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Abstract

The unifying theme of this dissertation is the use of stereochemistry as a
probe of mechanism in Cr(Ill) photosubstitution reactions.

Mechanistic stereochemical change has been shown to be a
requirement for axial photoaquation reactions of Cr(lll) complexes bLut the
situation for equatorial ligand loss is less cleer. To explore this, trans-[Cr(2,3,2-
tet)(CN)2](ClO4), (2,3,2-tet = N,N-Bis(2-aminoethyl)-1,3-propanediamine) was
prepared and characterized. It was photo-labile with a proton uptake quantum
yield of 0.09 £ 0.01 in acidic aqueous solution. No detectable amount of CN-
was photoreleased (dgn- < 0.02) and the major photoproduct was Cr(2,3,2-
tetH)(H20)(CN)»2+. In neutral or basic media this product exhibited rapid (t{,2 =
8 min in pH 6 at 25°C) thermal recoordination of the dargling amine ligand

giving Cr{2,3,2-tet)(CN)o*+. HPLC study of the stereochemistry of this

recoordination and the ligand field analysis of the visible spectrum showed that
the photoproduct was trans-Cr(2,3,2-tetH)(H20)(CN)o2+, Flash photolysis
experiments with conductivity detection showed that the reaction goes
completely via the doublet state. The thermal and emission properties were

also investigated.

in the 4829 lowest energy state of the molecule the ligand raotion

required for trans attack in the equatorial plane is obstrucied by the 2,3,2-tet
ligand. If stereochemical change is a requirement for substitution from this state

it should therefore be photo-inert . The higher energy 4Eg state could be
photoactive but the photoproduct would be expected to be gis-Cr(2,3,2-

tetH)(HgO)(CN)22+. Since the frans product was observed we conclude that




iii
mechanistic stereochemical change is not a requirement ‘or photoaquation of
trans-Cr(2,3,2-tet)(CN)2*. This complete stereoretentive photoreaction
observed is unusual and is discussed in terms of existing theoretical modeis.

For studies of wavelength dependence of products and rheir
stercochemistry, the compound trans-[Cr(tn)2(CN)2]CIO4, was prepared and
characterized (tn = 1,3-diaminopropane). Both cyanide and tn of the molacule
were photoaquaied. The proton uptake measurements showed that tha
photolysis behavior was nonlinear owing to quenching of the photoreactant
doublei state by rhotoproducts. The tolal product quantum yields were
therefore based on the zero time slopes of the proton uptake data. Quantum
yields are; (irradiation wavelength, nm): ®(CN-), ®@(tnH+); 436: 0.035 + 0.004,
0.048 +0.005; 456: 0.023 + 0.004. 0.052 + 0.004. Loss of cyanide is not
predicted by photochemical theory and its occurrence is attributed to the role of
ligand interactions in cirecting photoaquation modes. The quenching by
photoproduc's, however, made trans-Cr(in)o(CN)2* unsuitable for the
wavelength dependence studies.

Wavelength dependence of the product distribution in the prompt
photoaquation of Cr(tn)33+ has previcusly been reported. The commonly used
quenchers in such studies of excited state reactivity are OH-, Cr(CN)g3- and
Cr(ox)33-. They have not been suitable in all instances due to various
problems such as reactive quenching, instability of compounds in base,
precipitation of highly charged cationic complexes, significant absorption of
visible light or solubility problems in aquenus solutions. We report the synthesis
and characterization of Na[Cr(tn)(CN)4]. This compound showed the
necessary thermo (ty/z = 5 hours in pH 2 at 20°C) and photo (® tot = 0.04 +

0.01) stability and was frez ivom the above problems.
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The wavelength effect in Cr(tn)z3+ was reinvestigated and the
percentage cis-Cr(tr)2(tnH)(H20)4+ product found was 38 + 1% for the
unquenched reaction and 47% for the prompt reaction, whether the quencher
was Cr(tn)(CN)4- or OH-. These percentages differ from the values reported

previously and the implications of these new results are discussed.
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CHAPTER ONE

Introduction




1.1 General

Photochemistry is a branch of science dealing with the interaction of light
with matter. “Photochemistry is likely the key for the origin of life on the earth,
played a fundamental role in life evolution, and it is responsible, through the
photosynthetic process that takes place in green plants, for the maintenance of

1 Photochemistry is important in many biological and

all living organisms.”
anvironmental processes such as vision and control of ozone in the upper
atmosphere. Practical applications of photochemistry include solar energy
conversion, imaging, photography and chemical synthesis.

Photochemistry of transition metal complexes is of fundamental
importance in a variety of contexts including various applicatiuns,? 3 and it has
been the subject of many reviews 8-5 Cr(lll) complexes are among the most
extensively studied systems.® 13 The important reasons® for this are the
availability of a large variety of relatively thermally stable complexes, their
interesting and fairly well understood absorption and emission spectroscopy,
the comparative efficiency of their photochemical reactions and the fact that
many of these molecules emit under room temperature solution conditions,
permitting simultaneous studies of photochemistry and photophysics. The
present work deals with the understanding of the stereochemical aspects cf
photoprocesses of Cr(lll) complexes. To begin this dissertation some basic
concapts relevant to photochemistry and photophysics of Cr(lil) complexes are

described.
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1.2 Theoretical Anproaches to the Electronic Structure of
Transition Metal Complexes :

The best approach to the electronic structure of complexes is provided by
the molecuia: orbital (MO) theory. In order to obtain quantitative results using
this theory, however, a great deal of compuiaticnal effort is required.13 As a
consequence, more convenient, alternative theories have frequently been used
to describe the bonding and structure of complexes. They are :nainly valence
bond (VB) theory, crystal field (Ci~) theory and linand field (LF) theory.

VB theory is substantially inadequate for describing the electronic
structure of transition metal (TM) complexes. Moreover, this theory does not
take the existence of electronic excited states into account. CF theory, on the
other hand, has been remarkably successful in explaining many features of
transition metal complexes and historically, it has been the driving force for ti;e
development of the entire field of inorganic coordination chemis.try.14 Despite
its striking results, this purely electrostatic model is unsatisfactory in explaining
many features of TM complexes.

LF theory preserves all the conceptual and computational advantages of
the simple CF thcory and includes the covalent character between the metal
ligand bonds. Therefore LF theory is superior to CF theoy and enjoys a wide
application in TM complexes.

In LF theory, the energy gap between tog and eg set of orbitals of an
octahedral complex is designated as «, whereas in CF theory, it is 10Dg. In
recent literature, however, 10Dg has been considered as an experimentally
determined paramater and therefore A and 10Dq are equal. In this dissertation,

we also continue this usage.
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Saveral semi-empirical MO approachas which incorporate some metal
ligand overlap have been reported.'® Even though thay have nct been widely
used, they led to the development of a powerful analytical procedure, the orbital
anaular overlap model (secticn 1.2.1). This model has been successfully used
in developing photochemical theories of Cr(lll) complexes (sections 1.5 and 1.6)

and it is important to discuss its basis.

1.2.1 Angular Overlap Model (AOM)

In this model the energy levels of a complex molecule ML, are obtained
simply oy summing the perturbation of each ligand L on the five a orbitals of the
central metal ion, carefully taking into account their geometric relationship to
each other.’ The sigr'a and pi bonding effect of each ligand L is specified with
AOM parameters, o, and ny.

The z axis of each ligand is retained ccllinear with its metal ligand bond
and puinting towards the metal. The z axis of the metal is defined to be
collinear with one of the metal ligand bonds in turn, and tnen the other metal
ligand bonds lie along or batween other axes. The ligand on the z axis yields a
o intyraction with the dz2 orbital and = interactions with the dyz; and dy; ortitals.
The contribution of each ligand to the energies of all five d orbitals is calculated
and the total perturbation energy of each orbital is obtained by taking the
summation.

The energies of d orbitals calculated in the above manner for
hexacoordinated complexes with tetragona! symmetry are given by the

following equations.14




E (22) =  20ax + Oeq (1.2.1)
E(x®-y2) = B3oeq (1.2.2)
E (xz) = 2nax + 2meq (1.2.3)
E (yz) = 2ntax + 2Weq (1.2.4)
E (xy) = 4neq (1.2.5)

where oax , Oeq ,» Tax and meq represent the average axial and equatorial o and
n parameters. While usually o > 0, &= values may be >0 or <0 depending
whether the ligand is a & donor or a & acceptor.

in the case ¢f an O symmetry molecule, the axial and equatorial
parameters are equal and then the above equations show that the energy
diff-rerce between the tzq and eg sets of orbitals is 30 - 4n. Therefore the
correlation between AOM parameters and LF theory parameters can be written
as follows.

10Dq = 3o0-4n (1.2.6)
The similar -elationships for tetragonal symmetry molecules can be represented
by the following equations.

10Dgax = 30ax - 4max (1.2.7)

10Dgeq = 30eq - 47eq (1.2.8)

AOM and LF theory relationships and expressions for orbital energies for

complexes with uther symmetries can be derived.'4

1.3 Electronic States and Spectra of Cr(lll) Complexes
Cr(lll) ion has a d3 ground state electronic configuration (tag® @g®) with
three unp=ired electrons. Therefore the ground state is a quartet, in contrast to

singlets in the majority of molecules.




ty 4 4+ — 4 4 + +
Ground state Quartet excited state Doublet excited state
hv
taga ego """"""" > tzgz eg1 + tzgs ego

Fig. 1.3.1 A simple Ligand Field Theory representation of the orbital electron

distribution in ground state, and doublet and quartet excitedc states.

Electronic excitation produces an excited quartet state with t292 eg1
configuration. This can convert by intersystem crossing (section 1.4) to a
doublet excited state with spin paired tag3 eq® configuration. Fig. 1.3.1 shows a
simple LF theory representation of the orbital electron distribution,
corresponding to these states of an nctahedral complex.

The group theoretical term symbols for these states of an Op molecule
are 4Apq, 4Tog and 2Eq (Fig. 1.3.2). In the electronic spectra of O Cr(lll)

complexes, the lowest energy bands correspond to the 4ng <--- 4A29
transition in the quartet absorption and 4Apg <--- 2Eq in doublet emission.
The former transition is equivalent to a 45° rotation of charge density in one of

the three orthogonal planes (xy, xz or yz) since the appropriate orbitals involved
are dxy > d 2. y2r dy,--->d, 2. 22 and dyz -—-> dy2 - 725 where dxg -2 and

dyg ;2 are linear combinations of the dzz and dx2_ y2 orbitals.




Energy
PLN
m
Q
P-N
W
&

‘E,
4 4 4
(a) Big Agg B1g
X CN
I/I[,' I ‘\\\\ ”Ilh._‘_.\\\\\\ ”lln l \\“\
X CN
\ d,2
dX2 y2 eg /
e de2 .2
> d,2
Q
15
Gz dyz
\ tgg dxy
(b) dyy \__ _

Fig. 1.3.2 Schematic (a) state and (b) orbital energy-level diagram for
trans-CrN4(CN)2t+ type complexes.
N = am(m)ine, X = ligands of lower 10Dq values than am(m)ine (e.g. Cl"). The

center vertical part and edges represent Op and D4, complexes respective.y.
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For Cr(lll) complexes, the energies of the doublet and quartet states are
dependent on the nature of ligands. The relative variation of the doublet excited
state energy is expressed in the Nephelauxetic Series whereas that of the
quartet is expressed in the Spectrochemical Series. For instance, cyanide
takes the top position among common acido ligands in both series. Therefore,
having more cyanide ligands in a complex will decrease the doublet state (D)
energy and increase the quartet state (Q) energy, overall increasing the D/Q
energy gap. The highest D/Q energy gap of common Cr(lll) complexes is
expected for Cr(CN)g3- and this is experimentally observed.’® However, it
should be noted that the spectroscopically determined D/Q energy gap can be

altered by the interaction of molecules with solvent.5: 16

If the symmetry of a molecule is lowered to Dg4p, as in trans-CrlgX2, the
4T29 state splits into 4Eg and 4ng components. The relative energy ordering
of these states'” for trans-diacidotetraam(m)ine Cr(lll) complexes are shown in

Fig. 1.3.2. It shows that the lowest energy excited quartet state of trans-
CrN4(CN)otis 4ng. Since the appropriate orbital electron density change to
populate this state is dxy --> dxz_yz, the electronic transition is confined to the
xy plane. Similarly, if the excitation is to the higher energy 4Eg component, the
electronic transition will be confined to xz and yz planes. Therefore, the lowest
energy quartet band of LF absorption spectrum of a D4, complex is split into two
components corresponding to 4Bgg <--- 4Apg and 4Eq <--- 4Agq transitions.
This splitting is, however, not always resolved in an experimental spectrum.

According to LF theory, the 4B2g/4Eg energy gap can be expressed by
the following equation.!8

E(*Bag ) - E(*Eg) = 1/2 (10Dqeq - 10Dqay) (1.3.1)
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where 10Dqgeq and 10Dqax corresponds to the average equatorial and axial
10Dq values respectively. Therefore once 10Dq values are known the lowest
energy quartet state can be determined and the energy gap calculated using
equation 1.3.1.

In this dissertation, we will be referring to these spectroscopic state
symbols only as convenient labels, and will be considering only the micro
symmetry of the coordinating atoms. Therefore, the subscript “g", required when

there is a true center of inversion, will usually be omitted.

1.4 Excited State Processes of Cr(lll) Complexes

Typical excited state processes of Cr(lll) complexes are represented in
Fig. 1.4.1. Excitation to Franck-Condon (FC) states, quickly decays by internal
conversion to the zero vibrational level of the electronically excited quartet state,
Q10. Intersystem crossing to the doublet state Dy can compete with FC ---> Q40
relaxation or from Q10. The former process is called prompt intersystem
crossing. Both D10 and Q49 states lead to the processes of radiative emission
(Phosphorescence or Fluorescence respectively) and non radiative decay.
According to Kasha's rule, all photoprocesses should originate from D0 and/or
Q10 states. Experimentally, the state(s) from which a chemical reaction
originates seems to be more subtle and will be discussed in section 1.8.

Unlike the FC state, molecules in the D10 and Q10 excited states are
thermally equilibrated. Therefore trese states are called "Thermally

equilibrated excited states” or “thexi" states.?




10
Franck-Condon
States

—

Irxn A1
-

-
-

}) V-

Ph

Ground state (Qo)

Fig. 1.4.1 A schematic representation of excited state processes of Cr(lll)
complexes.

Key : Qg = ground state, D10 and Q10 = zero vibrational level of the lowest
energy doublet and quartet excited states. Fl = Fluorescence, Ph =
Phosphorescence,

nr = nonradiative decay, isc = inter system crossing, pisc = prompt intersystem
crossing, risc = reverse intersystem crossing, Drxn = doublet reaction,
Qrxn = quartet reaction, P = products. Solid arrows => radiative processes,

dotted arrows => nonradiative processes.
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The lifetimes of the doublet excited states are relatively long, usually in
the region of us, but the lifetime of the quartet state is much shorter, and
believed to be in the picosecond or sub-picosecond domain. The doublet
deactivation processes are therefore quenchable with suitable quenchers, but
the quartet processes are not. The early work, which identified this behavior, is
summarized in section 1.13.3.

Photoreactions that go via the doublet state are called "quenchable™ or
"slow" reactions, whereas, those originating directly from the quartet are called
"unquenchable”, "fast" or “prompt” reactions. Photoreactions of Cr(lll) am(m)ine
and cyanoam(m)ine complexes usually show both the "slow"” and “fast”
components. The distribution of a reaction between these two components is
determined by
(@) measuring the quantum yield of a reaction with and without a suitable

quencher
(b)  foliowing the change in conductivity of the solution on the time scale of

the doublet lifetime (see section 3.2.7).

The other key features associated with photoreactions of Cr(lil)
complexes are the photoreaction modes, stereochemistry and the nature of
intermediates formed during the reaction. The present uncerstanding of these

features is described in sections 1.5, 1.6 and 1.7.

1.5 Photoreaction Modes of Cr(ill) Complexes
Upon irradiation of transition metal complexes in the ligand field region of
their UV/Vis spectrum the photochemical reaction modes did not, in many

cases, coincide with thermal reaction modes. Typical examples were
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acidopentammine complexes, such as Cr(NH3)5(NCS)2+.2° This complex
thermaily aquates thiocyanate whereas the photochemically dominant mode is

ammonia loss. This type of result led Adamson to propose rules (section 1.5.1).

1.5.1 Adamson’s Rules

The photochemistry of Cr(lll) complexes made a significant advancement
following the proposal of these rules,®! that rationalize the photoreaction modes
of mixed-ligand Cr(lll) complexes.
Rule 1: “Consider the six ligands to lie in pairs at the ends of three mutually
perpendicular axes. That axis having the weakest average crystal field will be
the one labilized.”
Rule 2: “If the labilized axis contains two different ligands, then the ligand of

greater field strength preferentially aquates.”

For instance, the weakest average ligand field in Cr(NH3 )sCI2+ is on the
CI-Cr-NHg3 axis and therefore the predicted leaving ligand is the NH3 trans to
Cl. Experimentally NH3 loss was observed.®? In this case, however, it is not
clear whether the observed ammonia originated on the CI-Cr-NH3 axis. Later,
work by Kirk, Zinato, Adamson, Balzani and their coworkers unambiguously
established the overall validity of both of Adamson’'s rules, as described in
section 1.6. Since then ligand labilization of many Cr(lll) complexes has been
studied.

While these rules are very successful for many Cr(lll) complexes, there
are exceptions especially in compounds containing F- ligands. The major
reaction mode of both cis and trans isomers of Cr(NH3 )4F22+ and Cr(én)2F22+

23, 24

is ammonia loss while Adamson’s rules predict fluoride loss.
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Subsequently, Zink®> 26 and Wrighton et al.2”? realized that a possible
basis for Adamson’s rules could reside in the preferential location of the quartet
state ¢ antibonding electron density on the weak field axis, accompanied by
destabilization or stabilization by n donor or acceptor ligands respectively. Zink
developed a model based on molecular orbital theory calculations to estimaie
the M-L bond strengths in the excited state and obtained generally satisfactory

agreement with experimental results.28

Building on this background,
Vanquickenborne and Ceulemans (VC) presented their theory of ligand
labilization (section 1.5.2) that does not require extensive molecular orbital

calculations.

1.5.2 Vanquickenborne and Ceulemans Theory of Ligand
Labilization

This readily applicable semi-empirical theory8 29

of liganci labilization is
based on the Angular Overlap Model (section 1.2.1) in which the ground and
excited state bond energies are expressed in terms of ligand field o and =
parameters. This theory, more general than Adamson's rules, is currently the
most successful method for predicting the leaving ligand. The reactive state is
assumed to be the lowest energy quartet excited state of the split 4Tog level and
this assignment can be determined using 10Dq values (equation 1.3.1). Also
assuming a dissociative mechanism, it calculates the excited state bond
strength of each ligand and the leaving ligand is the one with the lowest excited
state bond strength.

Tive calculations of the energy of d orbitals in tetragonal symmetry were
described ‘n section 1.2.1. The M-L bond energy will depend on electron

occupancy in each orbital. The total bond energy (I7) is defined by the equation
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iT =X hiEi (1.5.1)
where the summation runs c.2r the five d orbitals, h; and E; are respectively the
number of holes and the destabilizaticii energies (given by equations 1.2.1 to
1.2.5) of the ith d orbital. Because of the additive postulate of AOM, this quantity
can be partitioned into individual ligand contributions. For instance, in the case
of an Op molecule

I (M-L) = W/ (1.5.2)
Thus energy expressions for | \M-L) values can be derived for any given
electronic configuration. To illustrate this, consider the 4B state of a tetragonal
complex. The d electronic configuration is (xz)1, (yz)!, (x2 - y2)1. Therefore,
each one of these orbitals has one hole, and the other two orbitals have two
holes. The total bond energy (eq. 1.5.1) of the s*ate is given by

I" (4B2) = E(xz) + E(yz) + 2E(xy) + E(x= - y2) + 2E(z2) (1.5.3)

= 40ax + 4Tax + 50eq + 127eq

Since the complex has two axial and four equatorial ligands

I" (M-Lax : 4B2) =20ax + 2max (1.5.4)

I" (M-Leq : 4B2) = 5/40eq + 3meq (1.5.5)
In the case of excitation to the 4E state corrections for mixing of the 4E(4T2g) and
4E(4T1g) states are necessary in the energy expressions. By using these
expressions and known ligar.d field parameters, 1’ (M-L) values can be
calculated. The leaving iigand is the one with the lowest value of I'(M-L). The
results of a sample calculation of this type for trans-Cr(NH3z)4(CN)2+ are given in
Table 1.5.1.

The major reaction modes of most Cr(lll) complexes are in accordance
with the VC theory predictions including the complexes containing F- ligands.

The deviation of fluoro compounds from Adamson’s rule is attributed to the fact
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that F- is a strong = donor besides being a strong ¢ donor. The VC calculations
tor Cr(en)2F2+ show the excitation does destrbilize the Cr-F axis more than the
7>t N axis but because the ground state I(Cr-F) is much larger than | (Cr-N), the
finar I'(Cr-F) > I'(Cr-N).

There are, however, several exceptions to VC theory of ligand
labiiization. One contrasting example is trans—Cr(NH3)4(CI)(CN)+,30 where the
theory predicts ammonia loss while the observed major reaction riode is

cyanide release.

Table 1.5.1 Excited state bond strengths of trans-Cr(NH3z)4(CN)at,

calculated on the basis of Vanquickenborne and Ceulemans theory of ligand

labilization.
Bond Energy (um-1)
4By 4Eq
I* (Cr-CN) 1.9 1.3
I* (Cr-NHg) 0.9 1.1

E(4Eg) - E(4B2g) = 0.25 pm1. ONHz=7.18, tNHs = 0, OoN™ = 8.48, TloN = -290

pm-1,

1.6 Photostereochemistry of Cr(lll) complexes

After formulation of the rules for ligand labilization, tha question arose
whether these rules had any stereochemical implications.3*-32 It was already
established that photoaquation reactions of Cr(lll) complexes exhibit
stereochemical change.33 Photolysis of trans-Cr(en)2Clz* produced cis-

Cr(en)2(H20)CI2+ as the major (270%) photoproduct.33 (later shown to be
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299%)34 while trar.'n—Cr(en)g(NCS)Cl+35 produced predominantly cis-
Cr(en)2(H20)Cla2*, even though the iatter case is complicated by strong
temperature dependence of the product yield. These two results originally
produced evidence for stereochemical change as well as for Adamson’s rules.
With the gathering of more evidence the steraochemical behavior was
rationalized into a single rule36 (section 1.6.1). After several years
Vanquickenborne and Ceulemans developed the first theory of
photostereochemistry2?: 37: 38 (section 1.6.2). More recently they presented a
Jahn-Teller type treatment for photostereochemistry®® (section 1.6.3). Details of

these approaches are given below.

