanced vields
from CT e\c1tatlon being due to the 1ntr1n51callv greater
repulsive nature ant1c1pated for_the CT excited.states.

This would_eeem'to suggest the principle that the
more closely the excited state resembles a true d7 con-
figuration, the more snbstitution labile it becomes.

Although the e\perlments w1th the 17 : complex redox
svstem were negative in the sense that the» did not defin-
itively prove the tvpe of mechanism occurring from CT ex-
~c¢itation, thev dig provide considerable insight into the
reactivity and structure of the relatively unknown rhodium
(II) monomeric species.

Contrasting views pertaining to coordination geometry
‘have been reported in the literature for rnodium(II) in-
terme@}ates (13,55,56). Kelly and Endicott (13) have su-
ggested that rhodium(IIj species are anially labile in two
cocordination positions analogous to axially distorted Co(II)-
(N4)X2 species (57) (where N, = a CVCllC tetraamlne, por-

Phyrin, etc.). They croposed that generatlon of tetraamine

rhodium(II) was a necessary criterion for the intermediacy
cf rhodium(II). However, Basolo et al. (55) have indicated
that pentaamminerhodium(IT) species and azide radicals

were among the products resulting from ultraviolet irradi-

ationg of Rh(NH3)5N32+ thereby inferring that rhodium(II)-
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amine complexes behave more like Co(CN)53- which  is five

COordinate. Recently, Lilie and coworkers (56) have ex-
amined the pulse radioclytic reduction of thNH3)5C12+,
RR(NH,) ¢ (H,0)°%, and trans-[Rn(NE,) Br,]” by the hydrated
‘electfon. The rate cohstant‘for reaction of the complexes

with.hydrated electrohs was reported to be of the order of
7 x_lOlO M—l seq_l. They found that the first twb ligands
of the prsduct rhodium(II) complex are eliminated very fast ’
( <1 usec), and the first intermediate was identified as a
highly labile RhtﬁH3)42* species.

The only geometry which couldé suscitate both ¢cis to
trans isomerization and disubstitution in the iodide pho-
tolysis with g_i_g—[Rh(en)zclzj+ would bé a foqr coordingte
,intermediaﬁe either of tetrahedral geomet;y or closely
approximating it. It would. appear that the only means by
which a rhodium(II)} species can reduce the high repulsive-
ness generated by the seventh electron is to rapidly de-
coordinate to four and rearrange to a geometry that pro-
duces the greatest stabilization (i.e. tetrahedral). The
cyclam complexes are a diagnostic test for this whereby
the inability of cyclam to distort to the proximity of a
tetrahedral geometry results in complete loss of the lig-

and system.l

For cyclam complexes there exists a significant energy
barrier for stereochemical change and reguires the inver-
sion of two nitrogens (39). p ‘
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Such phenomena can be correlated to CT* and LF* ex-
cited states in the sense that they borrow the Rh(II)
tendéncy to reduce repulsion by d;stortioﬁ in which a nec-
essary prereguisite is sterecmobility. This would suggest
that stereomobility is an essential part of a reaction cé—
ordinate. For example, the_quantum vields of the trans-
[Rh(cyclam)xz]+ complexes are very much less than those
¢f the eo responding bisetﬁyleﬂediamine analogs. Whereas
the biseth le;ediaminé ligands are flexible and can dis-
tort, the stereorigid cyclam belt system does not rermit
mebility. The structure of the gig;[Rh(cyciam)Xz]+ com=-
pPlexes in the ground ;tate are in essence distorted and
hence product vields are much greater than those from ex~
citation of the Egggé—[Rh(cyclam)X2}+ serie;.