1.6.1 Kirk’s Rule

This rule3® rationalizes the stereochemistry of Cr(lll) photosubstitution
reactions in aqueous solutions.
Rule: “The entering ligand will stereospecifically occupy a position
corresponding t¢ entry into the coordination sphere trans to the leaving ligand.”

The rule predicts that once a ligand is lost, one of its adjacent ligands
(“cis™) takes up its position and the substituting ligand occupies the vacated
position (Fig. 1.6.1). This specific movement of ligand taking place in any one of
the three orthogonal planes within the coordination sphere of the molecule is
also known as the “Edge displacement mechanism.” Mechanistically the rule
implies an associative (or interchange associative) pathway and essentially
complete stereomobility®9. It also shows that the ligand motion is confined to
one plane. The rule, however, does not identify the original plane of excitation
and as a consequence there are some reported'exceptions to predictions

based on this rule.'’ For example, the photolysis of cis-Cr(NH3)4F2+ produces
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mer-FWF and mer-WFF as major products.?® The rule predicts tac-WFF as the
major product while experimentally it is only a minor product. The VC theory of
photostereochemistry (cection 1.6.2) identifies a particular plane of
photoreaction and thie above exceptions disappear if the rule is then applied.
Elegant experiments on trans—Cr(NH3)4(15NH3)CI2+»4° and trans-
Cr(en)2(NH3)CI2+41 unambiguously estabtiched the validity of both Kirk's and
Adamson’s rules. Stereochemical change associated with muny Trii'l)
complexes has since been demonstrated® and in many systems it approaches

100%.

3 N
N\ D
“‘\\\\ “\\\\

.

L S e l e e e

Fig. 1.6.1 Kirk's rule interpretation ot the photosubstitution reactions of Cr(lll)
ccmplexes in aqueous solutions.
trans-CrlyXY + S > Cis-CrlyXS + Y
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There are several complexes which show stereoretentive reactions with
very small quantum yields. They were originally considered as exceptions 10
the '3 of completa stereochemical change. Later their behavior has been
reinterrreted in favor of the stereochemical change (see section 1.13.2).

It is notable that all the observations that unaribiguously established the
stereochemical change o: the photoreactions have been associated with axial
ligand loss. The stereoche:. cal aspect of equatorial ligand luss is not so clear
cu: (section 3.1) even though the photosubstitution of many such complexes in

the literature is consistent with stereochemical change.

1.6.2 Vanquickenbotne and Ceulemans Theory of
Photostereochemistry
Vanquickenborne and Ceulemans extended their application of the AOM
to calculate the energetics of various reaction pathways leading to an elegant
theory of photostereochemistry for Cr(lll) [and Co(lll)] complexes.2® 37 This
model assume= that the photorea...ve state ic the lowest energy quartet excited
state and photoreaction involves the following steps.
(a)  dissociation of a ligand to form a five coordinated square pyramidal (SP)
intermediate.
(b)  isomerization of the SP intermediate to yield a trigonal bipyramidal (TBP)
intermediate

(c)  association of the isomerized TBP intermediate with the entering ligand.

These three processes will actually proceed in a more or less concerted
way, and not simply consecutively.37 The above processes are governed by

the following electronic and symmaetry selection rules.
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Rule 1: “Consider the plane of excitation. In the lowest excited quartet, this is
the plane formed by the two axes of weakest average field. Upon removal of
the leaving ligand from this plane, the resulting T shape structure will rearrange
to an equilateral triangle (A). The perpendicular axis is conserved. If thiere are
two equivalent weak-field planes, the rule yields the same result when applied
to either one of them.”

Rule 2: “If the rearrangement T ---> A does not conserve symmetry elements
other than the plane in which the motion takes place (Cs only), the TBP will be
reached in its first excited state. If the motion has Coy symmetry, a 4B, is
reached. This will be the ground or excited state depending whether the ligand
on the diagonal axis has the weakest field or not.”

Rule 3: “If the TBP is in its ground state, an incoming nucleophile har
preferential access trans to the strongest equatorial ligands. The excited state

favors attack on the complementary site.”

The above rules can be elaborated as follows.

Th= excitation to the lowest excited quartet state corresponds to an in-
plane rotation of electron density (section 1.3). This plane of the molecule is the
one having the lowest X10Dq value. The excitation populates antibonding
orbitals and destabilizes all 4 ligands. If all four ligands are not the same, the
electron disti.oution between he orbital lobes will not be equal and therefore
the different ligands will be labilized to different extents depending on their LF
strengths. The loss of the ligand with lowest excited state bond energy forms an
excited SP intermediate. The remaining ligands will then rearrange to minimize

the anergy with the assistance of the interaction of the vacant tag orbital. The
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importance of this vacant tpg orbital for stereochemical change was originally
pointed out by Kirk36 and Zink.28 Out of plane rotations are orbitally forbidden
since the other two tp; electrons occupy the available space. Following these
restrictions, the SP intermediate isomerises to a TBP intermediate. All these
facts are incorporated in “Rule 1.”

Now consider the electronic and geometric structure of the TBP formed.
State and orbital correlation diagrams derived3’ by VC show that it has frontier
orbitals one of which is occupied. |If all the ligands are the same (D3n
symmetry), the two orbitals are degenerate giving rise to a 4E’ ground state. If
there is a hetero-atom (say X) on the equatorial triangle (Coy), these two
orbitals are not degenerate and the 4E’ state splits into 4B and 4Aj
components. Now 4By corresponds to the occupation of the orbital directed
towards X while 4A4 corresponds to the occupation of the orbital directed
towards other two ligands (Fig. 1.6.2). The energy spacing between 4B5 and
4A4 is also determined by 10Dq values as given by the following equation.2®

E(4A1) - E(4B2) =1/4 (10Dq, - 10Dgy) (1.9.1)
Now “Rule 2" determines which one of the components will be reached; a result
depending on the symmetry of the ligand movement within the plane of the
triangle, independent of the axial ligands.

The TBP could isomerise further to the complementary SP ground state
but at the same time it is susceptible to nucleophilic attack. Even though in a
recent paper*2, the first process is adopted, it was previously assumed the
substitution originates at the TBP intermediate. in the 4B. state of the TBP
structure, the vacant d orbital attracts the incoming ligand to enter trans to the
lost ligand whereas from 4A{ state the preferential attack is from the direction

from which the lost ligand was originally present, cis to the leaving ligand (see
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arrows in Fig 1.6.2. Thus the “Rule 3" summarizes the preferential direction of

attack.

Fig. 1.6.2 An orbital representation of the TBP intermediates for 4B» and
4A41 states, described in Vanquickenborne and Ceulemans theory of

photostereochemistry.

According to these three rules, the final product formed via the 4B, state
will show a mechanistic stereochemical change whereas a product via 4A¢ will
appear stereoretentive. These rules can account for observed photochemistry
of many Cr(lll) complexes. Fig. 1.6.3 describes® the application of the VC theory
for axial ammonia loss of Cr(NH3)5Ci2+.

Application of this theory for cis-Cr(NHg)4F2+*, for which edge
displacement mechanism was not successful, clearly shows that the fac-\WFF
product is not predicted. This is because the plane corresponding to the lowest
energy quartet state (4Bzg) is the AAFF plane and whether the incoming group

enters trans or cis to the leaving ligand, the product is a meridional isomer.
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Ci A
Cl A

A A
A | « - '}/ 4. Ground ste*~ of

cis product
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:m?‘fl’ : W cis to Cl
[OR W)
9 {
’ {
{

Allowed collapse to
>

-~
Cl
k] . ~
3. TBP intermediate
in its ground state

2 Square Pyramidal intermediate \/_
in its excited state A Forbidden entry
of W trans to Cl

Cl —W

A
A

5. Excited state of
trans product
Fig. 1.6.3 Pictorial representation of the application of Vanquickenborne
and Ceulemans theory of photostereochemistry for Cr(NH3)sCl2+.

Key : A = NH3, W = Ho0
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VC theories on both ligand labiiization and stereochemistry are based on
semi-empirical methods, mainly LF modeis. In a recent paper VC investigated
photochemistry of Cr(lll) complexes by means of more rigorous ab initio
calculations, again assuming a dissociative mechanism*2. This method leads
to the correct sequence of energies for all of the photoactive states usea in VC
theories.

Despite the great success of VC theory in explaining the stereochemistry,
it is not consistent with the observations that several Cr(lll) complexes show
associative reaction pathways (section 1.7). It has not been possible to obtain
similar theoretical predictions within a framework involving a seven coordinated
intermediate species.29 Kirk has, however indicated “it seems reasonable that
the same electronic driving forces will operate to control the outcome of a
substitution process independent of the exact sequence of bond breaking and
bond formation.”® Such a process is pictorially represented in the insert box of

Fig. 1.6.7, that rationalizes the product formation observed.

1.6.3 Jahn-Teller approach to Photostereochemistry

State and orbital correlation diagrams, on which the VC theory of
photostereochemistry is based, make use of one dimensional sections through
the reaction surface. Recently Vanquickenborne and Ceulemans presented3?:
43 a close examination of multidimensional potential er.ergy surfaces involved
using a Jahn-Teller treatment. This method was successfully applied for
Cr(NH3 )sF2+, and cis- and trans-Cr(NH3 )4F2+* species. In this method VC
have assumed that the TBP® intermediate formed (section 1.6.2) continues
isomerization to grbund state SP intermediates by Berry pseudorotation prior to

substitution.
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A given TBP structure can isomerise, in general, to three different SP
structures while maintaining the axial ligands unchanged. VC has represented
this behavior as in Fig. 1.6.4. Consequently, a given SP structure can isomerise
to two more SP’s via a TB»” intermediate. [f there is only one hetero-atom in the

equatorial plane of the TBP, one SPapjcal and two SPpasa; structures will result.

Fig. 1.6.4 Schematic representation of the isomerization pathways of a TBP

fragment.
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“If all ligands are equal (D3n symmetry), the TBP gives rise to a 4E’
ground siate (section 1.6.2). The potential energy surfaces of such a system
appear like a Mexican hat structure with the TBP at the central pivot point and
three equivalent SP fragments in three surrounding minima, as pictorially
represented in Fig. 1.6.5. The structure of this surface is not greatly altered by
the introduction of a hetero ligand but it removes the degeneracy of 4=. The

primary effect of substituents is, therefore, to displace the surface intersection

point (degeneracy point) between upper and lower surfaces.™3

et
o[ y/

Fig. 1.6.5 Mexican hat potential surface around a 4E’ state of a symmetric

(MLs) TBP.
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“Upon ligand loss, a system will enter the upper surfaca at an SF
structure in an excited state. Subsequent decay will populate the SP ground
state wells on the lower surface. These ground states will then be trapped by
solvent molecules to yield the hexacoordinated product.”? In order to get
stereochemical change, the SP intermediates on the oppnsite side must be
populated, in other words transverse tunneling is required. VC show, however,
that the efficiency of this transverse tunneling is dependent on the relationship
between the excited state entrance point and the surface intersection point, as

given by the following rule.3?

Rule: “In all cases where the intersection point of upper and lower ~urface is
displaced towards the excited state entrance point, the preference for
transverse tunneling is most pronounced. In cases where the intersection point
is displaced away from the entrance point, the directional selectivity is partly lost

and a more random decay will be observed.”

The above rule integrates the “Rule 2" and “Rule 3" of VC theory of
photostereochemistry (section 1.6.2) and also implies that the tunneling tends to
conserve nuclear momentum.  Their interpretation of the product
stereochemistry is given below. Text and figures were, therefore, chosen as
closely as possible to the original reports. 42 43

For Cr(NH3 )4X2+ fragments, the degeneracy point is found along the
SP'ap ---> TBPgq path (see Fig. 1.6.6). In this case the intersection point is
displaced towards the excited state entrance point. Therefore axial-ligand
losses from CrNsX2+ type molecules undergo efficient transverse tunneling and
show complete stereochemical change, consistent with the expeiimental

results.
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Fig. 1.6.6 A schematic representation cf the top elevation of the Jahn-Teller
surface for Cr(NHg)4X2+ fragment, where 10Dq (X°) < 10Dq (NHg).

= degeneracy point.
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Fig. 1.6.7 (a) TBP and SP structures of Cr(NHg)3F2* species. (b) A
schematic representation of the top elevation of the Jahn-Teller surface for

Cr(NH3)sF2ot fragments. a = degeneracy point.
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The situation is more complicated for species like cis- and trans-
Cr(NHg)4F2+. In both species the photoactive N2F2 plane produces a TBP with
two F-ligands. The appropriate SP structures will be one SPyrans and two SPgs
(see Fig. 1.6.7.(a)). A schematic representation of the Jahn-Teller surface is
shown in Fig. 1.6.7.(b). In the case of trans-Cr(NH3z)4F2+, the entrance species
is SP'irans that is on the opposite side of the potential surface from the
intersection point. Therefore a random population of all three SP grounc: state
is predicted by the rule, producing 33% mer-FWF and 67% mer-FFW. This is
cuasistent with the experimentally observed products (30% mer-FWF and 70%
mer-FFW). On the other hand, the entering species of cis-Cr(NH3z)4F2* is
SP‘is. Since the crossing point in this case is close to the entry point,
transverse crossing is expected, producing both the SP¢is and SPyans. This
would lead to a 59 : 50 mixture of two meridional products, which is indeed

close to the observed results (45% mer-FWF and 55% mer FFW).

1.7 Intermediates in Cr(lll) Photoreactions

The mechanism oi thermal substitution reactions of Cr(lll) complexes arz
usually associative, via a seven coordinated intermediate. This raises the
question whether photoaquation reactions are also associative in nature.
Some experimental results addressing this question are presented below.

Krause and Wasgestian studied the competition between chloride
photoanation and photoaquation of Cr(NHg)g3+44 45, The total quantum yield
for ammonia loss was remarkably constant over the whole range of CI-
concentration. Based on this result a mechanism assuming a trigonal prismatic
transition state was proposed. “One might be inclined to interpret this

independence of entering ligand as an indication in favor of a primary
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dissociative step."29 A similar study for the photoanation of Cr(DMSO)g3+ by
N3~ and CSN- by Langford and Tong however showed that the quantum yield
for azide anation was distinct'y larger than those for thiocyanate.4® This result
was ascribed to an associative mechanism, with a cautionary note that the role
of an entering ligand in a photoreaction would be different from its behavior in a
thermal activation process and probably more subtie than experience with
thermal reactions has revealed.

More definite results were obtained with volume of activation
measurements. The photosubstitution of NH3 by HoO in Cr(NH3)g3+ and
Cr(NH3)sX2+ (X = CI, Br and NCS-) shows negative activation volumes, about
-6 cm3 mol-1, independent of the complex.#” On this basis, an associative (l5)
mechanism was proposed. On the other hand photoaquation of Cr(NCS)g3-
and Cr(CN)g3- showes positive activation volumes, about +2 cm3 mol-1, and the
results were attributed to a dissociative mechanism.*® In the Cr(NH3)g3+ case,
exchange of neutral ligands is involved which are not complicated by
electrostriction effects and therefore the results provide more definitive
information than values reported for photoaquation of negatively charged
ligands.

Recent work by Waltz et. el. on cis-Cr(cyclam)(NH3)23+ provided direct
evidence for formation of a seven coordinate intermediate,*? by the flash
photolysis method with conductivity detection. In this experiment, at pH values
between 4.0 and 5.4, the system showed an initial increase in conductivity
preceeding the decay whereas no such initial increase was observed at lower
pH values. This result was interpreted in terms of formation of seven
coordinated intermediate containing a coordinated water molecule with

pKa = 4.6.
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Even though this section cloes not provide a comprehensive account of
all the data, most of the experimental results support an associative type

mechanism for the photoaquation of Cr(lll) complexes.

1.8 Excited State(s) Responsible for Photoreaction of Cr(lll)
Complexes

The prompt reaction of Cr(lll) complexes has been unanimously
assigned to the short lived quartet state. This reaction is proposed to initiate
either from the Q40 state or from vibrationally excited quartet states, in violation
of Kasha's rule. This aspect will be discussed separately in section 1.13.3.

For the reaction via the doublet state (“slow” component), three
hypotheses have been proposed.

(a) Direct doublet reaction

(b) Reverse intersystem crossing followed by quartet reaction

(c) Crossing to a reactive ground state intermediate.

Most of the results available by now are against (a) above. Present
literature on photoprocesses of Cr(lll) complexes has, however, been divided
between (b) and (c), mostly supporting (b) which include recent spectroscopic!®
and activation energyso data.

A good criterion to distinguish (b) from (c) [and (a)] is the stereochemistry
of photoproducts. Photoaquation of Cr(lll) complexes usually occurs with
stereochemical change (section 1.6). The quartet state with a vacant tag orbital
can facilitate such a stereochemical change. A reaction from a ground state
intermediate [or directly from the doublet] is expected to show similar

stereochemistry to the ground state (thermal) reactions which are
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stereoretentive in nature. Therefore, (c) [and (a)] above cannot easily account
for the observed stereochemical change. Thus the stereochemical results
favour (b). Therefore, as a working hycothesis in this dissertatior, we assume
the mechanism of the pathway via ne doublet state involves reverse

intersystem crossing followed by quartet raaction.

1.9 Significance of Cr(lll) Cyanoam(m)ine Complexes

Cr(lll) cyaroam(m)ine complexes were unknown until 1975. This is
presumably due to the difficulties in synthesis. These complexes show unique
features due to the following properties of CN- ligands.1®

(a) great stability of the metal ligand bond

(b) = acceptor character

(c) high basicity

(d) the top spectrochemical position

(e) the large nephelauxetic effect

(f) the considerable trans effect

(g) the bridging ability

Photochemistry of a variety of Cr(lll) cyanoam(m)ine complexes has been
reported since ~1980, mainly by Zinato, Riccieri and coworkers. These
complexes provide important test cases for mechanistic aspects of Cr(lll)
photochemistry due tothe following features.1®
(@ The uncommon ordering of the LF energy levels (B2 <« - which

enables full access to a state that in other acidoam(m)ines can be

populated to limited extent, at most.
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(b)  The fairly intense long lived doublet excited state under photolysis

conditions.

(c) The relatively wide gap between the doublet and the quartet states.

The photochemical, photophysical and thermal properties of these

complexes are described in sections 1.10, 1.11 and 1.12.

1.10 Photoaquation of Cr(lll) Cyanoam(m)ine Complexes
Quantum yields for LF substitution reactions of Cr(lll) cyancam(n:}.ne
complexes15 are listed in Table 1.10.1. This includes the references for

complexes discussed below.

Table 1.10.1 Quantum yields for ligand fieid photozguation of Cr(lll)

cvanoam(m)ine complexes in roc n-temperature solutions.

Compley Dam(m)ine DoN Rer.
Cr(NH3)5(CN)2+ 0.33 < 0.0005 51
trans-Cr(NH3)4(CN)o+ 0.28 <0.005 52
cis-Cr(NHg)s(CN)a+ 0.262 0.02a 52
trans-Cr(en)a(CNYo+ 0.6 <0.002 53
cis-Cr(en)a(CN)a+ 0.51a 0.1a 53
irans-Cr(cyclam)(CN)g+* <105 <105 54
trans-Cr(teta)(CN)o+ <105 <105 55
Cr(NH3)(CN52- 0.08 0.06 56

a Some wavelength dependence is reported.
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Cr(NH3)s(CN)2+ undergoes exclusive NH3 aquation. The general
problem withi pentaammines, however, is that the original location of the
displaced NHg3 is unknown. The products were, cis-Cr(NHz)4(H20)(CN)22+
(70%) and trans-Cr(NHgz)4(H20)(CN)22+ (30%).

in agreement with all the theories (section 1.5) the dominant reaction
mode of trans-Cr(N)4(CN)o+ complexes is loss of equatorial am(m)ine. This is
clear cut for the N, = (NH3)4 and (en)2 cases. For N4 = cyclam or tetg, however,
the molecules are photoinert, which was attributed to steric constraints of the
amine ligands. This effect will be discussed in section 1.13.2. Stereochemistry
of photoproducts was investigated for N4 = (NH3)4. The photoproducts were
mer-1,6-CN-Cr(NH3)3(H20)(CN)2* (70%) and mer-1,2-CN-
Cr(NH3)3(H20)(CN)2+ (30%). The absence of the facial isomer shows that the
photoreaction is stereospecific. While the 1,2-CN product is a result of the
stereochemical change, the 1,6-CN product is silent about the mechanistic
photostereochemistry (section 3.1).

In cis-Cr(N)4(CN)2+ complexes, (4E < 4B2 in energy), the major
photoreaction mode for both N4 = (NH3)4 and (en)2 involves am(m)ine loss
which is in accordance with the theories (sectior .5). In addition to this mode,
however, an appreciable amount of CN- is also released. The major
photoproducts consist of fac-1,2-CN-Cr(NH3)3(H20)(CN)2t and mer-1,6-CN-
Cr(NH3)3(H20)(CN)at, and their proportion is 2 : 1 or 1 : 1 depe’iding on
whether the first or second LF band is irradiated.

Cr(NH3)(CN)52- produces NH3 as tha major product but a comparable
amount of CN- is also released. Photcchemistry of many Cr{lll) cyanvam(m)ing
complexes w.tn acido linands has also been reported, mainly the trans-

Cr(NiH3)4X(CN)"+ series, where X = CI- 3057 F 5758 NCg- 5758 and Ho0 %8,
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1.11 Photophysics of Cr{ill) Cyanoam(m)ine Complexes

Photophysics of Cr(lll) complexes, in general, has been extensively
studied.®® 60 |pjtially, some rules were proposed to predict the relative
variation of lifetimes of complexesm, but they were not as successful as those
for photochemistry.

Data relevant to Cr(lll) cyanoam(m)ino complexes are listed in Table
1.11.1. A few scattered results on intersystem crossing efficiencies are also
found in the literature-1° The notable feature relevant to the present work is that
most of them show strong emission with long lifetimes in room-temperature
aqueol solutions, compared to other Cr(lll) complexes.

According to our hypothesis that the doublet deactivation processes
involve reverse intersystem crossing to the quartet state, the activation energy
values reported correspond to the effective D/Q energy gap. This energy gap
can be altered from the spectroscopically dete mined values, due to the
interaction of solvents with excited molecules and such a solvent assisted
process has been called “Nucleophile-assisted reverse intersystem crossing”.
This behavior has been underlined = avor of the reverse intersystem crossing

to the quartet excited state pathway for the doublet deca.52
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Table 1.11.1 Emission lifetimes and their apparent activation energies, and

emission peak maxima of some Cr(lll) am(m)ine, cyanoam(m)ine and cyano

complexes.
Complex Solvent  Amax ("M) t(us)@ E (kJ moi')P Ref.
Cr{NH3z)g3+ H20 654 1.6 63
Cr(en)33+ H20 670 1.7 64
Cr(tn)33+ H20 666 2.6 63
Cr(NHgz)s5(CN)2+ H20 680 22 47 65
DMSO 682 35 55 65
DMF 682 20 53 65
trans-Cr(NHg)4(CN)2+ H20 700 40 28 52
DMSO 701 19 55 52
DMF 699 10 36 52
cis-Cr(NHz)4(CN)2+ H20 701 26 27 52
DMSO 703 71 30 52
DMF 702 33 25 52
trans-Cr(en)2(CN)z+ H20 1 66
DMSO 1 66
-C 703 66
cis-Cr(en)2{CN)2+ H20 2 66
DMSGC 9 66
-C 705 66
trans-Cr(cyclam)(CN)a+ H20 720 335 38 54
DMSO 330 54

trans-Cr(teta)(CN)o+ H20 715 395 55




Table 1.11.1 (Continued)
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Complex Solvent  Amax (nm) 1(us)@ E (kJ/mol)® Ref.
Cr(NHgz)5(CN)2+ DMSO 777 32 65
DMF 777 65
Cr(CN)g3 DMSO 800 56
DMF 803 56
trans-Cr(2,3,2-tet)(CN)2+*  H20 705 30 38 e,67
DMSO 705 e
trans-Cr(tn)2(CN)a+ H20 703 185 e,68
DMSO 705 e
Cr(tn)(CN)4- DMSO 748 4 e
DMSO 749d e
DMF 747 17 e

a At or close to 20 °C. P Around room temperature. ¢ DMSO / CF3SOgH.

d Estimated value (see section 4.3.2). € This work.
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1.12 Thermoaquation of Cr(lll) Cyanoam(m)ine Complexes
Thermal reactions of Cr(lll) complexes. in general, ars extensively
studied and have frequently been reviewed®9 72 while those relevant to
cyanoam(m)ine complexes in particular have been reviewed only recently.15
Two notable features of the solution behavior of Cr(lll) cyanoam(m)ine
complexes are
(i) high lability of CN- in acidic aqueous solutions.
(i) high inertness in neutral or basic aqueous media (and in aprotic
solvents)
The acid-catalyzed aquation of CN- has been investigated in detail for

Cr(NH3)5(CN)2+'73 and Cr(NH3)4(CN)2+:74' 75 complexes. In these cases

CN- loss is proposed to take place via two parallel pathways as shown in the

following scheme. % 75
ko
CrN4X(CN)M + 2Hp0 ----eem-- > CrN4X(H20)(+1)+ & HCN + OH-
|
H+
K
CrN4X(CNH)(+ 1+ 4+ HoO ---oreem- > CrNgX(H20)(+ )+ 4 HCN

where x = NH3 or CN, kg and k;, are rate constants for acid-independent and
acid-dependent pathways. The equilibrium constant for protonation of cyanide
ligand is K.

For these complexes, the pseudo-first-order rate constants, Kopsd, have

been found to fit the general expression® 7°

kobsd = (ko + kn K[H*]) / (1 + K[H*]) (1.12.1)
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The kg value is usually several orders of magnitude smaller than ky. For
instance, the kg and ky values for Cr(NH3)5(CN)2+ are 1 x 107 s-1 and 1.5 x
10-2 51 respectively. Therefore under ordinary conditions, the contribution of
the unprotonated forms to reactivity is generally unimportant. The enhancement
of the lability of cyanide upon protonation has been attributed to the decrease in
nucleophilicity and increase in ligand repulsion consequent to removal of the
negative charge.'®

Another notable feature in acid catalyzed cyanide aquation reactions is
that trans-dicyano complexes aquate faster than cis isomers,1® in contrast to the

usual behavior of the cis- and trans-diacidotetram(m)ine pairs.6®: 76 For
instance, the kK value of trans-Cr(NH3)4(CN)o* is about 102 greater than that

for ¢ --Cr(NH3)4(CN)o+77. 1t is also notable that trans-CrN4(CN)o+ complexes
aquate faster than CrN5(CN)2+ complexes. As an example the ky value of
trans-Cr(NH3)4(CN)o+ is about seven times greater than that for
Cr(NH3)5(CN)2+. The high rate constants for trans-dicyano complexes have
been attributed tc a thermodynamic trans effect.!®

It is well established that thermal substitution reactionis of Cr(lll)
complexes in aqueous sclutions are stereoretentive. For instance, cyanide
aquation reactions of trans-CrN4(CN)o+ complexes, where Ng4 = (NH3)477,
cyclam’8 and teta®®, were found to aquate with complete retentior of

configuration.
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1.13 Mechanistic Significance of Stereochemical Results

1.13.1 Evidence for Photoreaction Pathways

As discussed in section 1.8, the stereochemical change associated with
the photosubstitution processes of Cr(lll) complexes allows us to infer that the
doublet excited state deactivation pathway involves reverse intersystem
crossing to the quartet excited state. Thus stereochemical results provide

mechanistic details about the pathway of the excited state reaction.

1.13.2 Hindrance of Photoreaction by Stereochemical Coiistraints
Several Cr(ill) complexes have been found to be photoinert (®io1a1 <
1 x 104). Interestingly all these complexes are of the trans-Cr(cyclam)(X)z type

(see Table 1.13.1) whereas their analogs are photoactive.

Data relevant to this behavior was first obtained by Kutal and Adamson’?
who found that the quantum yield for Ci- release upon irradiation in the quartet
excited state of trans-Cr(cyclam)(Cl)2+ (¢ci- = 3.3 x 10-4) is three orders of
magnitude less than that found for electronically and geometrically similar
trans-Cr(NH3)4Cla* (¢ci- = 0.44) and trans-Cr(en)2Clat (dc|- = 0.32) compounds
(Table 1.13.1). Also the analogous trans-Cr(2,3,2-tet)Clz2* complex, in which
there is no complete ring in the equatorial plane, is photo active (¢g|- = 0.06)
although with a reduced yield compared with am(m)ine analogous.8 in the
case of trans-Cr(cyclam)(Cl)2* the photoreaction is stereoretentive giving trans-
Cr(cyclam)(H20)(Ci)2+ whereas the latter complexes photoaquate with
stereochemical change giving cis-CrN4(H20)CI2+ products. The drastic drop of
quantum yield due to the incorporation of the cyclam ligand we= attributed to the

stereochemical constraint of the macrocyclic ligand. The quantum yield value of
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trans-Cr(2,3,2-tet)Cla+ is in between trans-Cr(cyclam)(Cl)2+ and
trans-Cr(en)2Cla*. This is consistent with the fact that 2,3,2-tet lies between
those of cyclam and en in the degree of chelation or ring structure about the
metal center.89 The product stereochemistry of the trans-Cr(cyclam)(Cl)2+,
regarded by some as an exception to Kirk’s rule8!, was later rationalized as
follows. The blocking of the usual pathway of photoreaction by the ligand
constraint has revealed a residual, inefficient retentive pathway parallel to that
for Co(lll) complexes, and which is normally hidden under the efficient

pathway.®

Table 1.13.1 Reaction quantum yields for some Cr(lll) am(m)ine and

chloroam(m)ine complexes in room-temperature aqueous solutions.

Compound Damine DNH3 Dcr Ref.
Cr(NHa)g3+ 0.46 63, 82
Cr(tn)33+ 0.14 63, 82
Cr(en)g3+ 0.45 83
trans-Cr(en)o(NHg)23+ 0.40 0.06 84
cis-Cr(en)a(NHz)23+ 0.37 0.07 84
trans-Cr(cyclam)(NHg)23+ <104 85
cis-Cr(cyclam)(NHz)o3+ 0.15 85, £8
trans-Cr(NH3)4Clo+ <3x103 0.44 86
trans-Cr(en)aCla* 0.32 87
trans-Cr(2,3,2-tet)Clo* <7x103 0.06 80

trans-Cr(cyclam)Clo+ <6x104 <3x104 79




41

More evidence of this behavior was observed with cyclambisammine
systems.8% Trans-Cr(cyclam)(NHg)23+ was photoinert (ONHg) < 1 X 10-4) while

the cis isomer photoaquates ammonia (bNH5 = 0.15) producing cis-
Cr(cyclam)(NH3z)(H20)3+. Ammonia is a weaker ligand than the cyclic amine
and therefore theory (section 1.5) predicts preterential NH3z photolabilization for
the trans complex. The photoinertness of this complex in fluid solution was
again attributed to the presence of cyclam ligand that could seriously restrict the
trans ----> cis isomerization. For the NH3 loss of the cis complex to produce cis-
Cr(cyclam)(NH3)(H20)3+, however, no such motion is required by the cyclam
ligand. This product may have occurred by stereoretentive substitution of NH3
by H20. It is, however, corsistent with a reaction with stersochemical
change.88

All the above results show that incorporation of a cyclam ligand, which
restricts trans ----> cis isomerizaticin has suppressed the photoreaction of axial
ligand labilization of complexes. The impertant feature of all the above is that
for axial ligand loss these results support the claim that stereochemicai change
is not just a normal accompaniment of Cr(lll) photoaquation, but is a

requirement of the reaction via the excited state.®

1.13.3 Evidence for the Competition of Photoreaction with
Vibrational Relaxation

In the conventional view of the photosubstitution of Cr(lll) complexes, the
photoreaction originates from a “thexi” state. In 1981, Hollebcne, Langford and
Serpone introduced the contrasting new idea that the photoprocesses can

exhibit non-equilibrium dynamics.'® In this view, the photoprocess are thought
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to occur at a very fast time scale, originating from upper vibrational levels. This
limit mechanism is called the DOSENCO (decay on selected nuclear
coordinates; thaory. In addition, theoretical selection rules for the DOSENCO
coordinates were derived.3% In the case of the 4Tog <--- 4Agg excitation of an
On Cr(Ill) complex, the selected reactive coordinate was assigned as a highly
excited ty, buckle mode.'® Decay along this mode could expose the metal ion
stretched faces of the octahedral complex leading to an associative ligand
replacement. In this model, the route via the “thexi” state was identified as the
DERCOS (decay via random coordinate selection) limit mechanism.8° ‘

This theory arose out of a number of early experimental results and some
of them are summarized below.

Many experiments, mostly done by Porter, Langford, Kane-Maguire,
Balzani, Wasgestian and coworkers, established®%-93 that there exist pathways
for quartet reactions determined prior to intersystem crossing to the doublet.
Subsequently, wavelength dependence studies®* established that intersystem
crossinng competes with vibrational relaxation and picosecond pulsed
experimentsg5 indicated that intersystem crossing indeed occurs in a few
picoseconds. Since then many photochemical and photophysical experiments
showing the wavelength dependence have been reported.10

More recent experimental results involving ultrafast laser experiments®®
and wavelength dependence studies® have been explained using the
DOSENCO model. In 1989, it was reported that the stereochemistry of
photoproducts due tn the prompt reaction of Cr(tn)33+ is wavelength dependent
(section 4.1) in such « manner that it can be attributed the competition of

photoreaction with vibrational relaxation.®? This result shows that the
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photostereochemical results can be used to provide mechanistic information on

the participation of higher vibronic levels cf the excited quartet states.

1.14 Objectives of the Present Work

In this work we will be using the stereochemical behavior of Cr(lll)

photoaquation reactions to investigate several mechanistic aspects of excited

state processes. There aie two major objectives.

(@) Photoaquation of Cr(lll) complexes usually shows stereochemical change

(b)

(section 1.6) providing useful mechanistic information about ine excited
state participation (section 1.8). This stereochemical aspect is well
established for axial lzbilization where it is shown tc be a requirement of
the reaction. This behavior is, however, not established for equatorial
ligand loss. Theretore, we will investigate whether stereochemical change
is a requirement for equatorial ligand loss. More details of the nature of
this problem, our approach to solving it and the results are discussed in
chapter three, titled “Photochemistry and Photophysics of
trans-[Cr{2,3,2-tet)(CN)2]ClO4. Is Stereochemical Change a Requirement

for Equatorial Ligand Loss?".

There are theoretical and experimenta! implications that excited state
processes can be competitive with vibrational relaxation so that they
originate from upper vibrational levels before reaching “thexi” state(s)
(section 1.13.3). In a recent report, it was shown that the product
stereochemistry of the phutoaquation of Cr(tn)33+, where the doublet
pathway is quenched by OH- is wavelength dependent in such a manner,

that can be attributed to the competition of the photoaquation with
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vibrational relaxation (section 4.1). Therefore we will further investigate
this competitive photoaquation of Cr(lll) complexes, using different
molecules with more reaction modes and different quenchers. More
details of this behavior, our approach and results will be discussed in
chapter four, titled “Wavelength dependence of prompt photoreaction in
Cr(lll) complexes. Is photoaquation of Cr(tn)33+ competitive with

vibrational relaxation?”
Our general approach can be classified as follows

(a)  Synthesis and characterization of series of compounds, including several
new ones

(b) Establishing the isomeric identity of new molecules and their
photoproducts.

(c)  Developing necessary analytical tools for quantitative and qualitative
analysis of products.

(d) Carrying out necessary photochemical and photophysical

measurements.

Details of all these aspects are presented in the following chapters.




CHAPTER TWO

Experimental
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2.1. Synthesi:
(WARNING! Felchlorate salks of metal complexes containing organic
ligands can be dangerously @xplosive when shocked or heated, which we have

carefully avoided.)

2.1.1 trans-Cr[(tn)2F2]CI

This compouind was synthesized by the literature method®8 but using
1,3-diaminopropane and with reaction overnight rather than for two hours.

A solution of 30 g of CrCi3.6H20 in 100 mL of water was placed in a
400 mL polyethylene beaker and mixed with 21 mL of HF (48%) acid. The
beaker was packed in ice and kept under efficient magnetic stirring. 132 mL of
1,3-diaminopropane was added dropwise over a period of 50 min. Then the
solution was heated at 75 °C for about 16 h. The thick red solution was filtered
through a large sintered glass funnel, after cooling to room temperature. The
product was washed witin 300 mL of 95% ethanol and 200 mL of acetone. The

dry product yield was 19 g which was used without further purification.

2.1.2 trans-Cr[(tn)2Br2]Br

This was prepared from trans-Cr[(tn)2F2]Cl using a procedure
analogous to that reported for synthesis of trans-Cr[(en)2Br2]Br %9 put with
reaction overnight rather than for one hour.

8 g of trans-Cr{(tn)2F2]Cl was taken into a 250 mL. of RB flask and mixed
with 85 mL of 48% HBr acid. The solution was kept in the dark and stirred at
room temperature for about 16 h. The green product was filtered and washed

with 700 mL of 95% ethanol and air dried. The yield was 9 g.
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2.1.3 cis- and {rans-Cr[{tn)2(H20)2](NO3)3

These were prepared exactly as described in the literature. 100

2.1.4 trans-[Cr(tn)2(CN}21CIO4

1.8 g (37 mmol) of finely ground NaCN (vacuum dried) was dissolved in
20 mL of DMSO (dried over 4A molecular sieves) by heating to 60-62°C in a
100 mL RB flask. Then 2 g (4.5 mmol) of trans-Cr[(tn)2Br2]Br (green) was
added to the rolution, which quickly (< 5 min) turned dark red. As a precaution,
the neck of the flask was kept closed whenever possible to minimize exposure
to c.mospheric moisture. Cn heating at 60-62°C with vigorous magnetic stirring
for 140 min, the solution gradually turned orange in color and the UV/Vis
spectrum shifted to the blue, at which time the heating was stopped. The two
ligand field band maxima of this solution were close to the expected
wavei~r.gths for the product, Cr{in)2(CN)2+*. The cooled reaction mixture was
then added to 400 mL of ice cold 0.5 M NaClO4 in dry ethanol. On standing on
ice for two hours, a yellow precipitate formed which was filtered off with a
sintered-glass funnel. The crude product yield was about 1 g (65% of
theoretical).

500 mg of the crude product was dissolved in 250 mL of distilled water
and placed on a 10 (in water) x 3 (0.d.) cm SP-Sephadex C-25 cation exchange
resin column, giving a yellow band, about 2 cm wide. At flow rates of about 20
mL min-1 the column was washed with 200 mL of distilled water and then
eluted with 350 mL of 0.03 M aqueous NaC'D4. The initial and final pale-yallow
fractions, about 50 mL each, were discarded, while the middle yellow fraction
was collected and rotary evaporated to dryness at 50-55°C. Then 15 mL of dry

ethanol was added to obtain a concentration of NaClO4 of about 0.5 M. The
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slurry was stirred thoroughly, allowed to stand for 1 hour and filtered off using a

medium-porosity glass sintered funnel. The solid complex remaining was

washed with 20 mL portions of dry ethanol and acetone, and vacuum dried to

yield 400 mg of product (overall yield of 50%). The compound was

recrystallized from a minimum amount of room temperature water by dropwise
addition of 8 M NaClO4 solution and cooling.

The compound is a bright yellow crystalline material and has a solubility

of about 60 mg mL-1 in water at room temperature, decreasing to 5 mg mL"1 in

2 M NaC!C4 . Itis readily soluble in DMSO but insoliible in methanol, ethanol,

acetone, etner, acetonitrile, ethylacetate, chloroform and methylene chloride.

2.1.5 Na[Cr(tn)(CN)4]

3.2 g (65 mmol) of finely ground NaCN (vacuum dried) was dissolved in
40 mL of DMSO (dried over 4A molecular sieves) by heating to 78-80°C ina ™B
flask. Then 1.2 g (2.7 mmol) of trans-Cr{(tn)2Bro]Br (green) was added to the
solution, which immediately turned dark red. As a precaution, the neck of the
flask was kept closed whenever possible to minimize exposure to atmospheric
moisture. On heating at 78-80°C with magnetic stirring for 120 min, the solution
gradually turned yellow and the UV/Vis spectrum shifted to the blue, at which
time the heating was stopped. The two ligand field band maxima of this solution
were close to the expectéd wavelengths for the product. The solution was
allowed to cool and excess NaCN was filtered off through a sintered-glass
funnel.

The filtrate was diluted to 1.6 L with distilled water and placed on a 16
(in water) x 3 (n.d.) cm Sephadex-QAE A-25 anion exchange resin column,

giving a yellow band, about 3 cm wide. At flow rates of about 11 mL min-! the




49
column was washed with 200 mL of distilled water and then eluted with 0.02 M
aqueous NaClO4. Two distinct yellow bands were separated. Passing 1 L of
eluents moved the fast moving band to the bottom of the column. The foliowing
340 mL fraction containing this first band was collected and rotary evaporated to
dryness at 50-55°C. Then about 15-20 mL of dry ethanol was added, stirred
thoroughly and allowed to stand on ice for 30 min. The bright yellow product
was collected by filtration through a glass sintered funnel, washed with 20 mL
portions of dry ethanol and acetone, and vacuum dried to yield 400 mg of
product (overall yield of 60%).

The material is readily soluble in water (> 50 mg mL-1), DMSO and DMF,
moderately in pyridine and methanol but insoluble in ethanol, acetone, ether,
ethylacetate, acetonitrile and methylene chloride.

The compound contains a small amount of free cyanide which was
estimated to be less than 1%, based on pH measurements in aqueous
solutions. Therefore, when the compound was used in experiments where
exact pH of the soluuon was important, it was necessary to check and adjust the
pH to the desired value with few plL of 1M HCIO4.

The slow moving band was eluted with 0.4 M aqueous NaClO4 and it

was found to be Na3[Cr(CN)g].

2.1.6 cis- and trans-[Cr(2,3,2-tet)(Cl)2]ClIO4
These were made by the literature method'®! except that the 2,3,2-tet
ligand was added slowly over 10 min. at 125°C rather than at 100°C. Also no

further heating was done after adding th.e ligand. If the ligand was added at low

temperature (80°C) only cis-[Cr(2,3,2-tet)(Cl)2]Cl was formed rather than a

mixture of cis and trans isomers.
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2.1.7 trans-[Cr(2,3,2-tet)(CN)2]CIO4

During this synthesis the neck of the flask was kept closed whenever
possible to minimize exposure to atmospheric moisture, as a precaution. 1.0 g
(2.8 mmol) of trans-[Cr(2,3,2-tet){Cl)2]ClO4 (ash green) was dissolved in 15 mL
of DMSO (dried over 4A molecular sieves) by heating at 70°C for 30 min in a RB
flask under efficient magnetic stirring to give a reddish purple solution. Then
1.0 g (20 mmol) of finely ground NaCN (vacuum dried) was slowly added over
10 min. The solution turned to a yellow orange color. Heating was continued
at 70°C for 1 h. The solution gradually turned yellow and a yellow solid
precipitated out. This hot slurry was filtered through a medium glass sintered
funnel and the crude product was washed on the filter with 25 mL portions of
2-proparol and ether to yield 0.9 g.

The crude product was dissolved in a minimum amount of water (~20
mL), a few drops of 8 M NaClO4 was slowly added until crystallization just
started and then the mixture was allowed to stand in the refrigerator for several
hours. Bright yellow crystalline material was collected by filtration through a
medium-porosity glass sintered funnel, washed with 25 mL portions of 2-
propanol and ether, and vacuum dried to yield 600 mg (63% overall) of the
product.

The compound is soluble readily in water, slightly in DMSO and DMF but

insoluble in ethanol, methanol, acetonitrile, ethyl acetate and acetone.
In later syntheses, instead of using trans-[Cr(2,3,2-tet)(Cl)2]ClO4 its

predecessor complex, the crude mixture of cis- and trans-[Cr(2,3,2-tet)(Cl)2]Cl,

was used as the starting material (see section 2.1.8).