The gquantitative features of the experimental result;
showed that in each éase the quastum vield of product for-
matiah, whether it was the trans-diiodo complex or cyclam
liberation, was 0.22 % 0.02. It is interesting to note that
this value corresponds to the value of 0.23 obtained by
Dainton (5l1a) for ¢(e;a) from the photolysis of adueous so-
lutions of KI containing nitrous oxide. Thus, from these
results it is concluded that the scavenging of electrons by
the Rh(III) complex occurs with unit efficiency.' The stu-

dies conducted in acié media confirm this conclusion.
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Howeyer, these results contrast with those obtained by

Kelly and End;cott (13) who found the bresence of com-
petitive scavenging between ﬁh(IIIY and H' for the pro-
duced electron in the icdide phétolyéis of Rh(NH3)5(H20)34.
They reported a linear Qapé_l versus [H+]/[Rh(III)] (at
constant [H;]) plot from which they calculated a primary
yield'corregpondiﬁg to ¢(ea;) = 0.26’: 0.03. As described
earlier, reinvestigation of this phenomenon using Rh(NH3)5-

I2+ and Rh(NMe3)512+ showed the guantum vield of product

to be constant in the pH range 2-5. Considering the pos-
sibility of competitive scavenging, the following mech-

anism could be devised

Rh(III) + e, —= Rh(ID) F20]

BT+ ey —TE | [21]
Ho + Rh(III) — Rh(II) + H [22]
He + H+ H2+ . . (23]
CH,T + RA(ID) —= (RA(III))' + H, (24]

with reactions [20] and [21]-being the type of competition

as described by Endicott (13}. Reaction (23] has been re-

 ported by Dainton and Buxton (51b) and introduces an addition-

al competition neglected by Endicott. Since no decrease in
the product vields were found in this work with concentrations

of B  as high as 100 times in excess of the rhodium complex,
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the 1ikelihood-of any competiiive scavenging between re—"
aetions'[20] and [21] is minimal; .It‘is possible that at . «
ver? hiéh_[H+} (grééter fﬁan 10-2 M)} reaction [21] may be~
come important. However, in the event of this occurring,
competitive scavenging is more likely to.Ee between reac-
tions [2éj and%[2§]. Such a proposal may_accoﬁnt fbr the
decrease in yieldsebbserved by Endicott (13) at hig; [é+].

5

In any'respect, the BT concentrations (10 - - 10-2 M) ut%ﬂ

. lizea.in this work show the Rh(III) metal centre to be a

.

much more efficient scavenger for electrons.

-

B

4. Effect of Temperature on the Photochemistrv of Rh{III)-Amines

‘The substantial difference in gquantum vields between
otherwise'similarjcomplexes (e.g., gig:[Rﬁ(cyclam)C12]+.
versus Egggg—[Rh(cyclam)C12]+i could conceivably be due to
differences™ in activation energies between the molecules.
ExéerimentaLly, oné méans of obtaining this type of infor-
mation is to investigate'éhe temperature @ependencies of
a series of molecules. o

From Table 10, it c#n be seen that the photosensitivity
of each ,complex. was temperatﬁfe dependent. The difficulty
arises in selection of an eguation and subsequent plot that
is an appropriate representation of the data. As discussed

in the first chapter, the temperature depeﬁdence of a com-
"-\‘
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plex can be attriﬁuted to the photochemical rate constant -
(ké) an@/or‘fhe nonradiative déactivationlratg constant
(kn).‘ However, at the.present stage of development, it is
4dnly realistically feasible to calculate an apparent ac-‘
tivation energy that is a composite of a number of possi-
ble temperature dependent processes. Va#ious authors have
employed equations which encompass ra§e constants for both-
chemical reaction and.nonradiative quenéhing. For example,
Ford and Petergen (58,5§) have studied the photolysis of
Rh(NH3)63+ as a funétion_of temperature and used equation

- T '
Ea/R‘. A plot of

[7b] with the assumption that k2/A >> e
In ¢ versus 1/T displayed curvature which was attributed to
be the result of the requirement of a temperature sensitive

h
deactivation term besides the kp term in the gquantum yield

L]

expression.