51

2.1.8 cis-[Cr(2,3,2-tet)(CN)2]CIO4
240 mg of NaCN (vacuum dried) was dissolved in 5 mL DMSO (dried
aver 4A molecular sieves) in a 25 mL RB flask at 60°C and then 160 mg of cis-
1Cr(2,3,2-tet)(Cl)o]Cl was added. Continued heating at 60°C for 30 min gave a
yellow solid precipitate which was removed by filtration. (see results for details
of the following) This precipitate (150 mg) was crude trans-Cr(2,3,2-tet)(CN)o+.
The filtrate was predominantly cis-Cr(2,3,2-tet)(CN)o+ together with minor
amounts of Cr(2,3,2-tet)(CI){CN)* and unprecipitated trans-Cr(2,3,2-tet}(CN)o+.
This solution was loaded on to a 4 x 1 (0.d.) cm SP-Sephadex C-25 cation

exchange resin column and eluted with 0.015 M aqueous NaClO4. A small

fraction of pure cis-[Cr(2,3,2-tet)(CN)2]CIO4 was isoiated in solution.

?,& Materials

All chemicals used were analytical grade reagents, purchased from
Aldrich, BDH or Fisher Scientific chemical companies. They were used without
further purification except that the solvents were dried cver 4A molecular sieves.

Organo purewater was prepared from a Sybron / Barnstead purifying system.

2.3 Elemental Analysis
Elemental analysis were carried out by Canadian Microanalytical
Service Ltd. (Delta, British Columbia) except for chromium. Determination of
Cr in solid or solution samples was done as follows.
An accurately weighed (Perkin-Elmer AD-2 Autobalance) 5-10 mg solid
sample or a suitable volume of solution containing an equivalent amount of
chromium was placed in a 10 mL RB flask and digested on an oil bath with 10

drops of concentrated nitric acid for 10 min around 100°C. This solution was
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allowed to cool and 2 mL of organopure water, 3 pellets of sodium hydroxide
and 10 drops of 30% hydrogen peroxide were added. The solution was then
digested at about 100°C fcr 45 min. This yellow solution was diluted to 100.0
mL (25.0 mL if less chromium is present) with organopure water. Note that the
use of organopure water is crucizl for accurate results. The absorbance of the

resulting chromate solution was measured at 373 nm (e = 4.82 x 103 M-1 cm-1)

and the chromium content was calculated.

2.4 Instruments and Techniques

2.4.1 UV/Vis Spectra

Phillips PU-8740 or Unicam SP8-400 scanning spectrophotometers
were used except when the spectral data were to be stored on a computer disk.
The latter work was done on a Cary-5 UV-Vis-NIR Spectrophotometer coupled
with a Compaq Deskpro 386s micro computer. The spectral data were
evaluated using the Igor Program (WaveMetrics, Inc.) run on a Macintosh llci
computer. This program was used to convert the absorbance values of a
spectrum to molar absorptivity (€), to calculate the spectrum of a photoproduct(s)
by subtracting the spectrum of the solution before photolysis from that after the
photolysis, and for gaussian analysis of a spectrum. (S2e section 3.2.5 for

details).

2.4.2 IR Spectra
A Perkin-Elmer 283 spectrophotometer or Bruker IFS-25 FTIR
spectrophotometer coupled with an IBM PS/2 Model 50-Z computer was used.

Samples were prepared as KBr disks.
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2.4.3 HPLC Analysis
A Varian 5000 iiquid chromatograph with 25 cm octadecylsilane
RP-HPLC column was employed to separate solution mixtures containing
cationic or neutral compleres, by ion interaction chromatography. Eluents
consisted of tetraethylammonium as the competing cation and
butanesulphonate or hexanesulphonate as the anion interaction agent in
methanol / water at specific pH values, usually at 3. Peaks were detected by
their UV absorption at a wavelength in the 240 - 220 nm region. In this
method of detection, the relative peak areas represent the actual component
ratio only if the molar absorptivities oi these species are equal at the
wavelength of detection. Details of conditicns are given where appropriate.
Whenever, the percentage methanol is mentioned under HPLC conditions, it
refers to the use of 90% methanol. This ion pair reversed phase HPLC
technique"’2 has been successfully optimized to obtain rapid separations of all

the peaks of interest.

2.4.4 lon Exchange Chromatography (iEC)

CP-Sephadex C-25 in Na* form and Sephadex-QAE A-25 in CiO4 form
were used as cation and anion exchange resins. The details are given under
each experiment. Eluents were usually NaClO4 solutions. [E columns with

various dimensions were used for isolation of cationic and anionic complexes.

2.4.5 Emission Spectra

These were obtained with excitation by a Hanovir xenon lamp / Bausch
and Lomb monochromator / infra-red filter (Balzers) source, with detection by
using a Jarrel-Ash 0.25 m monochromator preceded by a Corning 3-71 red filter

and a 1 cm path of concentrated potassium dichromate solution to remove light
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of wavelengths shorter than about 650 nm. The detector was an RCA 31034
photomultiplier with a modified Keithley 410 electrometer. Spectra were

recorded on a HP Mosely 7035B X-Y recorder.

2.4.6 Emission Lifetime Measurements

Thermostated (Brinckmann Lauda RC 3 thermostat) solutions, usually at
20.0 £ 0.1 °C, in 3 ml fluorescence cells were irradiated by a PTI PL 2300
Nitrogen Laser (1.5 mJ, 3 Hz, 10 nm peak-width) and the emission decay was
followed by a Jarrel-Ash monochromator / Hamamatsu R928 photomultiplier /
Tektronix 2230 oscilloscope system with GPIB interface to an ATARI 1040
computer. Lifetimes were evaluated!%3 by weighted linear regression on log
(intensity) versus time plots over 1024 channels of decay using a fitting program
(written by Dr. A.D. Kirk). Lifetimes in the absence of oxygen were obtained by
deaerating the solution under a slow flow of nitrogen for about 30 min just prior
to the measurement.

To obtain Stern-Volmer Plots for lifetime quenching, exact voiumes
(micro syringe) of a standard solution of the appropriate quencher were added
to the working solution. Then the lifetimes were remeasured at each quencher
concentration. Note that proper thermostating is essential for accurate results

since lifetime is very sensitive to temperature.

2.4.7 Light Intensity Measurements

Ferrioxalate actinometry!04-107

was used for light intensity
measurements at 436, 406 and 365 nm wavelength photolysis. The quantum
yields and the concentrations of Kz[Fe(C204)3] solutions used at these
wavelength were 1.01 (0.15 M), 1.14 (0.15 M) and 1.22 (0.006 M) respectively.

In order to get precise results, no background light was allowed during the
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experiment. 3.0 ml of ferrioxalate in 0.05 M H2SO4 was exposed to light urder
magnetic stirring for about 30 seconds. Exact exposure time was set accurately
using an electro-mechanical shutter. The solution was quantitatively transferred
to a 25-mL actinometric volumetric flask. Then 6 ml of developer (0.1 M 1,10-
phenanthroline / 0.75 M acetate / 0.2 M HoSO4) and 5 mL of 1 M NaF were
added and the volume was made up to 25.0 mL with distilled water. This
solution and a reagent blank were allowed to stand in dark for about 30 min.
The absorbance of solutions was measured in a 1 cm plastic or quartz (no glass

if F- 1) cell at 510 nm where Fe(phen)32+ product absorbs. The incident light

intensity (lp) was calculated by the following equation.
lo=[{AP-AD).V]/[®.fg.t.e 1] (2.1)
where Ap and Ap are the absorbance of the photolysed solution and the
reagent blank at 510 nm respectively. Vis 2.5 x 10-2 L. @ is the quantum yisld
value of ferrioxalate at the appropriate wavelength. fa = (1 - 10-A) is the
fraction of light absorbed, where A is the absorbance of the ferrioxalate solution
at the wavelength of photolysis. t is the time of photolysis in seconds.
e =1.105 x 104 M-1 cm-1 is the molar absorptiviiy of Fe(phen)32+ complex

at 510 nm. | =1 cm is the path-length of the cell.

2.4.8 Photolysis

Radiation at 436 (Balzers interference filter), 406 (Balzers interference
filter) and 365 nm (Corning CS 7-6U <olored glass filter) from a 1000 W mercury
lamp (Universai Instruments AH6-1B) was passed through a 10 cm water filter
to remove the infra-red components. The typical light intensities were 3 x 1078,
2 x 10-8 and 8 x 10-8 einsteins s-1, respectively (ferrioxalate actinometer).

Radiation at 455, 458, 488 and 514 nm was from a Spectraphysics 2000 Argon
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ion laser. The laser beam was expanded to a diameter of about 1 cm using a
beam expander in order to avoid possible errors due to local secondary
photolysis. The laser output intensities were measured with a power meter
(Scientific 36-0c01 Disc Calorimeter and 36-5002-365 Digital Power and
Energy Indicator) and the power values are given where appropriate, usually
below 100 mW. The samples were usually prepared in 1 x 10-3 M HCIO4. The
solutions were stirred efficiently by magnetic stirring and thermostated
(Brinckmann Lauda RC 6 thermostat) in 1 cm path-length rectangular cuvettes
(83 mL volume) or in 3 or 6 cm path-length cylinarical celis (20 or 50 mL
volumes respectively).

To study quenched photolysis, exact volumes (micro syringe) of a
ctandard solution of the appropriaie quencher were added to the working
solution just before starting photolysis. When OH- ion was the quenct.er, the
solution was re-acidified to about pH 3 immediately after photolysing to the
desired extent in order to minimize any base catalyzed thermal reactions of
photoproducts or starting complex. Aliquots of these solutions were then
chromatographed for qualitative or quantitative analysis of photoproducts.

Details for flash photolysis experiments are given in section 2.4.11.

2.4.9 Quantum Yield Determinations

For measurements of total quantum yield, efficiently stirred solutions
[3 mL of (0.5 - 1.2) x 10-2 M complex in ~1 x 10-3 M HCIO4 acid and 0.05 or 0.1
M NaClO4 ionic strength buffer] were irradiated at 10-15°C and the pH
monitored by an Ingold LOT combination electrode interfaced to a PDP-11
computer using a program in PASCAL (“Work™) written by Dr. A. D. Kirk.

Standard acid was added from a 200 pL stepping motor burette, to maintain the
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pH of the solution constant with recording of acid added and light intensity (see
later). By this method a plot of volume of acid verses time plot can be
generated, and any variation in quantum yield during the photolysis can be
monitored. The pKg values of the coordinated water ligands, due to amine and
cyanide loss from Cr(lll) complexes can be estimated to be in the range 4.5 and
5.5, based on values reported for similar products of Cr(tn)33+-108 and
Cr(NH3)4(CN)ot 74 Solvent pH values were set between 2.9 - 3.3 which then
avoids errors arising from partial dissociation of photoproducts to their
conjugate base forms. This pH-stat method is therefore superior to the
conventional ApH method.

The extent of photolysis was usually kept below ~12% to reduce
secondary photolysis. With the mercury lamp, the light intensity was computer
monitored continuously using the analog output from an Alphametrics 1020
photometer and silicon photo-detactor. This signal was periodically calibrated
with the ferrioxalate actinometer so that the integrated computer reading by the
program during photolysis could be converted to integrated intensity falling on
the front surface of the photolysis solution. In laser photolysis the light intensity
did not fluctuate during the tirne scale of an experiment provided the laser was
warmed up for at least 30 min and hence direct ferrioxalate measurements
before and after were used. Photolysis time was controlled with high precision
by the computer using an electro-mechanical shutter.

For measurements of cyanide yield, a 2 x 10-2 M solution of comp*=* in
water was passed through a 3 (in water) x 1 (0.d.) cm, QAE-Sephadex A-25
anion-exchange resin column to remove any free cyanide present in the

sample. The eluate was mixed with an equal volume of 0.1 M KCIO4 in 1.5 x
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10-3 M HCIO4 solution. One portion was photolyzed, while a second was kept
in the dark at the same temperature as a thermal blank.

After photolysis, the two solutions were adjusted to pH 12 with a few pL of
1 M NaOH. The free cyanide in the solution was then measured using an
ORION 94-06 cyanide / Ag / AgCl reference electrode combination with a Fisher
Accumet digital pH meter. Standardization plots were constructed using freshly
made KCN solution, in parallel with each analysis. These cculd be used
directly for cyanide evaluation since tests showed that the complex did not affect

the electrode readings.

2.4.10 Thermal Rate Constants
Pseudo-first-order thermal rate constants were determined either by the
pH-stat method or by following the depletion (or increment) in absolute peak

areas in chromatograms (HPLC).

2.4.11 Conductivity Measurements in Flash Photolysis
Experiments

The excitation source was a Spectra Physics Quanta-Ray GCR-11
Neodymium-Yag laser (< 70 mJ pulse-1 output power, 5-6 ns pulse-with, 1
pulse s-1 at 355 nm). The light intensities were detected by a thermal detector
(Molectron J 50) / Tektronix 2445 oscilloscope system. About 60 (= 30) mL of
1 x 10-3 M complex in 1 x 10-3 M HCIO4 solutions was used. The irradiation
vessel employed was a flow-through quartz cell (0.7 x 0.7 x 3 cm) fitted with
three parallel platinum wire electrodes (approximately 0.05 (d) x 0.8 cm) spaced
at 1.1 cm separation. This arrangement gives two similar electrochemial
compartments, the upper of which was irradiated. The iaser beam irradiated a

spot of ~ 0.6 cm diameter between the electrodes of the upper compartment




59

without illuminating the electrodes. The solution was flowed (~15 ml min-1)
upwards in the cell, so that the reference solution was unphotolyzed. The
center electrode was grounded and the other two electrodes were connected in
a Wheatstone bridge as input to a two-stage differential amplifier with variable
output gains of 1---> 100 . A 135V square pulse of 4 ms duration was ~pplied
to the outside electrodes and the bridge was balanced with the variable resistor
so that only the signal of interest was measured. Then the conductivity change
in solution induced by the laser pulse was measured as a change in voltage.
The signals were captured on a Tektronix TDS-520 digital scope. Timing for
laser pulsing and data acquisition were set by a custom made rulse generator
and synchronizer in conjuction with a Stanford Research Systems DG-535
delay generator. The experimental set-up is integrated to a Macintosh lici
computer through a GPIB and an /O data acquisition board (National
Instruments). The programs for data acquisition and data analysis were written
here using Labview 2.2. (National Instruments). The data acquisition program
controls the sequence of events of the experimental set-up, such as shutters,
filter wneels and pulsing of lasers, transfers data from the scope and also
performs the required mathematical transformation. The data was evaluated by
a fitting program based on Marquand Algorithm'?® interfaced to Labview 2.2.
The construction of this apparatus was a combined effort of C. Bohne, A. D. Kirk,
L. Netters with the technical assistance of T. K. Davias, T. Wiley, B. Dean, R.

Bennett, R. Robinson and D. Searle.




CHAPTER THREE

Photochemistry and Photophysics of
trans-[Cr(2,3,2-tet)(CN)2]CIl04.
Is Stereochemical Change a Requiremeni for
Equatorial Ligand Loss?
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3.1 Introduction

Stereochemical change that accompznies photosubstitution of Cr(ll)
complexes is observed for many complexes studied to date (see sectic:1 1.6). It
corresponds to a mechanism in which the substituting group enters the
coordination sphere trans to the leaving group. This mechanistic rule is well
established for a'ial ligand loss from C4y and D4 complexes where it is
claimed to be a requirement for photoreaction (see section 1.13.2). For ligand
loss from the equatorial plane, however, the situation is less clear as e»plained

belcw (sectior 2.1.1).

3.1.1 Photostereochemistry of Equatorial Ligand Loss

The use of the term “equatorial labilization™ may be ambiguous since it
may refer either to

(i) the location of the ligand being Iost (or labilized)

(ii) the plane in which labilization is considerea to be occurring
We therefore prefer to use the unambigious phrase “equatonal ligand loss™ to
give the first meaning. Depending on the planes considered, there are two
circumstances that can lead to loss of an equatorial ligand of C4y or Dan
complexes, namely reaction via the 4Eg or 4Bag states (Section 1 5.).

To illustrate the two circumstances, consider the application of the VC
theory for aquation of trans-CrA4(CN)a*, where A = NHg, (see Fig. 3.1.1). When
the 4Bg state is involved (case a), the equatorial plane is labilized and the loss
of one of the ammonias (A*) followed by trans entry of a water molecule leads to
the 1,6-CN-3-W product. On the other hand, if the 4Eq state were involved (case

b), excitation is now into one of the two degenerate planes
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Fig. 3.1.1 Stereochemistry of the photoaquation of ammonia in trans-
Cr(NH3)4(CN)2t. Application of Vanquickenborne and Ceulemans theory for

the (a) 4B state reaction. (b) 4Eg state reaction. (c) stereoretentive reaction.

Key: A = NH3, W = H20, " = leaving ligand
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containing the CN-Cr-CN axis, and loss of the equatorial A* ligand would lead
to the 1,2-CN-6-W product. According to VC Theory, however, the latter product
is not expected in this particular molecule since the 4Eg state is significantly
higher in energy (0.256 um-1) than the 4Byg state. If, due to some reason, the
photoreaction is stereoretentive (case c), the product would be 1,6-CN-3-W.
1 .at is then indistinguishable from the expected major photoproduct via the
48,4 state. All the examples where equatorial ligand loss was studied so far,
are of this type and hence the molecular geometry of products does not
distinguish whether there was a mechanistic steteochemical change associated

with the photoreaction.

3.1.2 Recognition of Mechanistic Stereochemical Change In
Equatorial Ligand Loss

Trans-[Cr(2,3,2-tet)(CN)2]ClIO4 was chosen as a suitable molecule to
investigate whether equatorial ligand loss is accompaniec: by stereochemical
change. Cyanide is a stronger o donor than amine. Therefore the trans
dicyano cenfiguration makes the 4529 state lower in energy ar from this state
photoreaction is expected to be confined tc the plane (equatorial) of 2,3,2-tet
ligand (sections 1.5 and 1.6). The ligand has an ethylenediamine type end
which is a good leaving group, as is evident by the relatively high (~0.6)
guantum yield of l‘r.an.s—Cr(en)g(CN)2+.53 2,3,2-tet would therefore allow any of
the primary amine ends to come off but would inhibit the trans attack and the
stereochemical change to follow. Therefore the photoreaction should be
inhibited and the photoinertness of this molecule would unambiguously imply

that stereochemical change is a requirement of equatorial ligand loss.
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3.2 Results
3.2.1 Characterization of trans-Cr(2,3,2-tet)(CN)a+

3.2.1a Elemental Analysis:

Analytical data were, found (calculated) : %C 29.7 (29.7), %H 5.5 (5.5),
%N 22.8 (23.1), %Cr 13.9 (14.3). The results are in excellent agreement with
the calculated values for [Cr(2,3,2-tet)(CN)2]ClO;.

3.2.1b UV/Vis spectrum:
The compound shows two LF bands at 432 and 338 nm with
F432 = 52.4 £ 0.9 (n = 5) M' cm-1. Spectral information on many Cr(lli)

complexes with the same coordinated atoms is listed in Table 3.2.1.

Table 3.2.1 UV/Vis spectral data of some Cr(lll) am(m)ine, cyanoam(mjine,

and cyano complexes.

Complexes Solvent _ Amax, nm (e, Micm1)  g(L1)/e(l2) Ref.
L43 Loa

Cr(NH3z)g3+ H2O 466 (41) 354 (34) 63

Cr/gn)z3+ H2O 438 (72.5) 350 (60.3) 69

Cr(tn)33+ HoO 464 (59) 355 (51) 63

Cr(NH3)5(CN)2+ HoO 451 (42.6) 247 (37.7) 73




Table 3.2.1 (Continued)
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Complexes Solvent _ Amax, nm (e, Micm1)  e(L4) /e(l2) Ref.
L42 L3
trans-Cr(NH3)4(CN)o+ H2O 440 (42.6) 344 (41.5) 1.03 74,
110
cis-Cr(NHz)4(CN)2+ HoO 436 (49.0) 342 (37.6) 1.30 74
trans-Cr(en)2(CN)2+ HoO 432 (50.1) 337 (42.7) 1.17 £3
HoO 432 (49.0) 337 (42.7) 1.15 1
cis-Cr(en)2(CN)o+ HoO 433 (71) 339 (63.1) 1.13 111
H,O 434 (70) 339 (62.3) 1.12 11z
HoO 434 (69.5) 339 (62.2) 1.12 53
Cr(NH3)(CN)52- HoO 397 (90) 320 (54) 56
DMSO 406 (77) 324 (58) 56
DMF 406 (72) 316 (66) 56
Cr(CN)g® H,O 377 (86) 307 (60) 56
DMSO 386 (78) 313 (56) 56
DMF 391 (78) 317 (53) 56
trans-Cr(2,3,2-tet)(CN)2+ H20 432 (52.4) 338 (46.0) 1.14 c.67
cis-Cr(2,3,2-tet)(CN)2+ HoO 435 (71) 337 1.1 c
Cr(tn)2(CN)2+ HoO 441 (52.5) 344 (47.5) 1.08 c,68
Cr(tn){CN)4~ H20 408 (55) 329 (35) ¢
H20 405b 324b c
DMSO 414 333 c
DMF 416 332 ¢

a |4 and Lo are the lowest and next highest energy bands of the UV/Vis

spectrum. b Estimated values (see section 4.3.2). ¢ This work
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Among them Cr(en)2(CN)2+ is the closest to this molecule since they
both contain two en rings trans to one another, which enforces some angular
distortion at Cr center in contrast to ammonia or tn ligands. The wavelengths of
the peak maxima and the molar absorptivity ratio of the two bands for this
complex are similar to those for both ¢is- and trans-Cr(en)2(CN)2+. The
absolute molar absorptivity values are, however, close to the trans-
Cr(en)2(CN)o* isomer, which is distinguishable from the cis, indicating the

compound is trans-Cr(2,3,2-tet)(CN)ao+.

3.2.1c Emission Spectrum:
The emission peak maximum of the complex is in the region expected for

Cr(2,3,2-tet)(CN)o*. (See section 3.2.6 for details.)

3.2.1d IR Spectrum:

The two very smalil peaks observable at 2145 and 2107 cm-? for the title
compound (Fig. 3.2.1) were also present in the spectrum of trans-Cr(2,3,2-
tet)Cla+ (Fig. 3.2.2), from which this compound was synthesized. Therefore, no
peaks can be detected in the region cciresponding to the cyanide stretch (2100
- 2200 cm-1) of this compound. Having a very weak cyanide region is reported

68, 74 and therefore it cannot be

for many oti:.- Cr(lll) cyanoam({m)ino complexes
used a. a proof of geometric or isomeric identity.

it was, however, ncted that the Cr-Cl band of trans-[Cr(2.3,2-tet)Ci2]CIO4
which appears at 330 cm-1 is not present in this compcund, indicating the
substitution of CI- ligand during the synthesis. (This region, below 400 cm-1, is

not shown in the figures.)
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Fig. 3.2.1 IR spectrum of trans "Cr(2,3,2-tet)(CN)2](CIO4).
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3.2.1e Thermal conversion to Cr(2,3,2-tet)Clo*:

The compound was reacted with 6 M HC! for 30 min at 80°C to convert it
to Cr(2,3,2-tet)(Cl)o* and the reaction was followed by UV/Vis spectroscopy and
HPLC.

UVNis spectra of cis- and trans-Cr(2,3,2-tet)Clo* (Fig. 3.2.3 and 3.2.4)
are very different with respect to wavelengths, absolute molar absorptivities and
relative molar absorptivity ratios at peak maxima [e(l.1)/e(L2)]. The final
spectrum of the solution after reacting the compound with HCI (Fig. 3.2.5) is
close to the trans species indicating the product is predominantly trans-Cr(2,3,2-
tet)Clat. The smail vlue shift of the peak maxima compared to that of the
authentic sample (Fig. 3.2.3), however, may be because small amounts of some
aqua species are also present.

HPLC allowed us tc separate Cr(2,3,2-tet)(CN)z+ (S), Cr(2,3,2-
tet)(H20)(CN)2+ (T), cis- (A) and trans-Cr(2,3,2-tet)Cla+ (B), and cis- (C) and
trans-Cr(2,3,2-tet)(H20)Cl2+ (D) into base line resolved peaks (Fig. 3.2.6).
Peaks S, A and B were confirmed with authentic samples. The assignment of
peaks T (section 3.2.3), C and D were based on the thermal aquation reactions
of the above species respectively. HPLC analysis of the conversion of the
compound to Cr(2,3,2-tet)Cla+ shows that the reaction goes via Cr(2,3,2-
tet)(H20)(CN)2+ and Cr(2,3,2-tet)(H20)CI2+ producing trans-Cr(2,3,2-tet)Cla+
(B) as the major product. The final solution also contains minor components of
trans-Cr(2,3,2-tet)(H20O)Cl2+ (D) and cis-Cr(2,3,2-tet)Cla+ (A). In this solution,
the peak area of A was «<8% of (B + D) and no Cr(2,3,2-tet)(H-O)(CN)2+ 'T) or
cis-Cr(2,3,2-tet)(Hp0)Cl2+ (C) was found. Since aquation and anation

processes of Cr(lll) complexes are sterecretentive, this result shows that the
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compound is >92% {rans, assuming equal molar absorptivities at the detection
wavelength.

Later HPLC analysis on cis- and trans-Cr(2,3,2-tet)(CN)2+ extend these

results and shows that the isomeric purity of the compound is 2 99% trans.
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Fig. 3.2.3 UV/Vis spectrum of trans-Cr(2,3,2-tet)Clo+ in DMSO at room

temperature.

(€ = 38 and 24 M1 cm-! at 400 and 578 nm, respectively.80)
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/700

Fig. 3.2.4 UV/Vis spectrum of cis-Cr(2,3,2-tet)Cla* in acidic aqueous

solutions at room temperature.

(€ =76 and 78 M1 cm-1 at 404 and 527 nm, respectively.101)
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Fig. 3.2.5 UV/Vis spectroscopic study of the thermal aquation of trans-

Cr(2.3,2-tet)(CN)o* : Spectrum of the product when “Cr(2,3,2-tet)(CN)2+" was

reacted with 6 M HCI for 30 min at 60°C.
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Fig. 3.2.6 HPLC characterization of trans-Cr(2,3,2-tet)(CN)2* : A sample

chromatogram showing the separation of Cr(2,3,2-tet)(CN)o*, Cr(2,3,2-tet)Cl:
and their thermal products.

Key : S = Cr(2,3,2-et)(CN)o*, T = Cr(2,3,2-tet)(H20)(CN)2+, A = cis-Cr(2,3,2-
tet)Clo+, B = trans-Cr(2,3.2-tet)Clo*, C = cis-Cr(2,3,2-tet)(H20)Cl2+, D = trans-
Cr(2,3,2-tet)(H20)Cl2+, # = impurity peaks

Conditions : eluents; 25 mM butanesulfonate and 25 mM triethylamine in 4%

methanol at pH 3.0; Flow rate 2 ml. min-1; Detection wavelength 220 nm.

73
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3.2.2 Characterization of cis-Cr(2,3,2-tet)(CN)2*

Synthesis in DMSO starting with cis-Cr(2,3,2-tet)Cla+ preduced a yellow
precipitata which has the same UV/Vis and IR spectra, and chromatograpt:.c
retention times as trans-Cr(2,3,2-tet)(CN)2+. HPLC also shows that the slurry at
the end of synthesis contains 270% trans-Cr(2,3,2-tet)(CN)2+. This result shows
that the cyanide substitution occurs with efficient cis ---»> trans isomerization
Similar Gehavior was also observed in the synthesis of the analogous
[Cr(cyclam)(CN)2]Cl0O4 where only frans-Cr(cyclam)(CN)s* was isolated
whether ihe starting materiai is cis- or trans-Cr(cyclam)Cla+.

The trans product was filtered off. The filtrate containea predominantly
cis-Cr(2,3,2-tet)(CN)o* together with minor amounts of Cr(2,3,2-tet)(C!)(CN)+
and trans-Cr(2,3,2-tet)(CN).+, as cdascribed below.

Fig. 3.2.7 shows the chromatographic peak developinent in the
synthesis. With the depletion of A (12 2 min) during (he reaction, peaks N (2.5
min}, S (30 mir) and twe small peaks, E (5.8 min) and F (6.1 min) were
gradually developed (line four of Table 3.2.2). The poeaks for DMSO solverit,
trans-Cr(2,3,2-tet)(CN)2*(S) and cis-Cr(2,3,2-tet)Clo+ (A) were confirmed with
authentic samples. A study of the reaction between cis-Cr(2,3,2-tet)Clp* and
DMSO eliminates the possibility that peaks E and F were due to solvent
coordination. One criterion (section 4.2) commonly used for assignment of
chromatographic peaks in this method is that the cis isomer elutes before trans
isomer of a given cationic species at this working pH (=3). Since this reaction is
expeciad to be the substitution of CI- in cis-Cr(2,3,2-tet)Clo* by CN- ligand, it is
believed that the peak N, elutes just prior to trans-Cr(2,3,2-tet)(CN)a* is cis-
Cr(2,3,2-tet)(CN)2t. Also the comparison of retention times for trans-Cr(2,3,2-

tet)(CN)2* (3.0 min) and cis-Cr(2,3,2-tet)Clp* (12.2 min) implies that the species
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corresponding to retention times 5.8 and 6.1, E and F, are cis ard trans isomers

cf Cr(2,3,2-tet)(CI)(CN)+.
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Fig. 3.2.7 HPLC chromatograms of the solution at the synthesis and
characterization of cis-Cr(2,3,2-tet)(CN)o+.

Key : N = ¢is-Cr(2,3,2-tet)(CN)2* , S = trans-Cr(2,3,2-tet)(CN)2+, A = cis-
Cr(2,3,2-tet)Clo*, E and F = cis- and trans-Cr(in)2(CN)CI+.

Conditions : eluents; 25 mM hexariesulfonate and 25 mM triethylamine in 5%

methanol at pH 3.0; Flow rate 2 mL min-1; Detection wavelength 220 nm.
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Fig. 3.2.8 HPLC chromatograms of the synthesis and charactenzation of cis-
Cr(2,3,2-tet)(CN)2+, under 12.5 mM triethylaminrs.

Key : Same as for Fig. 3.2.7 except # = anion or attifact peaks

Conditions : eluents; 25 mM hexanesulfonate and 12.5 mM triethyiamine in

water a* pH 3.0; Flow rate 2 mL min-1; Detection wavelength 220 nm.
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Fig. 3.2.9 HPL.C chromatograms of the synthesis and characterization of cis-
Cr(2,3,2-tet)(CN)ot, under 10 mM trie ‘nylaminc.
Key : Same as for Fig. 3.2.7 except # = anion or artifact peaks

Conditions : Same as for Fi13. 3.2.8, except for triethylamina concentration.
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Fig. 3.2.10 HPLC chromatograms of the synthesis and characterization of
cis-Cr(2,3,2-tet)(CN)o+, under 5 mM triethylamine.

Key : Same as for Fig. 3 2.8, peaks N1 and N2 are component peaks of N (see
section 3.2.2), * = unidentified small peak.

Conditions : Saine as for Fig. 3.2.9.
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Fig. 3.2.11 HPLC chromatograms of the synthesis and characterization of
cis-Cr(2,3,2-tet)(CN)2+, under 2 mM triethylamine.

Key : Same as for Fig. 3.2.10.

Conditions : Same as for Fig. 3.2.9.
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Fig. 9.2.12 HPLC chromatograms of the isolated cis-Cr(2,3,2-tet)(CN)z* in
solution

Key : Same as for Figa. 3.2.10, @ DMSO (contaminant).
Conditions : Same as for Fig. 3.2.11
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Table 3.2.2 HPLC retention times of various complexes in the
characterization of cis-Cr(2,3,2-tet)(CN)2+, and photolysis of trans-Cr(2,3,2-

tet)(CN)2+ under different eluent conditions. ¢ This work.

Eluent composition Retention time (min)
%CH30Ha 1IAb | N S P T A E F
0 BSAC 3.0 37 11.0
0¢ BSAd | 33 42 143
0 HSA 3.5 15.0
5 HSA | 25 3.0 109 40 122 58 6.1
20 HSA 23 6.4 156
30 HSA 1.9 42 5.2
_40 HSA 1.8 29 4.5

Peaks assignment (see section 3.2): N = cis-Cr(2,3,2-tet)(CN)2+,

S = trans-Cr(2,3,2-tet)(CN)o+ , T = trans-Cr(2,3,2-tet)(H20)(CN)2+ ,

P = trans-Cr(2,3,2-tetH)(H2O\(CN)22+ , A = cis-Cr(2,3,2-tet)Cla+,

e and F = ¢i3- and trans-Cr(2,3,2-tet)(CN)CI+

Key: @ 90 % methanol, P llA = ion interaction agent, ¢ BSA = butanesulfonic
acid (Na salt), JHSA = hexanesulfonic acid (Na salt).

Conditions: eluents; 25 mM lIA (BSA or HSA), 25 mM (€ except in second row
where 12.5 mM) triethylamine in methanol / water at pH 3.0; flow rate 2 mL /

min. Detection wavelength = 220 nm.
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Table 3.2.3 Variation of HPLC retention times upon decreasing the
trisinylamine (TEA) concentration in eluents, in the characterization of ¢is- and

trans-Cr{z,3,2-tet)(CN)o+.

x mM TEA Retention time (min)

X N4, No S EF

25 2.6,2.7 3.4 7.3
12.5 3.6, 3.8 4.6 10.3
10 3.9, 4.1 5.3 11.6
5 45,50 7.0 16.4

3 5.8,6.2 9.0 21

2 6.5, 7.1 10.6 25

0 11.9,13.3 22 -

Peaks Assig::nient: Same as for T.ole 3.2.2 except N1, No = components of
peak N (see section 3.2.2).

Conditions: Same as for Table 3.2.2 except HSA in water was always used.

0.15 |
l

Abs

Wavelength (nm)

Fig. 3.2.13 UV/Vis spectrum of cis-Cr(2,3,2-tet}{CN)2+* isolated in aqueous

solutions.
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In order tc further investigate the assignmunt of peak N, chromatograms
were run under ditferent conditions that increase the retention times. This was
achieved by decreasing the methanol and competing ion (triethylamine
hydrochloride) contents in eluents. There was no significant effect on
increasing the concentration of the ion interaction agent (sodium
hexanesulfonate). Such chromatograms are shown in Figures 3.2.8 to 3.2.11
and the appropriate retantion times 2re listed in Tables 3.2.2 and 3.2.3. It can
be seen that the peak N splits into two peaks (N4 and N2) while S stays as a
single peak upon increasing the retention times. This is ccasistent with our
assignment of peaks N and S because the cis isomer hzs two configurations (o
and B forms) depending on the relative position of the coordinated primary
amine ends of the 2,3,2-tet ligand'?! whereas there are no such configurations
for the trans isomer.

Under the chromatographic conditions used in Fig 3.2.11, where N¢ and
N2 elute at 6.5 and 7.1 min respectively, negatively charged species like
Cr(tn)(CN)4- and Cr(CN)g3- * were unretained (1 min) in the column while the
neutral species Cr(tacn)(NCS)3 # has a very low retention time (2 inin). This
shows that the peak N is unlikely to be a neutral or negatively charged species.

In order to obtain further evidence for the above peak assignment and to
isolate the material corresponding to peak N, lon Exchange (IE)
Chromatography was employed (section 2.1.8). The IE column fractions were
analyzed by HPLC under the conditions used for Fig. 3.2.7. It shows that the

order of elution through the IE column is S, N and E/F respectively. Since the

‘ Sample available in our laboratory.
¥ Synthesized using a new synthetic route by the author (unputlished work).
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elution order of two isome’s with same charge through an IE column is always
trans before cis, this result is also consistent with our peak assignment that N is
cis-Cr(2,3,2-tet)(CN)»+,

Due the significant overlap of N [cis-Cr(2,3,2-tet)(CN)2*] and E/F
[Cr(2 3,2-tet)(Ci}(CN)*] bands in the |IE column, only a smali portion of the
material N coula be isolated in solution. Injection of a sampie of this solv.on N
to HPLC under the condition used for Fig. 3.2.11, shows (Fig. 3.2.12) the
presence of N1 and N2 components. The UV/Vis spectrum of this solution
(Fig. 3.2.13) shows LF bands at 337 and 435 nm, similar to the spectrum of
trans-Cr(2,3,2-tet)(CN)o+. As described in section 3.1.1b, it is expected that
spectra of cis- and trans-Cr(2,3,2-tet)(CN)o+ are similar to each other except for
their molar absorptivities. The measured molar absorptivity of this solution is 71
+ 5 at 435 nm, based on Cr analysis in solution. Comparison of this value with
cis and trans isomers of Cr(en)2(CN)2+ shows that the material N has the higher
rrolar absorptivity value expected for cis-Cr(2,3,2-tet)(CN)o+.

The chromatographic results together with UV/Vis spectra support that
the identity of the compound (N) obtained in solution is cis-Cr(2,3,2-tet)(CN)2*.

3.2.3 Thermal stability of trans-[Cr(2,3,2-tet)(CN)2jClO4

Cyanc complexes usually undergo efficient acid catalyzed cyanide
aquation reactions (section 1.12). Therefore the thermal stability of this complex
(~7 x 12-3 M) was studiad in various acidic (and basic) scluticns by UV/Vis
spectroscopy and HPLC.

The UV/Vis spectrum of the complex remains unchanged in * x 103 M
- HCIO4 acid at 28°C for at least 3 hours. The pseudo first order rate constant for

any thermal reactior At this pH (=3) can be estimated to be < 1 x 105 g1 at
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28°C using uncertainties in measurable changes in chromatographic peak
areas.

In 3 x 10-2 M HCIO4 acid also the UV/Vis spectrum ramains unchanged
for about an hour at 28°C. On prolonged standing, however, the spectrum shifts
slowiy towards the red. HPLC shows a slow w.:cay ind growth of peaks & and
T respectively (Table 3.2.2). Under tnese conditions no other observable peaks
were developed. The nseudo first order rate constant of the thermal reaction,
measured by HLC, at this pH is 1.2 x 102 s-1 at 28°C. It is well established?®
that Cr(!ll) dicyanospecies undergo acid catalyzed cyanide !oss in aqueous
media stereoretentively to produce cyanoaquo species. Therefore the above
thermal product, T, can be assigned as trans-Cr(2,3,2-tet)(H20Q){CN)2+
(Reaction 3.2.1).

£Cr(2,3,2-tet)(CN)g+ + HgO* ~----> +Cr(2,3,2-tet}(H20)(CN)2+ + HCN  (3.2.1)

Treating the above solution with 2 few drops of 3 M HCIO4 to make the
H30* concentration about 0.5 M rapidly decreases the peak S and greatly
erhances T. Heating of this solution at 70°C for 15 min completly decomposes
S and decreases the area of T developing 3 peaks at retention times linger
than T. These additional peaks are likely to be corresponding to species with
greate: than 2+ overall charge but no detailed investigation was done to identify
them.

The compound was very stable in base showing no UV/Vis spectral
changes upon standing of the complex in 0.1 M NaOH for 2 h at 28°C. The
pseudo first order rate constant for any thermal reactior at this pH (= 13) can be
estimated to be < 1 x 105 s-1 at 28°C based on uncertainties in measurable

changes in chromatographic peak areas.
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The above results show thai the compcound can be considared thermally
siabie under the pH values at which photochemical experiments were carried

out.

3.2.4 Photolysis of irans-[Cr(2,3,2-tet)(CN)2]CIO4

The exposure of the compeund to 426 nm radiation shows a visual
change in colour and a red shift in the UV/Vis spectrum. Fig. 3.2.14 shows the
spectral changes upon phoiolysis against the thermal blank (the difference
spectra) and the reagent blank. Photolysis maintained good isobestic points at
300, 345, 395 and 445 nm up to a higher extent (> 50%) of conversion
(measured by both pH stat method and HPLC). it implies that the reaction
produce s a constant product mixture. The difference spectia also shows that
436 nm wavelength lies in a minimum region where photoproducts have
smaller molar absorptivity than the ciarting complex. Thetefore 436 nm is a
gocd wavelength for photochemical studies since the complications due to
sccondary photolysis would be at a minimum.

The quantum yield of proton uptake at 426nm as measured by proton
uptake at pH 3.0 was 1 = 0.09 £+ 0.01 (5 runs) a1 15°C for <10% conversion.
This will include both amine and cyanide loss modes. Froton uptake plots for
low (<10%) and high extents (>25% ) of conversion show that they are linear in
the fornier case and curved in the latter case. The curvature of proton uptake
can be attributed to quenching or photochemistty by photoproductss”. (Detaile
of *his plienomenon will be discussec. in section 4.2.) This indicates that th
quenching of photoreaction by photoproducts tecomes significant at higher

extents of photolysis.
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Fig. 3.2.14 UV/Vis spectral changes upon photolysis of trans-Cr(2,3,2-
tet)(CN)a+* in 3 x 102 M HCIO4 at 10°C.

Upper curves; Spectra against reagent blanks, before (——) and after (----)
photolysis. Lower curves; Spectra againt the thermal blank (difference spectra)

on exposure to 8 x 10-8 einsteins s-1 light at 436 nm for 10, 20, 30, and 40 min.
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The quantum yieid of 7;N- photoaquation, ® was < 0.02 basad on the

CN™
detection limit of the cyanide electrode used. Therefore the major photoproduct
is pot due to cyanide loss.

The photoproducts were investigated using HPLC. Under &ll eluent
conditions, with varied retention times over a wide range. or y one
photoprodiict was observed. Typical chromatograms are showu |
Figures 3.2.15 and 3.2.16 and the appropriate retention timas are listed in
Table 3.2.2. During photolysis the peak area of the starting complex (S) linearly
decreases while the photoproduct peak (P) linearly increases. The relative
variation of absolute peak areas suggests that at the detection wavelength of
226 nm the molar absorptivity of P is (1.5 * 0.1) tmes that of S assuming all
product peak areas are being observed.

During isolation of ihe photoproduct (see section 3.2.5a) using IE
chromatography, the band was collected in several i actions. All these fractions
had the same UV/Vis spectra (see iater, Fig. 3.2.17) and gave the same single
peak in HPLC. This result provides further evidence confirming that there was
only one photoproduct.

The small peak T (trans-Cr(2,3,2-tet)(H20)(CN)2+), <1% of S, seen in
chromatograms is present in the sample as an impurity. If cis-Cr(2,3,2-
tet)(H2O)(CN)2+ is present as a product, it is expected tu clute just before T at
any given eluent condition. The retention time of the observed photoproduct (P)
does not correspond to this position but it is intermediate to those for 1+ (S) and
2+ (T) ions (Table 3.2.2). This is typical for a complex with a 2+ charge, but with
one dangling protonated amine ligand, indicating the product is Cr(2,3,2-
tetH)(H20)(CN)22+. At the position for small peak M present in the sample as

an impurity, a minor photoproduct was detected at higiier extents of photolysis.
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This M has the expected retention time for cis-Cr(2,3,2-tet)(H2O)(CN)2+ but it is

less than 1% of P.
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Fig. 3.2.15 HPLC chromatugrams showing peak development on the
photolysis of trans-Cr(2,3,2-tet)(CN)2+.

Key : S = trans-Cr(2,3,2-tet)(CN)2*, P = photoproduct (“Cr(? 3,2-
tetH)(H2O(CN)22+"), T = trans-Cr(2,3,2-tet)(H20)(CN)2+, M = Impurity peak
coinsided with & minor photoproduct (see section 3.2.4), # = scale change.
Conditions : eluents; 26 mM hexanesulfonate and 25 mM triethylamine in

30% methanol at pH 3.0; Flow rate 2 mL min-1; Detection wavelength 226 nm.
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Fig. 3.2.16 HPLC chromatograms showing peak dsvelopment on the
photolysis of trans-Cr(2,3,2-tet)(CN)2* under different eluent conditions.
Key : Same as for Fig. 3.2.15

Conditions : Same as for Fig. 3.2.15 except % methanol = 0 (100% water).
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Fig. 3.2.17 UV/Vis spectrum of the isolated phrtoproduct of trans-Cr(2,3,2-

tet)(CN)o+ in room temperature aqueous solution.
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It was also observed that on photolysis starting at a solution pH of 3, the

pH increases upon photolysis whereas no pH chanse was observed if the

photolysis was carried out at pH 6. Since there was no CN- loss, this behaviour

is also consistent with the fact that the photoproduct is Cr(2,3,2-

tetH)(H20)(CN)22+ (equations 3.2 to 3.4) since the estimated pKg values

(section 2.4.9) for coordinated HoO and 2,3,2-tetH ligands to a Cr(lll) center are
~4.5 anc ~10.5 respectively.