» = — B . [25]
Therefore, from the above and the fact that the photoaqua;ion
vields were sensitive to perdeuteration, these authors con-
cluded that nonradiative deactivation was predominantly o-
ccurring via the weak coupling limit with some competitive
strong codupling contributions. The most direct criticism

that can be rendered here is that the fitting of experi-
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mental data to-a linear eguation which results in a curve
is obvious evidence that the equation emploved is ina- ’
ppropriate. Subsegquent rationalization for the misfit

<

of data and equation is simply a matter of speculation.
It would seem that a minimum p;erequisite to‘interé&eta¥
tion would be a fit between the experimental and ‘theore-
tical predictions (i.e., a2 linear plot with a linear equa-
'tion)l

In principle, the derivation of a "correct" eguation
is predicated to a krowledge of the reaction mechanism.
In the absence of ﬁnowleﬁge of the "correct” mechanism
it is necessary to consider all possible processes which
could contribute to.the overall temperature dependence.
The reactions lisfed below are intendea to‘summarize tﬁese

pbtential processes.

k .
ax D o [26]
Tk
ax —E 5 xtv [(27]
k .
€ 24 —d-_x + Y [28]
XEY —+kr A | ' [23]

where k_ denotes the rate constant for nonradiative guen-
ching, kp the rate constant for progress alcng a reaction
coordinate but not necessarily leading to reaction (e.g.

solvent caged ion-pair), kd represents the rate constant
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for diffusive escape, and finally, kr is the rate constant
for recombination of the two fragments (i.e. XtY). Using
this simple sequende, it can be easily shown that the appro-

i )
priate Arrhenius-type equation would be

k k_ ‘
-1 _ /.. n r ) |
Fap! (l ) 'ko_)(l "5 ) >

For a derivatign of this eguaticn, the reader is referred
to Appendix II.J The mechanism outlined directly above is
not intended be an exclusive one but rather an exemplar
of the complexity of an equation that includes a more de-
tailed mechénistic séheme for product formation. It is
evident that additional reacticns would only exacerbate
the situation. |

Rather than adopting the ab initio approach, it would.
seem more fruitful to determine the fit of rhe data to var-
ious empirical eguations. For example, plcts of log(@nl - 1)
versus 1/T and log(¢p/(l - ¢p)) versus 1/T were attemﬁted
whereby varying degrees of curvature were found. However,
the best lineér fit of the data was obtained by plotting
(log ¢, - log $,) versus (1/T, - /7)) (equation(8]}. Thus,
from plots such as those illustrated in Figure (17), appar-

-ent activation energies can be calculated from +the slopes.

Table 12 summarizes the calculated values. Emphasis must
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Figure 17



Figure 17. "Activation Energv" Plot of the Temperature

-

Dependent Quantum Yield for Photoaquation

pf cis-[Rh(cyclam)Br2]+ at 254 nm.
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Apparent Activation Energies for Some Th (I1I)-Amines

Table 12
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Complex . o~ i;rgpm) 'Eapp ] Ref.
_c;s_-[m(qrclanﬂClz]z*' 254 21 x 4 kJ a

' 400 7 = 4 kJ- a
c_;i_s_—[1=:h(cyc:larn):?;xrz]+ 254 21 + 4 kJ a
trans- [P (cyclam)Cl,]" 401 25 £ 8 kJ b
tn_ans—[m(cgclam)srzf 400 21 & 4 kJ a
trans- (R (en) ,C1,1" 407 21 + 4 kJ

. aThis work.

bFeférence 40.
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be placeé on the adjective ™apparent” $incé.plots such as
that shown in Figure 17 are not based on a precise mech-
anism but are merely a conﬁenient organizétional repre-
sentation of the.data. -The advantage of this, at least

in an empirical way, ;s that it provides a method for di-
rect comparison of the relative temperature effects of the
different molecgles.

In addition to lack of precise knowledge of a reac-—
tion mechanism, photochemicai reactions such ‘as those stu-
died in this work have the compounded inheient gifficulty
in terms of temperature effects_dﬁe to internal heaﬁing
or "local hot spots" generated by the incident radiation.
In the simplest of terms,‘all nonradiative guenching pro-
cesses ultimately serve to convert the incident radiative
energy into thermal enexgy. Consequently, from an exper-
imental point of view, this creates a serious problem with
respect to knowledge of the internal.temperature of the
photolytic system. Therefore, a phenomenon such as this,
makes the interpretative analysis of any temperature de-
pendence study somewhat suspect.'