Cr(2,3,2-tet)(CN)o* ---- pH 3 ----> Cr{2,3,2-tetH)(H20)(CN)22+ AH+= 1 (3.2.2)
---pH 6 > Cr(2,3,2-tetH;(OH)(CN)2+  AH+= 0(3.2.3)
---- pH 12 ---> Cr(2,3,2-tet)(OH)(CN)2, AHt = -1 (3.2.4)

Thus the absence of a CN- loss mode, the relative retention times of
HPLC peaks and relative variation in pH upon photolysic show that the

photoproduct is Cr(2,3,2-tetH)(H2O)(CN)o2+.

3.2.5 Isomeric ldentity of the Photoproduct
It is crucial to establish the isomeric identity of the photoproduct at least
so far as to whether two CN are cis or trans to each other (see section 3.3). The

following approaches were used to solve this problem.

(a) UV/Vis spectrum :

The photoproduct was isolated in solution as follows. A 3 ml solution of
1.2 x 102 M complex in 1 x 10-3 M HCIO4 was photolyzed at 10°C up to 20%
conversion (pH-stat method). This solution was loaded on to a 4 cm (in water)
cation exchange column (SP-Sephadex C-25) thermostated at ~2°C and eluted
with cold NaClOg4 in 1 x 10-3 M HCIO4. The yellow band containing trans-
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Cr(2,3,2-tet)(CN)2+ was completely eluted with 30 ml 0.1 M NaClO4. Then pale

purpie fractions (10 ml each) ot the photoproduct were collected with 30 ml of
0.2 M NaClO.;. The pH of thi< solution was 3. The UV/Vis spectrum of this
isviated photoproduct (Fig. 3.2.17) was then obtained using a 10 cm
spectrophotometer cell. The molar absorptivity at 500 nm (the lowest energy
band maxima) was 57 M-1 cm-1 based on chromium analysis in solution. The
spectrum shows a red shift .1 peak maxima upon adjusting pH to ~ 9 that is
reversible on reacidification to ~pH 3, showing that the photoproduct has at
least one coordinated water molecule.

The UV/Vis spectrum of the photoproduct was obtained by another
method without isolating the photoproduct. Spectra were recorded on a
computer disk before and after 20% photolysis (pH-stat method) in 1 x 103 M
HCIO4 . Then by subtracting the former spectrum from the latter (section 2.4.1),
the photoproduct spectrum (Fig. 3.2.18) was obtained.

Both methods gave similar spectra for the photoproduct. The peak
maxima are shifted to the red compared to the starting complex. The lowest
energy ligand field band of the spectrum was analysed on the basis of ligand
field theory. The three components of this band (4Bz <--- 4A2) correspond to
45° rotation of charge in the three orthogonal planes containing the ligands. It
can be expected that there would be larger splitting in the lowest energy LF
band in the isomer with trans cyanides over the cis isomer. This is because the
average ligand fields in the three planes differ more for the trans than for the cis
isomer. A quantitative estimation of the position of each component of this band

was done as follows.
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Fig. 3.2.18 UV/Vis spectra of trans-Cr(2,3,2-iet)(CN)2+, the calculated

spectrum of the photoproduct and gaussian compaonents.

Table 3.2.4 Calculated peak maxima of components of 4T band of
CrN3(H20){CN)2*. (See section 3.2 5a)

trans-a cis-3
Ligands Calculateu Amax (nm) Ligand Calculated Amax (nm)
2CN, 2N, -- 415 2CN,N, W 435
2CN, N, W 435 CN, 3N, -- 440
- 3N W 490 CN,2N, W 460 .

a refers to the relationship between CN- ligands. N3 = (NH3)3 = 2,3,2-tetH+;

W = H2O. Gaussian analysis of the experimental spectrum shows bands at

444 4nd 508 nm.
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Using 10Dq values for cyanide, amine (assumed to have 10Dq equal to
NH3) and water as 2.66, 2.16 and 1.73 um-1 respectively, the calculation of
average ngand field strengths for each component estimates the wavelengths of
maxima at 4280, 435 and 415 for the trans and 460, 440 and 435 for the cis
isomer respectively (Table 3.2.4). This shows that the separation between
bands is 75 nm in the case of trans whereas it is only 25 nm in cis isomer. Ti?
lowest energy band n the experimental spectrum (plotted on a wavenumber
scale) was resolved into two gaussians with maxima at 508 and 444 nm
(Fig. 3.2.18). The observed large (64 nm) separation between the two
gaussian maxima and the presence of a long wavelength peak {603 nm) both

imply that the photoproduct is the isomer with trans cyanides.

(b) Stereochemistry of the recoordination of photoproduct:

We have observed that the photoproduct undergoes thermal
recoordination of the dangling ethylenediamine arm (see below) and therefore
we took the advantage of this behavior to establish the isomeric identity.

While the photoproduct (P) can be considered stable in pH 3 ~cid (k1 <8
x 10-5 s-1 at 12°C), HPLC analysis shows that upon standing in neutral or basic
media P depletes gradually developing a peak with the correct reteniion time fcr
the starting complex (S) under the same eluent condition. Mixing this thermal
product with an authentic sample of S and running chromatograms under very
different conditions (Figures 3.2.15 and 3.2.16, Table 3.2.2) confirms that the
thermal product of P, indeed has the same retention time as S. On st~ nding, a
photolysed solution at pH 11 shows a gradual change in UV/Vis specirum

towards the blue approaching the spectrum of Cr(2,3,2-tet)(CN)2+ and
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maintaining good isobestic points at 361, 418, 455 and 619 nm (Fig. 3.2.19).
The UV/Vis spectrum of the final thermal product (Fig. 3.2.20) from the isolatad
P is similar to that of trans-Cr(2,3,2-tet)(CN)2*, including the molar absorptivity
(€432 of the recoordinated product = 50 £ 5 M-1 cm-1). Also the spectrum in
aqueous medium 1s independent of the pH confirming that the thermally
recoordinated product has no coordinated water molecules. These resuits
consistently indicate that the photoproduct (P) undergoes thermal
recoordination to produce trans-Cr(2,3,2-tet)(CN)2*. A similar recoordination
process that produces Cr(en)3g3+ was previously reported for
Cr(en)a(enH)(H20)4+.113 Chromatograms under eluent conditions where cis-
and trans-Cr(2,3,2-tet)(CN)o+ peaks are nicely separated (Fig. 3.2.11 and
3.2.12) show that the recoordination of P produces trans-Cr(2,3,2-tet)(CN)a+
exclusive.y, withcut producing any cis-Cr(2,3,2-tet)(CN)2+. Assuming that the
recoordination process is stereoretentive, this demonstrates that the
photoproduct has trans cyanides.
The rate constnt of recoordination (measured by HPLC) at 25°C in
0.2 M NaClOg4 is dependent on the pH (Table 3.2.5). Even though data was
measurer] only at three pH values, it suggests that the rate of recoordinaticn is
fastest at pH 6 and much slower a. higher or lower pH values. Wren the
estimated pKj values (section 2.4.9) of coordinated H2O (~4.5) and 2,3,2-tetH
(~10.5) are taken into account, it suggests that the active species for
recoordination is Cr(2,3,2-tetH)(OH)(CN)z+. Therefore the recooordination

process can be represented by the reaction 3.2.5.
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Fig. 3.2.19 UV/Vis spectral changes upon the recoordinztion of the

photoproduct in 1 x 10-3 M NaOH at 28°C.
Standing times; dark line = 5 min, dotted lines = 60, 90, 120 and 150 min.
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Fig. 3.2.20 UV/Vis spectrum of the final product obtained by allowing the
isolated photoprodust of trans-Cr(2,3,2-tet)(CN)2t to stand in pH 6 aqueous

solutions for 50 min. at 28°C.
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Table 3.2.5 pHd dependence of the pseudo-first-order rate constants and

helf-nves for the recoordination of Cr(2,3,2-tet)(H20)(CN)a2+.

pH k (s} t1/2

3 <6x10% 2322h
6 1.5x 103 8 min
9 4x 104 29 min

Cr(2,3,2-tet_H)(H,0)(CNj,2*

ﬂ pK, ~ 4.5

Cr(2,3,2-tet_H)(OH)(CN),* ——— trans- Cr(2,3,2-tet{{CN),’ (3.2.5)

u pK,; ~ 10.5

Cr(2,3,2-tet)(OH)(CN),

(c) Attempts to obtain the crystal structure:

Considerable effort was made to obtain a crystal of the photoproduct
isolated using IE chromatography (section 3.2.5a) and therefore present in
aqueous 0.2 M NaClO4 solution. These attempts involved the use of anions like
ClO4-, SO42-: Ni(CN)42- and fractional crystallization of the isolated
photoproduct. These attempts, however, were not successful. This is probably
due to very high solubility and efficient recoordination of the photoproduct, and

difficulty of isolation in high concentrations, free from electrolytes.
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3.2.6 Emission Properties of trans-ICr(2,3,2-tet)(CN)2]CI04.

The compound emits at room temperature in acidic aqueous solution and
in DMSO witl, a2 peak maximum at 705 nm. The relative intensity was
approximately the same in both solvents. This wavelength is similar to the
emission maxima of analogous compounds (Table 1.1{.1).

The lifetime of emission (t) is 30 = 1 ps in acidic aqueous solution at
20°C. Many other Cr(lll) cyanoam(m)ine complexes show relatively long
emission lifetimes (Table 1.11.1). The temperature dependence of iife-time
shows that a plot of In © vs 1/T is linear in the temperature range 10 - 40°C
(Fig. 3.2.21) and the activation energy of emission is 38 + 1 kJ mol-1.

A Stern-Volmer plot of 1/t vs [OH-] shows that the emission is linearly
quenched by OH- (Fig. 3.2.22). The collisional quenching rate constant (kg) of
emission is 4 x 108 M-1s-1 at 20°C. Thus OH- ions efficiently quench the
emission of trans-Cr(2,3,2-tet)(CN)2* as they do for many other Cr(lil)

cyanoam(mline complexes.

3.2.7 Percentage Reaction via the Doublet State

One way of measuring the fraction of photoraaction that goes via the
doublet excited state is to measure the quenchable portion of the reaction with a
suitahle quencher. A direct method, on the other hand, of measuring this is the
use of the conductivity change associated with the photoreaction using flash
photolysis experiments. We employed the latter method for this system.

The photolysis of the complex takes up a proton in acidic aqueous media

(reaction 3.2.6).

t-Cr(2,3,24et)(CN)2* + HgO* =-eemmeem- > +-Cr(2,3,2-tetH)(H20)(CN)o2+  (3.2.6)
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Fig. 3.2.21 Temperature dependence of the emission life-time of trans-
[Cr(2,3,2-tet)(CN)o](ClO4) in aqueous solutions
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Fig. 3.2.22 Stern-Voimer plot for quenching of the emission life-time of

trans-[Cr(2,3,2-tet)(CN)2](ClO4) by OH- in aqueous solutions at 20°C.
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The ionic conductivity of the starting complex and the photoproduct are
expectad to be approximately the same whereas that of H3O+ is much higher.
Tharsfore under the experimental conditions used (section 2.4.1:) the drop in
conductivity associated with the reaction is sensitive and measurable in thy time
scale (ns to ps) of the photoreaction.

A typical conductivity decay curve is shown in Fig. 3.2.23. The signal
intensity was linear with the laser power (Fig. 3.2.24). Test experiments with
absorbance matched solutions of KoCraO7 in same solven' (1 x 10-3 M HCIO4)
shows that the baseline does not change with the flashing of the laser (Fig.
3.2.25). If a concentrated solution (0.8 M) of K2Crz207 is used, a slight change in
baseline indicating a-. increase in conductivity was observed. This sffect can
be attributed to heating of the solution by the nonradiative decay of the light
energy abscrhed by KoCroO7 solution .

The lifetime of the excited state which leads to the reacticn measured by
analysing the conductivity decay curve is 26 = 1 us at 21°C. At the sams
temperature, the lifetime of the doublet emission decay is 28 £ 1 us. That they
are in agreement within the experimental uncertainty, shows that the measured
reaction indeed goes 100% via the doublet state. This is because the decay
curve extrapolates to the baseline at t = 0 indicating the complete photoreaction
occurs with the doublet lifetime and there is no component (“fast”) which occurs
during the laser flash. Fig. 3.2.26 shows, for illustration, the type of curve

obtained for Cr(NH3z)g3+. It clearly s:;ows the two component product formation.
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Fig. 3.2.23 Conductivity decay during the photoaquation of trans-Cr(2,3,2-
tet)(CN)o* in 1 x 10-3 M HCIO4.
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3.3 Discussion

3.3.1 Thermal Reactions

The acid catalyzed thermal aquation of the title complex (1.2 x 102 s°1
at 28°C) is slower than the analogous trans-Cr(NH3)4(CN)o+ (1.2 x 102 51 at
25°C)75, as observed by comparing the pseudo first order rate constants in 3 x
102 M acid. Although a detailed investigation of the rate constants or their pH
dependence was not done, the compound was found to be stable under the
time scales (< 1h) and conditions at which photolysis (pH ~3) or CN-
determination (pH ~12) experiments are usually carried out. Therefore, for
these experiments, no correction was required for the thermal aquation of the
compound.

Although the photoproduct is also stable in pH = 3 acid solution, it
undergoes rapid recoordination at higher pH values (section 3.2.5 b).
Interestingly the rate is fastest when the photoproduct takes the Cr(2,3,2-
tetH)(OH)(CN)2* form (~ pH 6). By considering the pKja values of Cr-(2,3,2-tetH)
and Cr-(H20) groups, we have represented the recoordination process in
equation 3.2.5. At low pH values (< 3), the one ended amine arm is
protonated, and therefore inert to substitution, and coordinated water is unable
to take up this proton. Therefore the recoordination is inhibited at low pH
values. At high pH values (> 11), on the other hand, the amine end is
deprotonated but now the displacement of OH- by amine is difficult since OH"is
a poor leaving group. Therefore it is reasonable to expect slow rates for
recoordination. At intermediate pH values (~6) the proton on the amine arm
apparently facilitates the displacement of coordinated OH-. Tke process

simultaneously removes the proton on amine and coordinated QH-, iorming a
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stable water molecule and producing the starting complex. The process can be
schematically represented as in Fig. 3.3.1. Even though a detailed investigation
of this pH dependence of recoordination is beyond the scope of the present

work, to our knowledge this is an interesting new phenomenon.

N
CN
\\\\\\\\\
N / N
6 ...... H / rI\l \ H
H/ H

Fig. 3.3.1 A mechanistic representation of the thermal recoordination of

trans-Cr(2,3,2-tetH)(OH)(CN)2t.
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3.3.2 Stereochemistry of Equatoriai Ligand Loss

Stereochemical change accompanying axial ligand loss from Cr(lll)
complexes is well established both experimentally and theoretically, and it has
been shown to be a requirement of the reaction. For equatorial ligand loss,
however, the situation is less clear and fewer resulis are available (section
3.1.1). Vanquickenborne and Ceulemans have theorized that in equatorial
ligand loss from complexes of the type Crl4X2 , a trigonal bipyramid
intermediate in its excited state is formed which can undergo branching to its
ground state to uncertain extents. Therefore, the reaction loses
stereospecificity.'14 Experimentally, the photostereochemistry of equatorial
ligand loss was established only in a comparative study of Cr(NH3)sF2+ and
trans-Cr(en)a(NH3)F2+. 115 Here, assuming the axial mode is 100%
stereomobile and ®axial/Pequatorial ratio is comparable for the two compounds, it
was shown that 19% of the photoreaction of Cr(NH3)sF2+ was equatorial NH3
loss, and for this mode at least 80% of the reaction occured with stereochemical
change. This result provides evidence that equatorial ligand loss from 4E state
is stereomobile, similar to axial ligand loss from the same state.

trans-CrN4(CN)o2+ type complexes allow us to explore the
stereochemistry of equatorial ligand loss from the 4B statsc. The photoproducts
of trans-Cr(NH3)4(CN)o+ however, cannot establish w.hether stereochemical
change is complete even though Zinato et el.’s interpretation was “equatorial
photoaquation is partially stereoretentive and partially stereomobile.”?”

These facts raise the question whether stereochemical change is a
requirement for equatorial ligand loss, similar to the axial ligand loss. Our

results clearly show that it is not.
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3.3.3 Excited State Processes

Assuming the photoreactive state of trans-Cr(2,3,2-tet)(CN)a+ is the
lowest energy quartet state and the ligand field strength of each coordinated
nitrogen of 2,3,2-tet is equivalent to that for NH3z, Vanquickenborne and
Ceulemans (VC) theory (section 1.5.2 and Table 1.5.1) indicates that the 4E/4B>
energy gap is 0.25 um-1 with the 4B; state being lower in energy. I'(M-L) values
for the 4By state for Cr-CN and Cr-N are 0.9 and 1.9 um-1 respectively and for
the higher energy 4E state are 1.3 and 1.1 um-1 respectively. Therefore the
weakest bond is the Cr-N bond in the 4B, state; consistent with the
experimentally observed amine loss. Whether the process is stereoretentive or
stereomobile, the reaction from the 4B state should leave the axial cyanides
unchanged. Consistent with this, our experiments established that the cyanide
ligands in the photoproduct have the trans geometry.

It is a possibility that the higher energy quartet excited state may also act
as a primary reactive state in violation of Kasha's rule. It was therefore
necessary to consider the possibility that the observed reaction was from the
higher lying 4E state. Even in this state, I'(Cr-N) is the smallest, though the
difference from I'(Cr-CN) is now smaller. No detectable cyanide was
photoreleased. Stereochemical change is allowed for amine loss from the 4E
plane of excitation, an archetypal axial process, and it should occur with trans
entry to produce cis-Cr(2,3,2-tet)(H20)(CN)2+. Since the product has trans
cyanides, we can conclude that the photoproduct is not due to the involvement
of the higher lying 4E state. Therefore the photoreaction arises from the 4B,
state and is confined to the equatorial plane.

VC theory calculations cannot distinguish which of the four coordiﬁated

nitrogens of 2,3,2-tet is actually leaving. Our expe~tation is that only the primary
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amine ends can be photolyzed (section 3.1.2). Since each of the secondary
amine centers are linked to adjacent nitrogens with a short carbon chain, it is
unlikely for these centers to aquate.

It is, however, necessary to eliminate this possibility. If the reaction is the
loss of one of the secondary amine centers, it is very unlikely that the process
could be stereoretentive due to the steric strain enforced by the ligand on the
incoming water molecule. The secondary amine substitution, however, can
occur with stereochemical change, producing a product with a nine membered
ring (Fig 3.3.2). Our results on thermal recoordination eliminate this possibility,

however.

N///”I""--., ..... + — oo | e
<N/>N e N\, N/\N
\

Fig. 3.3.2 A possibie photoaquation process of trans-Cr(2,3,2-tet)(CN)a+ if

one of the secondary amines of the 2,3,2-tet ligand is released.
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To satisfy our observation that the photoproduct thermally produces the
starting complex in neutral or basic media, the reverse reacticn corresponding
to Fi-j. 3.3.2 has to take place. It would have to involve the recoordination of a
central amine ligard with stereocnemical change during coordination. Such a
thermal process is highly improbable. On the other hand if the terminal primary
amine is lost photochemically, the reverse reaction is just stereoretentive
recoordination of the free end of the amine. Such recoordination is thermally
allowed and examples showing parallel processes have been reported.
Therefore our results show that the photoreaction of the title compound involves
the loss of a terminal primary amine end. We have already argued (section
3.1.2) that the terminal amine loss canno. cccur with stereochemical change.
Therefore, we conclude that the photoreaction is stereoretentive.

The above discussion assumes that the photoreactive state of the title
compound is the 4By state. The reaction is stereoretentive, however, and goes
100% via the doublet state, in contrast to analogous cyanoammine and
am(m)ine compounds for which the fraction is only about 75% (Table 3.3.1).
Therefore the possibility of direct doublet excited state reaction cannot be
ignored for this molecule.

Other complexes which show 100% reaction via the doublet are cis-
Cr(cyclam)(NH3)23+,49 Cr(bipy)a3+,3 116 Cr(phen)33+,? irans-Cr(en)aFa+,82
trans-Cr(en)a(NHa)F2+ 117 and Cr(NHg)sF2+.117 For the first four complexes,
stereochemistry of photoproducts is not unambiguously established. In trans-
Cr(en)2(NHg)F2+, more than 65% of the reaction is axial ammonia loss and this

mode shows complete stereochemical change. For Cr(NH3)sF2+ it has baen
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Table 3.3.1 The percentage “slow” components of the photoaquation of

some Cr(lll) am(m)ine and acidoammine complexes, determined by

conductivity method.

Complex % slow component Ref.
Cr(NHg)g3+ 74+ 4 82
Cr(en)z3+ 67 +7 82
Cr(tn)g3+ 78 82
cis-Cr(cyclam)(NHgz)23+ 100 49
Cr(NH3)5(CN)2+ 74 + 4 82
Cr(NH3)4(CN)(NCS)* 77+3 58
Cr(NH3)5(NCS)2+ 77 +3 82
Cr(2,3,2-tet)(CN)o+ 100 This work




113

established1® (section 3.3.2) that >96% of the overall reaction is stereomobile

and of this 15% corresponds to equatorial ligand loss. Thus guartet reactivity
has been shown for a Cr(lll) complex with some equatorial ligand loss from the
4E state. It could have been a mofe useful comparison if such measurements
were done for species that show 100% reaction via the doublet and
photoreaction is predominantly equatorial ligand loss from the 4B, state.
Unfortunately, such data are not available so far.

The observation of stereochemical change confirms that the quartet has
been the reactive state (section 1.8). Therefore, the above results on trans-
Cr(en)2(NH3)F2+ and Cr(NH3)sF2+ confirm that the photoreactive state is the
quartet for the title molecule even though the reaction occurs 100% via the
doublet. Therefore, by analogy, the photoreactive state of the title molecule is
also most probably the quartet state.

About 30% of the photoreaction of the analogous compound52 trans-
Ci(NH3)4(CN)2+ produces cis-Cr(NH3)4(H20)(CN)2o+ that has been attributed to
reaction from the 4E state. The facts that the title molecule does not show this
component and its reaction goes 100% via the doublet state suggest that in
these molecules the doublet pathway does not reach the 4E state and the
observed 4E state reaction for trans-Cr(NH3z)4(CN)2+* is due to the prompt
reaction.