Despite the theoretical and experimental inadequacies,
the similarity in apparent activatioﬁ energies over such a
diverse range of molecules cannot escape attention. The

most immediate implication suggested by these results is
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that the process or proceéses ﬁhich'give rise té the or-
igin of the temperature dependence appear to be the same
for all of the molecules. These data éuggest the possi-
bility that if diffusive escape was the common element,
then one would anticipate that the apparent activation
eneréies.would ciosely approximate the pseudc activation
energy for the temperature dependence of the self-diffu-
sion coefficient of water. The value for the latter has
been reported to be of the order of 20 kJ (40,60) and re-
ference to Table 12 indicates that thes® values are un-
mistakably similar. As a result, the participation of
diffusion processes in the Sverall mechanism seems reason-
able. On the cther hand, Petersen (58,59) and Endicott
(14) have described what appears tb be a contrasting mech—
anism. For the sake of exposition, it might be useful to
describe two possible extremes. The first case,ﬂwhich
represents the ideas put forth by Pete?sen and Endicott,
depicts nonradiative deactivation processes in competi-
tion with bond dissociation. In such a scheme it would
be presumed that any of the energy dissipatiocn occurring
via photochemical reaction would result in 100% product
formation. Ié the nonradiative deactivation is strong
coupling, then this preocess would be temperatuke depéﬁ-

dent. Otherwise, only photochemical reaction is temper-
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ature §ensitive. The other extreme woulé involve é'ne-

glect of.temperature dependent nonradiative deactivation

processés,and would assume 100% efficient bond dissociation

with_gemingte recombination {(gquenching) in competition

with diffusive escape (product fdrmation). In reality,

the most likely g;tuation lies between these two extremes.
Endicott's conclusions from the study of the temper;

2+

ature and perdeuteration effects for the Rh(NH3)5X series

(14) are somewhat suspect.‘ He found that while the gquantum

~yields of product for Rh(NH3)5Cl2+ and Rh(NH3)sI2+ were

insensitive to température, the ‘guantum yield of NH3 agua-
tion for Rh(NH3)53r2+ doubled (0.18 —= 0.34) whereas the
bromide yvield remained constant from rhotolvsis at 75°C.
Upon perdeuteration of tﬁe chloro and bromo complexes, only

2+

Rh(NH,) ;C1°" showed any sensitivity whereby #(Cl ) was en-

hanced by 33% (0.12 — 0.16). Therefore, from these results

it was concluded that Rh(NH3)5Cl2+ may be undergoing some

weak coupling (N-E) nonradiative deactivation with strong
coupling (Rh-X) being the predominant mode. It was further
suggested that greater deviation from octahedral environ-

3+ 2+ 2+

ments of Rh(NH3)6 to Rh(NH3)5Br and Rh(NHB)SI appar-

ently eliminates weak coupling as a competitive mode of
deactivation. 1In prospect, it would seem that the limited

temperature dependence data for Rh(NHB)SBr2+ only estab-



the_dependence. in addition, it jig highly probable that
kp Will remain unchanged upon pPerdeuteration of the-leav—
ing group (i.e. NH;). Hence, in critical terms, the ex-

Perimental technigques Presently emploved for isolating

‘mechanistice Parameters whigh have an equals probébility for
temperature sensitivity. Although the poséibility of temp-
erature dependent nonradiative deactivation Processes can-

not be excluded, it is the opinion of this author that the

greup dependencies. As an éxample, cénsider the cis- ang
. LS
trans—[Rh(cyclam)C12]+ Complexes. When bond Tupture cccurs

for the former, the five Coordinate metallo fragment jslels
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ving_group;r Conseguently, the recombinative probability
would be reduced and diffusive escape favoured. On the
§ther hand, the geometry of the trans complex is such that
the cyclam ligand system is essentially immobile and thus
geminate recombination over diffusive escape would be highﬁ

ly favoured.

5. Effect of pH on the Photochemistry of Rh(NR3)5X2+

From a mechanistic point of view, it is of ihtgrest
“to stﬁdy the'deéendence of pKE upon a particular svstenm.
Although the main purpose for acidifying the soluticns of
the halopentaamine complexes prior to irradiation is to
maintain the complexes in their acido form, the-role of -l
coulé'éossibly'be manifested in other areas of the reaction.
Thermal studies have shown that even low concentrations éf
hydroxide ion can result in an acceleration of the release
of halide ion and other labile ligandé from amine complexes
of Co(III) and Rh(IIf) (61) . The acceleration in rates

for Rh(III)-amines has been attributed to the formation of
an amido group (NHZ—) which is a m-donating substituent.
Such a group would place more negative charge on the metal
thereby increasing the ease of dissociation of other groups.

A dissociative mechanism is fac}litated'which'should cccur

much more effectively for a cis substituent than\for a trans.

- -
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Thus,¥it seemed reasonable to ascertain whether*pr not
this kinetic phenomenon was operative in the photochem-
istry of Rh(NH3)5X2 | |

As the results demonstrate, photolys;s in the pH range

4.0-5. 75’of Rh(NH3)5C1 , which is a strong. Bronsted acid,

produced vields of chlorlde that were greater by a. factor of

‘2 than those observed in a medium of pH 3.0. Consequent—

ly, it would‘appear that some factor of activation and/orx

stabilization was responsible for the higher vields. To

establish the validity of this, Rh(NMe3)5C12+, which is a

non-Brénsted acid, was photolysed at natural pE (5.0) and

from Table 6 it can be seen that the vield of chloride was

the same as that found at pH 3.0. The yield of amine at
pH 5 0 can only be considered apparent since two competing
factors are occurring: (a) the formation of the more aci-
dic aguo product complex anéd (b) the liberation of base
(i.e. NMeé). Thus, a true pH difference measurement was
riot possible. 1In any event, it is significant that the
yieid of chloride was constant thereby indicating that the
phenomenon occurring at higher pE for Rh(NH3)5Cl2+ was not
present for the methvlated complex. There exists the poss—
ibility of two forms of activation and/or stabilization on
the chloro ligand by the amido group, namely, cis or trans.

The identical vields of chloride from the photolyses of
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Rh_(NH3)5C12+ and trans-[Rh(N_H3)4Clzl+ at pH values higher

than 3.0 would.ﬁuggest it to belgig. It is noteworthy

that the mechamistic effect of higher pH from thermal séu—
~dies of Rh(NB3)5C12+ has been proposed to form an amido
group that activates the ligand téggg to it (i.e. Cl1l) (61).
However, under phoﬁochémical conditiéns, the ene;gyfis\gl—:
ready present from excitation to c2use bond dissociation.
Thus, it would appéar that the amido group is acting as a

stabilizer through m-bonding to the vacant metal orbital

after dissociation of the Rh-Cl bond. This ;?uiaﬂin turn
réduce the probability'gf recombination ;f_t e metallo
fragment and.chloride. Since an amido group trans to the
éhloro cannot w-bond efficiently-without rearranc¢ing, én
amido cis to the chloro is moréﬁI;;;ly. such a rational-
ization reinforces.the viAbility of a diffusion model
beihg operative in Rh(III)-amine photoéhemist;y whereb&
increased' structural stability of the metalio'fragment re-

L

sults in more fééile diffusive escape of the leaving group.