The above idea is consistent with the result: reported for trans-
Cr(en)2(NCS)F+118 in which the quantum yield of the prompt reaction was
wavelength dependent and this wavelength effect for the unquenched reaction
was very small. But the above idea is apparently inconsistent with the results
for trans—Cr(NHa)4(CN)(NCS)*‘»58 which showed 75% of the reaction via the

doublet and three reaction modes namely NH3, CN- and NCS- losses. The first
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mode can be attributed to the low lying 432 reaction and the iater two modes to
the 4E state reaction. Al these three modes were quenched in parallel with
Cr(C204)33- maintaining the same product ratio by the routes. Therefore it was
proposed that both the slow and fast components of the reaction initiate from a
common precursor {4E/4Bp) quartet state(s). The 4E/4B2 energy ¢ap o fians-
Cr(Ni'3)4(CN}{NCS)+ is very small (0.03 um-1) and thermal popuiation is
feasible. For trans-CrN4(CN)2+ and trans-CrN4({NCS)F+ the gaps are high
(0.25 and 0.23 um-1 respectively). Therefore, the comparison of the later
complexes with trans-Cr(NH3)4(CN)(NCS)* may not be truly valid.

The emission lifetime anc apparent activation energy values of trans-
Cr(2,3,2-tet)(CN)ot+ are roughly close to the analogous complexes (Table
1.11.1). Therefore emission properties are parallel with the complexes showing
normal stereochemical change.

Most of the known Cr(lll) photochemistry occurs via reactions out of the
I~ vest quartet excited state and the doublet participates, probably only as a
reservoir of excitation energy (section 1.8). All the experimental resuits of this
comround are consistent with the 4By state reaction. Therefore we believe the
reactive state of the title compound is the lowest energy quartet (4B2). The
observed unexpected photochemistry can be explained by using

Vanquickenborne ard Ceulemans’s approaches, as follows (section 3.3.4).

3.3.4 Possible Explanations for the Stereoretentive Nature of the
Paotoreaction

Fig. 3.3.3, comparable with Fig 1.6.3, gives an orbital description of VC
theory of photostereochemistry (sect'on 1.6.2) to Cr(2,3,2-tet)(CN)2+ where the

reaction is confined to the 2,3,2-tet plane. The square pyramidal intermediate
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Fig. 3.3.3 A schematic representation of the application of Vanquickenborne
and Ceulemans theory to the photoaquation of trans-Cr(2,3,2-tet)(CN)2+.
Key: W = H20, g.s. = ground state
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formed has one primary amine and two secondary amines (one of which also
contains a dangling arm). Upon collapsing of the SP to TBP intermediate, the
only symmetry element maintained is the plane of ligand motion (Cjg).
Therefore, according to “Rule 2" the TBP is reached in its excited state (similar
to 4B3 of Fig. 1.6.2). Further isomerization of this intermediate following a trans
attack is hindered by the linking carbon chains of the ligand. Hence, this TBP
cannct lead to the gis-Cr(2,2,2-tetH)(H20)(CN)22+ product.

The Cg path is characterized by avoided crossing to the ground state and
therefore it is possible for the excited TBP to tunnel through this avoided
crossing to form the ground state TBP (similar to 4A4 of Fig 1.6.2). This ground
state allows the entry of the incoming ligand cis to the leaving ligand to produce
trans-Cr{2,3,2-tetH)(H20)(CN)22+ product.

The tunneling to the ground state from excited TBP is not an efficient
process. This is consistent with the fact that ®y of this compound is muc
smaller compared to the analogous compounds; ~15% of trans-
Cr(en)a(CN)2+23 and ~35% of trans-Cr(NHz)4(CN)o+:52

it is also imporiant to consider what steric strains these en, tn type chains
would impose on the SP* ---> TBP® isomerization. The bite angle (N-Cr-N
angle) enforced by a coordinated en ligand on Cr(lll) center is ~83° whereas
that by tn is 90°.53 Therefore, it is expected that SP* species would have similar
bite angles. The appropriate angles in a TBP structure are 120°. Can this
2,3,2-tet ligand be sufficiently stretched to increase the bite angle to 120°?
inspection of a molecular model shows that the tn ring with the chair
conformation may allow such a stretch, but not the en ring. Therefore it is a
likelihood that steric strain of the ligand would not allow complete SP* ---> TBP®

isomerization. It leaves the possibility that SP® intermediate itself may lower its
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energy by tunneling directly to its ground state, as shown in the insert box of the
Fig. 3.3.3. This ground state SP intermediate can then undergo the allowed
stareoretentive substitution to produce trans-Cr(2,3,2-tetH)(H20)(CN)22+
product.

It is also clear that the 2,3,2-tet ligand would allow some flexibility to
stretch from SP, even though it may not be enough to form a stable TBP
structure. It seems imperative that the tunneling to the ground state take place
at some intermediate geometry between SP' ---> TBP" isomerization and the
appropriate intermediate can then form the experimentally observed
stereoretentive trans photoproduct.

The observed photoreaction can alternatively be explained using the
Jahn-Teller approach to photostereochemistry (section 1.6.3). The entering
species cf this particular molecule is an excited SP species with two cyanides,
one primary amine and one secondary amine in basal positions, and a
secondary amine in apical position (Fig. 3.3.3). An SP intermediate can usually
rearrange to two other forms of SP species via a TBP structure while
maintaining the axial ligands unchanged (Fig. 1.6.4). In this case two cyanide
ligands occupy the axial positions of the TBP (Fig.3.3.3). Due to the linkage of
equatorial amine centers by carbon chains, such isomerization to other SP
species is not possible in this molecule. Therefore the population of the SP
ground states of the other side of the surface intersection point through
transverse tunneling is impossible, independent of the position of the surface
intersection point.

The exact position of the surface intersection point is uncertain anyway
since a Jahn-Teller treatment has not been done for this molecule. It is,

however, reasonable to assume this point will be close to the centrosymmetric
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situation of a Crls type fragment. This is because the three equatorial ligands
are primary and secondary amines which are relatively close in ligand field
strength compared to the introduction of a hetero-ligand. Therefore the
displacement of the intersection point is much smaller than shown in
Figures 1.6.6 and 1.6.7, that are constructed for CrN4F2+ and CrN3Fo+ species.

The SP’ entering species of the molecule will start decaying and
isomerizing towards the TBP intermediate. Due to the rigidity of the linking
chains the nuclear momentum along the required ligand motions would be
decreased preventing stereochemical change and probably facilitating lateral
tunneling to populate the ground state of its own SP intermediate. This will
undergo solvent substitution to produce the stereoretentive trans-Cr(2,3,2-
tetH)(H20)(CN)22+ product. Thus the observed stereoretentive reaction can be
accommodated in Jahn-Teller approach of photostereoctiemistry. It implies that
the regular stereochemical change expected for analogous compounds is
altered by the title molecule due to the presence of 2,3,2-tet ligand which
retards the nuclear motion. Since the process now takes place via an inefficient
pathway, the quantum yield of this compound is expected to be lower than
analogous compounds, consistent with the experiment.

Thus by extending either VC theory of photostereochemistry or Jahn-
Teller approach, the observed photoreaction can be explained. Both
explanations assign this unexpected reactivity to the presence of the 2,3,2-iet
ligand which has primary and secondary amine coordination centers and
linkages with short length carbon chains. Therefore one would expect similar
stereoretentive reactions, though inefficient, for other compounds which hinder

nhotoreaction due the presence of polydentate or macrocyclic ligands.
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Trans- Cr(cyclam)Ciz+ shows some stereoretentive reaction to produ&
trans-Cr(cyclam)(HoO)CI2+, but with a very sma:l quantum yield, ®¢- = 3.3 x
10-4 (Table 1.13.1). Earlier this result was incorporated® to a residual,
inefficient pathway parallel 10 that of Co(lll). This so called “inefficient pathway”
may have the same type of mechanism proposed for trans-Cr(2,3,2-*2t)(CN)2+.
The proton uptake quantum yield of trans-Cr(cyclam)(NH3)23+ was < 1 x 104
(Table 1.13.1). These very lo:' quantum yield values of cyclam complexes
compared to their 2,3,2-tet analogs c.n be attributed to the rigidity of cyclam
which does not permit sufficient structural distortion to promote the

stereoretentive reaction.
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CHAPTER FOUR

Wavelength Dependence of Prompt
Pheioreaction in Cr(lll) Complexes.
Is Photoaquation of Cr(tn);3+ Competitive
with Vibrational Relaxation?
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4.1 Introduction
Cr(tn)33+ undergces photoaquation (& = 0.15) producing two geometric

isomers, cis- and trans-Cr(tn)s(tnH)(HoO)4+ (eq. 4.1.1).83: 108

Cr(tn)33+ + 2H30+ ==~ > c-Cr(tn)2(tnH)(H20)4+ + +-Cr(tn)a(tnH)(H20)4+  (4.1.1)

The product composition is 40 and 60% of cis and trans isomers r¢spectively. |t

was shown by flash photolysis experiments with conductivity .+ tection (section

3.2.7) that the slow and prompt components for this reaction are 22 and 78 %

respectively.82 Quenching methods have independently produced similar

results.

Kirk and Ibrahim®7 recently investigated the product isomer composition
on irradiation into the quartet state in the presence of hydroxide which
quenches the doublet reaction pathway zaving the prompt reaction. Moreover,
they examined the product distribution of the unquenched reaction (without a
quencher) upon excitation to doublet and quartet states. They expressed the
product isomer composition in terms of percentage cis isomer and represented
their findings, as in Fig. 4.1.1. The key findings were as follows.

(@ The percentage cis isomer due to the prompt reaction (62% = 2%), is
higher than due to the unquenched reaction (40 £ 3%) on irradiation to
the doubi«t or the usual excitation region of the quartet.

(b)  The prompt reaction shows an increase in percentage cis isomer as the
irradiation wavelength moves along the tail (465 - 514 nm) of the lowest

energy quartet state ("red edge effect").
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Fig. 4.1.1 UV/Nis spectrum and percentage cis photoproduct of Cr(tn)33+.
Key : Arrows indicate that the spectral data are referenced to the right axis;
product percentage to the left. open diamonds = irradiation into the yuartet and

doublet states without quencher; filled diamonds = irradiation into the quartet

state with the doublet fully hydroxide quenched.
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Their interpretations for the above observations are given in the 1ollowing two

expressions.

(a)  "The difference arises because of the specific vibrational excitation of the
Frank-Condon quartet state.”

(b)  "photochemical reaction arising from the quartet state must be
competitive with vibrational relaxation and therefore occurs in a time of a
few picoseconds or faster.”

An early study of wavelength dependence of unquenchable

photoracemization yield in Cr(phen)33+ was also interpreted as the competition

of the reaction with vibrational and/or solvent relaxation.’'® Wavelength
dependent quenching in trans-Cr(en)oF(NCS)+, on the other hand, was

interpreted in terms of reaction via two quartet states. 120
All these experimental results are important in the context of previous

report358- 120b

of wavelength independence of product yield. Theoretically
also, it has pointed out that a photoprocess might exhibit non-equilibrium
dynamics (section 1.13.3).

The objective of the present work is the further investigation of Kirk &
Ibrahim's findings. Therefore it was considered necessary to study the
wavelength dependence of product ratio(s) of,

(@) molecules other than Cr(tn)33+, probably showing more than one
reaction mode, on OH" quenching of the doublet state

(b)  Cr{tn)33+ using quenchers alternative to OH-

In order to examine the abcve factors, we have taken the tollowing

approaches.
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(@) trans-Cr(tn)o(CN)o*+ was chosen as a suitable substitute molecule for
Cr(tn)33+. While we were attempting to use this molecule for wavelength
dependence studies, we observed the interesting new phenomenon of
quenching of the photoreaction by its own photoproducts. The work
turned out to be significant of its own merit and therefore is presented
separately in section 4.2, together with the factors pertaining to
wavelength depende:ice study.

(b)  Cr(tn)(CN)4" was chosen as a suitable quencher alternative to OH-. it
turned out that the molecule is a good quencher, in general, for energy
transfer quenching studies of transition metal complexes. Therefors, its
quenching properties are presented separately in section 4.3. The
wavelength dependence study of Cr(tn)33+ using this quencher is

presented in section 4.4.

4.2 Thermo- and Photoaquation of trans-[Cr{in)2(CN)2]Cl0,.
Quenching of Photochemistry hy Photoproducts

4.2.1 Introductory Comments

Cr(lll) cyanoam(m)ine complexes usually undergo efficient
photosubstitution reactions and have long-lived doublet excited states which
emit from room temperature aqueous solutions (section 1.11). These propertias
offer a favorable circumstance for the study of photophysical behavior of the
excited states under photochemical conditions.

In sevaral instances it has been observed that 1,3-diaminopropane (tn)
complexes may behave differently from the analogous ammine and

63, 121

diaminoethane (en) complexes. Specifically, tn seems to be a much
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poorer leaving ligand than other comparable amines with similar LF strengths, a
feature which promotes preferential loss of the other ligands in the molecule.
Therefore we can expect the title compound to show a larger extent of cyanide
photoaquation than trans-Cr(NH3)4(CN)2+ and trans-Cr(en)2(CN)2+ which do
not show any measurable cyanide yield.

The title compound would therefore be a suitable and inieresting
candidate molecule for wavelength dependence studies of product
stereochemistry similar to that done for Cr(tn)33+ (section 4.1). It might also offer
the additional feature of two roughly equal reaction modes with potential for

wavelength and temperature dependence of their ratio.
4.2.2 Results

4.2.2.1 Characterization and thermal aquation
The compound was fully characterized by the following methods.

Thermal properties of the compound are included in (d) below.

(a) Elemental Analysis

Analytical data were, % tound (calculated) : C 27.4 (27.8), H 5.6 (5.7),
N 23.6 (23.9), Cr 14.2 (14.8). The experimental results are in good agreement
with the values calculated for [Cr(tn)2(CN)2]ClO4.

(b) UV/Vis Spectroscopy

The UV/Vis spectrum of the compound shows two LF bands at 441 and
344 nm (Fig. 4.2.1). As shown in table 3.2.2, the wavelengths of the peak
maxima and their absorptivity ratio are close to the analogous trans-
[Cr(NH3)4(CN)2]CIO474 for which the ratio is distinguishable for cis and trans
isomers, 1.3 and 1.0 respectively (Table 3.2.1), It supports the trans geometry
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for our product, The comparison of the peak maxima and absorptivity ratio with
en or 2,3,2-tet analogs is not reasonable because these ligands enforce some
angular distortion at Cr in contrast to ammonia or tn ligands. It is also notable

that the molar absorptivities for our compound are higher than for the

tetrammine, as is usual for chelate compounds.
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Fig. 4.2.1 UV/Vis absorption spectrum and photolysis difference spectrum
for trans{Cr(tn)2(CN)2]CIO4 . Conditions for difference spectrum: 6.0 x 103 M
complex in 1 x 10-3 M HCIO4 . Dotted lines correspond to room temperature

exposure to 50 mW of 458 nm radiation for 0, 2, 5, 7 and 10 minutes.
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(c) IR Spectroscopy

In the infra-red spectrum, a band occurs near 2130 em-1 which can be
attributed to the CN stretch. This band is very weak as might be expected for
Cr(lll) dicyanoam(m)ine complexes and therefore it cannot be used as a proof of
geometry or isomeric purity.

In past work, it has been found'2? that an IR criterion to distinguish cis
and trans isomers of the analogous bis en complexes is the band pattern
between 395 to 550 cm-1. Ail cis complexes show a pattern of at least four
bands in this region whereas the trans compl!exes usually show only three
strong bands, although anion effects can increase this number.123 Our
complex has three strong bands at 410, 455 and 510 cm-1, consistent with trans

geometry.

(d) Thermal Aquation
Cr(lll) cyano complexes undergo stereoretentive acid catalyzed aquation
in acidic aqueous medium (section 1.12). Here the reaction can be expected to

occur in two distinct steps as was shown for trans-Cr(NH3)4(CN)2+.
Cr(tn)2(CN)2* + H30% ----- > Cr(tn)2(H20)(CN)2+ + HCN (4.2.1)
Cr(tn)2(H20)(CN)2+ + H30+* -----> Cr(tn)2(H20)23+ + HCN  (4.2.2)

UV/Vis spectrophotometric monitoring of 6 x 10-3 M, room temperature
solutions of trans-[Cr(tn)2(CN)2]ClO4 at various concentrations of HCIO4

demonstrated cyanide aquation whose rate increased with acid concentration.
At 3 x 103 M HCIOq4, aquation occurred with three isosbestic points to give a
stable product after 100 min (Fig. 4.2.2). Comparison of our data to that
reported for the cis- and trans-Cr(NH3)4(CN)2+ (see Table 4.2.1), shows that the
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Absorbance

0.0

Wavelength (nm)

Fig. 4.2.2 UV/Vis spectral changes during the themal aquatior. .f the first
cyanide ligand of trans-{Cr(tn)2(CN)2]CIO4. (see equation 4.2.1.)
The curves correspond to the standing of the 6 x 10-3 M complex in 3 x 102 M

- HCIOg4 for 0, 15, 30, 45, 60, 90, and 135 min.




129

Table 4.2.1 Spectral data fcr thermal acid catalysed reaction of trans-Cr(tn)2(CN)2+

Reaction 1 Reaction 2
Starting complex Isosbestics Product Isosbestics Product spectra | Ref.
spectra
A, nm (g, relative) A, nm (g, relative)
t-Cr(tn)2(CN)2* 356 393 450 |356 462 361 417 508 1366 452 520 |b
(1.0) (0.4) (1.2) {(1.0) (1.3) [(20) (1.0) (135 |(1.8) (1.0) (0.722
FCr(NH3)4(CN)2*+ | 357 387 449 1354 468 |[361 412 511 [368 476 510 |77
(1.0) (0.4) (1.3) 1(1.0) (1.5) [(2.6) (1.0) (1.8) j{1.4) (1.0) (6.92)2
o-Cr{N:i5)4(CNj2+ no isosbestics 355 463 [367 405 479 |366 495 77
(1.0) _(1.06)|(2.7) (1.0) (3.3) |({0.75) (1.0)

a) Spectral data match closely those for authentic100 trans-Cr(tn)2(H20)23+; namely
368(1.5), 452(1.0), 520(0.68) whereas cis-Critn)2(H20)23+ has 366(0.83), 490(1.0).

The 520 nm valus is for a shoulder.

b) This work
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0.3 + + :

Absorbance

0.0 ' .
300

Wavelength (nu. , 600

Fig. 4.2.3 UV/Vis spectral changes during the thermal aquation of the
second cynnide igand of trans{Cr(tn)2(CN)2]ClO4. (see equation 4.2.2.)
The curves correspond to the standing of the 6 x 10-3 M complex in 2.0 M

HCIO4 for 0, 15, 55, and 160 min.
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reaction corresponds to loss of the first cyanide to form trans-
Cr(tn)2(H20)(CN)2+, reaction 4.2.1. The same reaction occurs immedia:aly in
0.3 M HCIO4, and the monocyanoaquo product is again stable for at least 12
hours. A point of interest is the greater stability of the mono-aquo product up to
1 M acid, while at this acid concentration, the tetrammine analog readily
aquates right through to the diaquo product.

At 2 M HCIO4, however, the trans-Cr(tn)2(H20)(CN)2+ formed reacts
further. This reaction also shows three isobestic points (Fig. 4.2.3) which
parallel those for formation of trans-Cr(NH3)4(H20)23+ from trans-
Cr(NH3)4(H20)(CN)2+ (see Table 4.2.1). After 8 hours a stable compound
remair whose spectrum matches reasonably well with that100 for trans-
Cr(tn)2: 420)03+,

The isosbestic behavior and the product spectra are consistent not only
with this pathway but also with the trans configuration for all these species.
Therefore, our results of UV/Vis spectrophotome “ic analysis established that
the aquation reaction proceeds as expected in two separable steps (equations
4.2.1 and 4.2.2) and the title compound has the trans geometry. A small amount
of cis impurity present in the sample, however, could not be detected by this
method.

The first aquation step of trans-Cr(NH3)4(CN)2+ has been shown’® to
have a strongly non-linear hydrogen ion dependence arising from participation
of protonated and un-protonated forms (section 1.12). We did not investigate
this aspect. The measured pseudo first order rate constant ior the first step
(eq. 4.2.1) at 150C in 5 x 10-4 M HCI04/0.050 M KCIO4 was 1 x 105 s-1 (pH-

stat method), The rate constant for the second step of the reactior wa= not
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measured although our results show that it is much smaller than for the first

step.

(e) HPLC analysis of thermal products

Reversed phase HPLC allowed us to separate authentic samples100 of
cis- and trans-Cr(tn)2(H20)23+ ions into baseline resolved peaks (Fig. 4.2.4).
The cis isomer elutes before the trans with retention times of 6.5 and 7.3
minutes respectively. The product obtained from the second step of aquation in
2 M HCIO4 was injected under these chromatographic conditions. The major
peak had a retention time of 7.3 minutes, confirming that the final thermal
product is trans-Cr(tn)2(H20)23+. The chromatogram also showed a small
peak for the cis isomer at 6.5 minutes, less than 5% of the major peak.

This cis product could have arisen from a small amount of isomerization
before or during the aquation process. Cr(lll) thermal reactions are known to be
stereo-retentive, however, so it may be revealing some cis impurity in our
starting material. This leads us to a 95% lower limit on the isomeric purity of the
trans-[Cr(tn)2(CN)2]CIO4.

4.2.2.2 Emission Properties

At room temperature in aerated solution, the complex shows an intense,
structured emission with a maximum at 703 nm (Fig 4.2.5). For
Cr(NH3)4(CN)2*, the emission band positions were 701 and 700 nm for cis and
trans isomers respectively (Table 1.11.1), in close agreement with the titie

complex. The emission maximum for Cr(tn)2(CN)2+ in DMSO was at 705 nm.
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Absorbance

-

i
e

0.0 Time (min.) 8.0

Fig. 4.2.4 HPLC analysis of the authentic sample mixture of cis- and trans-
Cr(tn)2(H20)23+.