\ : ;
The results for the Rh(NH3)512+ indicate that when an

amine is the leaving group/, hvdrogen-ion acts as'a scavenger

to inkibit recombination b¥ protonatjfig its only available

-

.coorainépion site. ?his is evi > ed’by-the decrease in
amine yields at higher pH. ° Hence, these restlts are also

in agreement with a diffusion model andé demonstrate the °

— !
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importanee of a stable leaving group for successﬁul diffu-
eive escape. | )

| It is interesting to note that in_ each case the yields
were lndependent of pH for values greater than 3.0. Such.
an,observatlon suggests that [OH ] is not critical and is

only necessary.to be in sufficient guantity to form the

amido group.

6. Sclvent Effects on the Photochemist:y of Rh(III)~Amines

Reference tg_zablee 11 and llA clearly indicate that
the net photoreactlv1tv of these complexes does 1rdeed ex-
hibit a solvent sen51t1v1tv. The observed. phenomena could
be the result from any combination of the fellowing: (a)
increased cage effects brought about by 1ncreasing vis-
-cosity, (b) the variation of the com9051t10n of the pri-
mary solvatlon sphere, (¢) the effectiveness of the com-
ponents as nuclecphiles, (&) the steric constraints on sub-
stitution, and (e) the influence of solvent structure in-
cluding hydroéen bonding.

To commence any discussion of functions of eolvents
in reactions solvation must be discussed. From coordination
chemistry, solvation shells may be classified as (a) the
primaryvcoordination sphere. (the nearest neighbours ef a

solute centr®l atom), (b} the second coordination sphere,
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and (c) the bulk solvent.- In the ease of simple mono-
atomic ions, the primary solvatioﬂ shell is the eguiva-
lent to a ligand field whereas for transition metal com=
plexes, the llgands coordinated to the metal center can
be considered as the primary coordlnatlon sphere. Hence,
the prxmary solvatlon sphere is one of high order imposed
by the.influence of the solute on nearby solvent molecules
whereas the bulk solvent %e unaltered by the presence of
+he solute (62). The secondaryicodrdination sphere is a
disordered compromise region which is influenced compar-
ably by the forces exerted by the solute which produce the
prlmary,coordlnatlon sphere (c.§:i;and the solvent -solvent
forces wﬁich produce the bulk solvent (62). When water is
the eolvent, it has been found that there is a constant
exchange of watér molecules among the solvation shea%hs
(63).

The effect of ions on the viscosity of the solvent
is directly related to their-effect on the translational
motion of the solvent molecules (63). Multicharged or

24+ 2+

. . Ly s
small singly-charged 1ions (e.g. Mg~ , Ca . Li ) increase

viscosity (i.e. structure makers) whereas large singly-
. + + - . L
charged ions (e.g. K, Cs , 1) decrease viscosity {(struc-

ture breakers).

"Cage" is a lcose term denoting those solvent molecules
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whlch surround a radical pair that are nearest nelghbours
and thus any molecule in a ligquid is always in a solvent‘
cage (64). The cage has only one important property, that
ofAtemporarily preventing the separation by diffusion of

a pair of-radicals. Solvent water mdlecules;are rerhaps
the most efficient scaveﬁgers of radicals ?roduced in a
reaction since in an agqueous medium they are a charter
member of the cage.

Addition of large amounts of some other solvent can
lead to drastic changes in the structure, dielectric con-
stant and other solvent properties, and introduces uncer-
tainties conce;ning the relative distribution of the two
types of solvent molecules between the second c¢.s. and the
bulk solvent (65}. Glycerol was chosen as the second com-
ponent for the mixed-solvent system used in this work for
the following reasons: (a) with as much as 76% weight of
glvcerol in the system, the bulk dielectric constant of the
solvent mixture.is 60 as compared to 78.for a pufe agueous
system (66) (i.e., bulk dielectric constant not appreciably
altered from that of water), (b) the glycerol is capable
of hydrogen bond g .thereby not dlsruptlng the solvent ~
structure as much as a component unable to hydrogen bond,

and (¢} it is a poor coordinating agent and thus would not

introduce any competitive solvolysis into the svstem.
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It is interesting to observe that for ﬁhg chloro com-
plexes, with the exceptions of cis- and trans-[Rh(cy¢lam)-
C12]+, the guantum yields-of chloride (and amine for Rh(NMe3)5—.‘
C12+) are independent of solvent composition up to.at least -
63% weight of glycerol. These results inaicate that the
"initial aquéous solvent cavity apparently remains unalter-
ed up to 63% weight glvcerocl. From solvation studies of
ions in mixed—aqueous‘éolutions'it has been found that com-
positions of about 20~-30% and 75-90% weight of an organic
component in an agueous medium are critical regions with
respect to the overall structure of the solvent system (63).
For compositions of 20-30% it has been_propased that this
is the range whereby the outermost water solvent 1ayér of
the ion is being replaced bv the organic component where-
as 75-90% weight of organic component begins to replace the
innermost layers. Conseguently, it is ;onceivable that at
higher concentrations of glycercl solvent effects would be
observed. Unfortunately, this was not possible to determine
experimentally because of the insolubility of the complexes
in high glvcercl cencentrations.

The decrease in 9(C17) for cis-[Rh(cyclam)Cl,]” at
concentrations as low as 47% weight of glvcerol suggests
that this molecule, due to the alkyl groups in the cyclam

system, is a poorer structure maker than the pentaamine or
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-bisethylenediamine compléxes.. Hence, one would antiéipate
that smaller concentrations of glvcerol woﬁld more effec-
tively penetrate the innermost solvation lqyer;fggﬁéhg
cationic complex thereby inhibiting solvation and diifu—
sion of the two fragments. The proposal of a structure
breakiné influence by the-cvclam on the agueous solvent
system can be viewed in the light of the ligand system
having.essentiallf four coordinating nitrogens with four
spectator hydrécarbon bridges. This hydrocarbon content
can be thought of as tantamount to the relatively high cén-
centrations of organic solvent referred to pieviously {64).
Derhaps the results found for EEEEE-[Rh(cvclam)Cl ]
more closely abproximate a solvent cage effect but in a
different sense as 1s generally predicted. The increase
in the Vield of chloride in the mixed—solvent svstem im-
plies that photoreactiqn is more facile in a less struc-
tured solvent system and thus in a pure aguecus medium
the molecule is in a more confining-solvent cage which
favours recombination over diffusive separation.

The solvent effects on the photochemistries of Rh(NH3)5-

2+

I and trans-[Ir(en)zIz]+ are particularly interesting

because the effects differ from LF excitation to CT exci-
tation. Apart from all other considerations, this distine-~

tion between the two is indicative of a lack eof internal



122

.conversion between the two manifolds of states or other-
wise the'solvgn§ effects would bejidentical in both cases.
The dragtic decrease in &(I ) observed from both CT and
LF illuminations of Egggg—[Ir(en)212]+ is Strongly impli~
cagive of a poorly structured immediate solvent environ-
. ment of the complex which would be highly amenable to re-
combinative‘processes_due to'the inabilityaPE the.solvent
to effectively sclvolyse eitheflfragment. Such a pheno-
menon ﬁust not be characteristic of iridium(III) complexes
in general, since thé same behavior should pe observed for
the analogous dichlord complex. ’ Tnus, the pregence of the
iodo ligands must be a critical factor. In an agueous me-
dium, the conditions of solvation for the diiodo complex
must be such éhat diffusive escape is highly favoured as
evidenced by the high gquantum yield of iodide at 254 nm
irradiation (0.65 & 0.02). The gradual decrease in amine
vields from LF irradiation of Rh(NH3)512+ and CT excitation
of Rh(NMe3)512+ are suggestive oﬁ these complexes being
less stfﬁctgré making than the corresponding chloro com-
plexes in the excited state and consequently, concentra-
tions of glycerol as low as 25% weight produce-profound
effects on the solvent structure.

The lack cf solvent dependence on the amine vieléd

2+

from CT excitation of Rh(NHB)SI is also observed for the



123

corrqspondiné bromo complex. As with the iodo complex, -
LF irradiation of Rh(NH3)5ér2+ in the glvcerol-water mix-
ture causes a decrease in the yield of amine aguation..
Thus, for these two molecules. it wéﬁld appear that ‘solute-
solvent interactions are different for LF and CT excited
séates whereby for the latter type of 'exclited state, the
glvcerol at even 63% weight has not effectively penetrated
the inner coordination spheres. The increases in Br vields
for RhLNg3SSBr2+ indicate that tﬁe structure makiﬁg‘ten—
dency of'this complex is poorer for the mixed-solvent sys-
tem énd hence promotes diffusive escape of bromide. The
apparent lack of a temperature dependence for &(Br ) re-
ported By Endicott (14) seems inconsistent with the sol-

vent effects and thus should be the subject of further

investigation. s



124
EPILOGUE

- Perhaps the.molecules studied in this work that best
demonstrate the present stage of development of the pPhoto-
chemistry of Rh(IIX)-amines is the Rh(NMe3)5X2+ series.
For example, from previous models, chloridé~is predicﬁed
and found to be the principal ligang aquated from photoly-

sis of Rh(NMé3)5C12+. However, the unanticipated NMe

3 lib-
eration could only be retrospectively rationalized. From
the waveiength dependence trend obserwved for ammine aguation
from Rh(NH3)5I2+ one would have juétifiabiy predicted that
the same trend would be exhibited bv the corresponding meth-
vlated complex. Not finding this to be the case further
indicatés the limited predictive powers of existing models.
These cohplexes were synthesized in the latter stages of
this work and had thelr photochemistries not been a subject
of study, one might have been led to believe that the rho-+
tochemistry of Rh(III)-amines had emerged from an infancy

of the unknown to a maturity of high predictability. as
disappointing as this might appear, there is a vefy poesitive
side and that is the exciting challenge that complexes of
this sort present +o the inorganic photochemist. Several

variations of these molecules await to be svnthesized and

- studied to obtain vet a clearer understanding of the intri-
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cacies involved; As the number @f such studies increases,
.more detailed trends will be established which will no
.éoubt prompt the retirement of several existing theories
and models and initiate the formulation of new models that
are based on a more extensivé fange of experimental evi-
dence. :
- Perhaps thése thoughts éan be best likened to the New
Year wheréby we “ring out the old and bring in the new“

with no regrets of the past and only expectations of the

future as we begin a new era with previous experience.



| APPENDIX I

Table of Approximate AbidIﬁssotiation(&xstantsa

Camplex | ' Kab
tiar_xs~[F&1(en)2¢12]+ 4.6 x 1075
trans- [ (en) Br,1* | 2.8 x 107°
trans- (R (en) ,1,1* 3.2 x 107
trans- [Rh(cyelam 1, 3.6 x 10710
cis-[Ren) 11" 4.9 x 1075
cis- [ (cyclam 1 1" 4.3 x 20730
trans-[Ra(en) ,Clar}* 3.6 x 1071
£rans-[Ra(en) 5r1* Bax107”
frans~ (R (en) c11)* 1.6 x 107°
trans-[rh (cyclam) C18r]* 1.5 x 10712
trans—[® (cvclam) Ber) 1 1.9 x 10710
trans- [’ (cyclam) c11]* 9.1 x 10730

a Calculated from the equation: Ka = [Conjugate base]'[H+]
fCamlex]

where for Simolicity it is assumed that [conjugate base] =

=t I= —antllog[nH] and [complex] = [ccnplex] - [conjugate
, initial .
base]. .

bReference 40.
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APPENDIX II

Derivation of Arrhenius-Type Equétion[30]

X3 — X + Y.

XY — A

k_[A*]
devr = Pan L
XY
kp[A*] + k [A¥]
kd[XﬁYI
* kd[XIY] + k_[X2Y]
e ~
k k
¢ (p) = ¢A* X d
kp + kn - kd + kr
Assuming ¢A* =1,
K k
(®(p)) 7t = (1 + —= (1 + —=
. kp _kd
Note: (c‘b(p))_l is (¢apn)-l as shown in eguation [301.
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