Key : A = cis-Cr(tn)o(H20)23+, B = trans-Cr(tn)2(H20)23+ # = impurity peaks,
* = anion peak

Conditions : eluents; 25 mM sodium butanesulfonate and 25 mM triethylamine

in 10% methanol at pH 2; Flow rate 2 mL min-1; Detection wavelength 240 nm.
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Fig. 4.2.5 Emission spectrum of trans-[Cr(tn)2(CN)2]CIO4 at room

temperature.

Conditions : 6 x 10-3 M complex in water, irradiation wavelength = 440 nm
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The emission lifetime of the complex appeared to be decreasing slowly

with time upon standing in an aqueous solution at 20°C. This effect will be

considered in detail in section 4.2.3. The initial lifetime was, therefore, obtained

by extrapolation of solution lifetimes versus time data to zero time, 185 + 15 ps
at 200C in aerated aqueous solution.

The doublet excited state was efficiently quenched by hydroxide ion

giving a linear Stern-Volmer plot with a Kgy value of 9 x 105 M-1. It

corresponds to a collisional quenching rate constant of 5 x 109 M-1 s-1,

approaching diffusion controlled.

4.2.2.3 Photolysis Studies

Photolysis of the title compound in acidic aqueous medium (1 x 103 M
HGIK4) leads to aquation of cyanide and of one end of the tn ligand, shown by
proton uptake and cyanide measurements in solution.

For all photolysis runs for this compound, the pH-stat method gave proton
uptake versus time plots with downward curvature (Fig. 4.2.6a), a phenomenon
we have never cbserved with other complexes, e. g. Cr((cyclam)(en)3+ which
gave linear plots (Fig. 4.2.6b).

The curvature of the proton uptake versus time plots for tris complex was
present in all of fifteen photolysis runs to between 3 and 12% conversion at 10 -
150C. For a subset of four runs where samples absorbing ~0.6 ware
photolysed to 5% conversion at 436 nm, the slope of the plot at the end of

photolysis was 71 + 3% of the initial slope.
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J O

method with 0.0730 M HCIO4 titrant of (a) trans-[Cr(tn)2(CN)2]CIO4 and (b)

[Cr(cyclam)(en)](ClO4)3. The latter plot also illustrates the non-fatal loss of

tracking that can occur when mixing cr electrode response is inomentarily

inadequate.
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This decrease in the photochemical rate with extent of photolysis could
have three possible causes;

(a) decreasing absorption by the complex upon photolysis.

(b)  absorption of light by photoproducts, the inner filter effect

(c) quenching of the doublet excited state of the starting complex by its
photoproducts.

The first of these is inconsistent with the low extent of photolysis. The
second is excluded by our selection of 365, 458 and 436 nm as the photolysis
wavelengths. These are close to minima in the photolysis difference spectrum
(see Fig. 4.2.1) where photoproducts absorb less strongly than the starting
complex.

To investigate (c), the room temperature doublet emission lifetime in the
solution was measured immediately before (136 £5 us) and after
(84 £ 3 pus) photolysis to 5% conversion. Note that the emission iifetime of the
thermal blank was also decreased to 119+ 4 us. The decreases in lifetime
show that the doublet excited state of trans-Cr(tn)2(CN)2+ is quenched by the
thermal and photoproducts.

This emission quenching effect can be compared semiquantitatively with
the photochemical results by using the above lifetime values if we know the
distribution of the photoreaction into slow and fast components. By measuring
the conductivity change associated with the photoreaction, as done for trans-
Cr(2,3,2-tet)(CN)o* (section 3.2.7), the slow component of the reaction was

established to be 57 + 8 % of the reaction¥. Assuming the quenching process is

# (1) Conductivity experiment was done by Dr. A. D. Kirk. (2) The uncertainty of the result is

higher than usual since the T of the sample used was only 87 X 3 us and needed correction.
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dynamic in nature, the estimated@ photochemical rate at the end of photolysis is
then 81 * 14 % of the initial value. This calculated value is in agreement with
the experimentally measured slope variation within the experimental
uncertainty. This result supports the claim that the observed curvature arises
because of quenching of the doublet state of the complex by its own thermal
and photoproducts. If we assumc that all products quench equally efficiently,
the estimated” collisional quenching rate constant was 2 x 107 M-1 s-1.

Tota!l quantum yield values ®1 were evaluated from the initial slopes of
the rate plots (Fig. 4.2.6) with correction for the thermal reaction as follows. The
experimental proton uptake curve was fitted to a quadratic equation in time and
the initial slope(at t=0) obtained as the coefficient of the first order term. The
rate of thermal proton uptake was either estimated by linear regression on
sections of the proton uptake piot before and after the photolysis or was
calculated using the known thermal rate constant. This rate was then
subtracted from the initial slope to get the total corrected initial proton uptake
rate.

The direct cyanide measurement gives only an apparent quantum yield
(d)CN-'a) since it is not corrected for quenching effect. Due to high uncertanities
in determining the cyanide quantum yield, it was not possible to measure the
time dependence of the rate. We have therefore assumed the two

photoreaction modes are quenched to the same extent®®, and have calculated

@ Rate(t) / Rate(0) = (0.43 + 0.57 x 84/185) /(0.43 + 0.57 x 136/ 185) = 0.81
* Proton uptake was 17.7 uL of 0.0730 M perchloric acid. Total thermal and photoproduct = 1.29
pmol in 3.1 mL solution, i.e. 4.2 x 10-4M. By substituting this quencher concentration and

lifetime data in Stem-Volmer equation, kq = 1.6 x 107 M1 s°1.
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the initial cyanide quantum yield (®¢y-) by using simple proportion to the

apparent to.>! quantum yield ((DT'a) as in equation 4.2.3.

(DCN- = d)CN-,a X ((DT / d)'r'a; (4.2.3)
The quantum yield of tn mode czn then be calculated by equation 4.2.4.
B =B; - Doy (4.2.4)

The quantum yields are tabulated in Table 4.2.2. It shows that the cyanide
mode is, 42+ 5 % at 436 nm and 31 £ 5 % at 458 nm, of the total yield. By
taking the average value, we can say that the cyanids photoaquation mode is
about 37 £ 6 % of the total yield, and may show some wavelength
dependence in such a way that the cyanide mode is increased at shorter

wavelengths of excitation.

Table 4.2.2 Quantum yields for photolysis of trans-[Cr(tn)o(CN)2]CIO4

A(nm) o1 oCN- tn
458 0.075 £ 0.004 0.023 + 0.004 0.052 + 0.004
436 0.083 £ 0.004 0.035 + 0.004 0.048 = 0.005
365 0.118 + 0.002 S o

In acidic aqueous solution at 15 °C. The means and standard deviativiis are for

sets of three runs throughout.
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4.2.2.4 Chromatographic Analysis of Photoproducts

The original objective of this work (section 4.1) required a precise, rapid
and convenient technique for the analysis of photoproducts. Conventional ion
exchange chromatography was tried using several resins but it failed to
separate all photoproducts. Also it was complicated by resin catalyzed
decomposition of the complexes and the total time for a chromatogram was very
long (~2 hours).

We therefore optimized the reversed phase HPLC technique for this
analysis. A sample chromatogram showing the products Jf a single photolysis
is shown in Fig. 4.2.7 in which all primary thermo- and photoproducts were
resolved in less than 7 minutes.

In Cr(lll) photoaquation, the product geometry can usually be predicted
by the rule involving trans attack of the entering ligand in the plane of excitation
(section 1.6). Thus frans-Cr(tn)2(CN)2+ could photuaquate to cis- and trans-
Cr(tn)(tnH)(H20)(CN)22+, where cis and trans are used here to denote the
relationship of the cyanide ligands, and to cis-Cr(tn)2(H20)(CN)2+. The

unavoidacle thermal reaction will give trans-Cr(tn)2(H20)(CN)2+,
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A (Abs x 20)
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0 Time (min) &8

Fig. 4.2.7 HPLC analysis of thermal and photoproducts of trans-
[Cr(tn)2(CN)2]CIO4 .

Key : A = trans-Cr(tn)(tnH)(H20)(CN)22+, B = cis-Cr{tn)(tnH)(H20)(CN)22+,
C = cis-Cr(tn)2(H20)(CN)2+, S = trans-Cr(tn)2(CN)o+ (starting complex),
T = trans-Cr(tn)2(H20)(CN)2+ (thermal product), D = a secondary photoproduct,
* = scale changes.

Conditions : eluents; 256 mM sodium butanesulfonate and 12.5 mM

triethylamine in water at pH 3.0; Flow rate 2 mL min-1; Detection wavelength

240 nm.
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Experience witi. the chromatographic behavior of similar complexes

suggests the following guidelines to aid in peak identification:

(@)

(b)

(c)

(d)

Cations elute in order of increasing charge, and unit charge difference
creates a bigger separation than is seen between isomers.

in the case of tn aquation, one end of the ligand remains ccordinated
and, at our pH, the free end protonates, resulting in a unit charge
increase for the product. This "dangling” plus charge does not contribute
fully to the charge seen by the chromatographic process, however. Here
such species should elute with retention times between the 1+ (starting
material) and 2+ (cyanide loss) ions.

For most geometric isomers of Cr(lll) aquo-complexes, the cis elutes
before the trans at eluent pH's around 3, an order that can be reversed®?
in a higher pH range.

Substitution of am(m)ine ligands by aquo ligands in otherwise similar

complexes causes more rapid elution.

The peak corresponding to the starting complex, S, was easily identified

by injection of the pure complex. When the complex was allowed to stand in an

acidic medium, a peak developed at T showing this to be the elution time of

trans-Cr(tn)2(H20)(CN)2+ ion. The peak C which elutes just before this was

therefore assigned to the expected cis isomer, (c above).

The tn loss species should elute before C & T, and in the sequence cis

before trans, suggesting the assignment A = cis-Cr(tn)(tnH)(H20)(CN)22+ and

B = trans-Cr(tn)(tnH)(H20)(CN)22+; note that the geometric relatioriship of the

tnH and H20 ligands in these compounds is not known.
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To abtain more definitive evidence for the pear assignments, the thermal
reactions of the photoproducts were studied. Generally aguation of monoacido
complexes is slower tl,.an corresponding diacidos and it has bearn found that, in
centrast to the usual sequencce, frans-Cr(NH3)4(CN)2+ aquates faster than its
cis isomer (sectior: 1.12).

A photolysed sample was acidified to make it about 1 M in HCIO4 and
the reaction was followed chromctographically for over ane hour. Peaks S, A, B
and C decreased gradually, enhancing T greatly, and generating new peaks at
longer retention times than shown on Fig. 4.2.7. The times for disappearancse of
A, B and C were quite distinct, about 15, 50 and 80 minutes respectively. These
results indicate that A = trans-Cr(tn)(tnH)(H20)(CN)22+, B = cis-
Cr(tn)(tnH)(H20)(CN)22+ and C = cis-Cr(tn)2(H20)(CN)2+ . We consider the
rate data for A and B more definitive than the conflicting sequence suggested by
guideline (¢) and adopt this last assignment in the following discussion.

Chromatogiaphy allows semi-quantitative analysis of photoproducts. For
488 and 458 nm photoiysis the integrated relative peak areas, A : B : C, are
(74+0.5) : 1.0 : (0.92 £ 0.13) and (4.7 £ 0.6) : 1.0 : (1.22 % 0.05) (in four runs
each). Therefore C/ (A + B) ratios are 0.11 and 0.21 respectively, consistent
with the proportional increase in cyanide loss at shorter wavelength shown by
the quantum vyield data in section 4.2.2.3.

A and B have the same set of coordinating atoms and differ only in
geometry. Since the detection wavelength is in the charge transfer region,
these two products are likely to have very similar molar absorptivities so that the
peal. areas give close to true A : B ratio. Product C has a different set of
coordinating atoms, however, so the proportiun of cyanide reaction mode

cannot be astimated reliably chromatographically. Indeed, our results indicate
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that the product > has a low=r molar absorptivity than the other products. For
instance, at 458 nm photolysis the peak areas indicate that 17 + 2 % of the
reaction is cyanide, conipared with 31 + §% by direct cyanide measurement.
Consistent with this, we "bsurve that the total peak area was less than the peak
area decrease of starting material, S, and this deficit increased toward shorter

irradiation wavelengths where more C is produced.
4.2.3 Discussion

4.2.3a Quenching of Photochemistry by Photoproducts

An interasting resuit is that tha photoproducts efficiently quench the
photoreaction. We believe this is the first such observation in the
photochemistry of inorganic systems, although the effect of thermal products
was nreviously indicated.'2% For this quenching effect, the long lifetime of the
doublet state obviously is important. It may also be assisted by the presence of
cyanide ligands that favor efficient energy transfer'?® and low charges on the
reactant and photoproduct molecules. In other systems there is often a greater
Coulomb barrier to bimolecular quenching of reactant by product.

The estimated quenching rate constant is only 107 M1 s-1 which is
almost three orders of magnitude down from our measured value for OH- and
considerably less than expectation for a diffusion controlled (kq = ~1010
M-1 s-1) process. This suggests the potential for such quenching in reactants
having storter excited state lifetimes if higher kq values are involved. In the
study of the photochemistry of trans-Cr(2,3,2-tet)(CN)2+ we found that the proton
uptake versus time plots were linear at low extents of photolysis whereas they
show a downward curvature at high extents of photolysis. It indicates that the

efficiency of quenching by its photoproducts has been smaller than that tor
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trans-Cr(tn)2(CN)a*. In these two similar complexes, the major differences are
that trans-Cr(2,3,2-tet)2(CN)2t does not show any cyanide loss and its emission
lifetime is about 15% of trans-Cr(tn)2(CN)2+. Assuming the efficiency of
quenching is not affected by the nature of photoproducts, this comparison
indicates that the long emission lifetime is the most important factor in

quenching of the photoreaction by its photoproducts.

4.2.3b Photoaquation of Cyanide

There is clearly a significant cyanide reaction mode in this molecule
whereas the analogous compou:.ds with ammine,®2 en53 and 2,3,2-tet (section
3.2.4) do not show any detectable cyanide mode. Also this mode increases on
increasing the excitaion wavelength to shorter wavelength, both by direct and
chromatographic measurements. This reaction mode is not predicted by the VC
theory (section 1.5.2) and in the following we will argue that it represents a
further example of the competitive ligand loss phenomenon reported for
complexes with tn as the bidentate ligand.

VC theory calculations, assuming tn = 2NH3 show the 4E/4B2 energy
gap in this molecule is 0.25 um-1 with the 4B> state the lower in energy (Tatle
1.5.1). Predictions for this lowest excited state are exclusive loss of equatorial
tn (calculated excited state bond strengths: tn = 0.9; CN = 1.9 um-1), which

chould give® 124

the sole product with trans cyanides (A). There should be no
cyanide loss from this state and its predicted reactivity accounts for the major
product observed.

The cyanide mode and product B can be accounted for if one allows the
possibility of reaction also from the higher lying 4E state. This should again lose

tn to give B, having cis cyanides, but now the calculated excited state bond
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strengths are much closer (tn =1.1; CN = 1.3 um-1) and the poor leaving ability
of tn can assist in the loss of the cyanides present®3: 121 on both possible
planes of labilization.

The calculated 4E / 4B spacing argues against thermal population of 4E
from 4B2, although this could be altered by strong interactions with the
nucleophilic solvent.® For this molecule, which shows ~43% prompt reaction,
the more likely situation is direct population by branching from the Franck-
Condon state, with rapid, irreversible relaxation and reaction of the generated
4E precursor, in violation of Kasha's rule. Such a model is more consistent with
the observed decrease in the tn mode and increase in cyanide as the irradiation
wavelength moves towards the higher energy quartet component. The nature
and pathway of the reaction via the doublet is unclear.

The study shows that trans-Cr(tn)2(CN)a+ is another example of a
complex in which tn serves to promote photoaquation of a ligand that does not
normally leave. The molecule shows interesting wavelength dependence, and
offers the potential for study of quartet and doublet reaction modes, their

temperature dependence, etc.

4.2.3c Wavelength Dependence study of trans-Cr(tn)o(CN)o+

Such a study requires precise measurement of the small changes in
product yields or product stereochemistry with wavelength and necessitates
precise product analysis. Unfortunately, the precise work required is hainpered
by the nor-linearity of the time course of photolysis, the need to assume that
both modes are quenched to the saine extent and also the large thermal

corrections to the cyanide mode. Therefore, this system was considered
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unsuitable for the kind of wavelength dependence study that prompted our

initial investigation.

4.3 Photochemistry and Photophysics of Na[Cr(tn)(CN)4]. A New

Quencher for Energy Transfer Quenching Studies

4.3.1 Introductory Comments

Hydroxide ion is widely used as a quencher in photochemistry and
photophysics of transition metal complexes in aqueous solutions. This is
probably because it usually satisfies most of the criteria (section 4.4.3) of a good
quencher. For instance the collisional quenching rate constant of the
quenching of doublet decay of Cr(tn)33+ by OH- approaches diffusion controll
and is 6 x 1010 M-1 5-1 at 25°C, showing the high efficiency of OH- as a
quencher.

The use of hydroxide, sometimes, suffers problems. In one instance,
hydroxide was shown to lead to reactive quenching.??%d Also use of OH-
makes it mandatory to maintain a high pH value which is unsuitable in many

instances, due to deprotonation of ligands or instability of complexes. For

instance Cr(NH3)4(H20)(CN)2+ deprotonates coordinated water generating a

non-emitting hydroxo species.58 Cr(NH3)4(CN)F2+ brings about cloudiness,

due to fast thermal decomposition.>8

The commonly used alternative quenchers to OH" are transition metal
complexes like Cr(CN)g3- or Cr(Co04)33-. The problems associated with
these quenchers are several; precipitation with cationic (particularly with 3+)
complexes, significant absorption of visible light by the quencher at desired

wavelengths, and insufficient solubility in some solvents. All these problems
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would interfere our major objective of this work; finding an alternative quencher

for wavelength dependence studies of the photoaquation of Cr(tn)33+.

Cr(tn)(CN)4- can be expected to be a suitable quencher, due to the

following reasons.

(a)

(b)

(d)

Cyanide is a & accepting ligand (section 1.3). Therefore, metal electron
delocalization to four cyanide ligands should give rise to a low lying
doublet energy level which is capabie of being an energy acceptor to
promote energy transfer quenching.

Relatively low charge (-1) on the complex could minimize precipitation
with a highly charged species, like Cr(tn)g3+.

The expected UV/Vis spectrum indicates that the compound would not
significantly absorb light at longer (>460 nm) wavelengths. Therefore the
red edge region (465 - 514 nm) of Cr(tn)33+ would be accessible with this
quencher.

CN- is also considered as a "Conducting ligand"'2® which would

enhance the efficiency of quenching.

Therefore we synthesized the new molecule Na[Cr(tn)(CN)4]. The

characterization, and some photochemical, photophysical and quenching

properties of Cr(tn)(CN)4-, specially those relevant to wavelength dependence

study of Cr(tn)33+, were studied.
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4.3.2 Results
4.3.2.1 Characterization

(a) UV/Vis Spectroscopy
The compound shows two LF bands with peak maxima at 408 and

329 nm in acidic aqueous solutions (Fig. 4.3.1 and Table 3.2.1). The
wavelength of the LF peak maxima of Cr(tn)(CN)4~ should be between the peak

maxima of Cr(tn)o(CN)os+ and Cr(CN)g3-. The value can be estimated by
averaging the energy of the band maxima of the latter two complexes. The peak
maxima estimated for Cr(tn)(CN)4- (Table 3.2.1) are in gond agreement with the
expected values. Theis type of estimate successfully predicts the peak maxima

of a series of Cr(lll) cyano am(m)ine complexes.

(b) Emission Spectroscopy

The title compound does not emit in aqueous solutions, but it emits in
DMSO and DMF with lifetimes of 4 and 17 ps respectively at 20°C . The
observed peak maxima of the emission spectra are at 748 and 747 nm in
DMSO and DMF respectively. Again the estimated wavelength of the emission

maxima using the energy values for Cr(tn)o(CN)o* and Cr(CN)g3- is in

excellent agreement with the observed value (Table 1.11.1).

(c) IR Spectroscopy
The compound shows a sharp but weak peak at 2160 cm-1, which can

be attributed to a cyanide stretching band of cyanide coordinated to a Cr(lil)
center. A similar peak was also observed for Cr{(NH3)5(CN)*+ at 2140 cm-1.
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4.3.2.2 Photostability
The quantum yield of photolysis at 406 nm measured by proton uptake
was 0.040 £ 0.006 at 21°C in HCIO4 (pH = 3) and 0.10 M KCIQ4. No attempts
were made to identify photoproducts, but it is reasonable to believe that the

raaction is photoaquation of one end of the tn ligand (see section 4.3.3).

The quantum yield of photoaquation of Cr(CN)g3- is 0.09.126 Therefore,
Cr(tn)(CN)4- is more photo-stable than the previously used common transition
metal quencher, Cr(CN)53'. With respect to photostability, however,
Cr(Co04)33- is a better quencher than Cr(tn)(CN)4- since photochemistry of

127

Cr(CgO4)33' consists racemization only, <* with a quantum yield of 0.09.

4.3.2.3 Thermal Stability

The pseudo first-order rate constant, measured by the pH-stat method, for
thermal aquation was 4 x 10-5 s-1 at 20°C in 1 x 102 M HCIO4 and 0.1 M

KCIO4. It corresponds to a half life of ~5 hours, at pH 2. No attempts were
made to identify the thermal products, but it is believed that the reaction would
be acid catalyzed cyanide aquation (section 1.12).

Photochemical experiments are usually carried out at pH 3 aqueous

solutions, where the rate of the aquation reaction of Cr(tn)(CN)4- should be

even slower than the value measured at pH 2. Therefore, no interference due

to the thermal reaction of Cr(tn)(CN)4" is expected during the time scale of a

photochemical experiment.

4.3.2.4 Quenching Efficiency
A Stern-Volmer plot of reciprocal lifetime of Cr(tn)33+ against

Cr(tn)(CN)4~ concentration is linear with a slope (= kg) of 3 x 108 M-1 s-1 at
20°C in acidic (1 x 10-3 M HCIOg4) aqueous solutions. Typical kg values for
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quenching of the emission of a transition metal complex by another transition
metal complex3 lie between 1 x 105 to 1 x 109 M-1 S-1, and our value is among

the highest reported. For instance, Cr(C204)33- was successfully used for
quenching studies of trans-Cr(NHg)4(CN)(NCS)+, for which kg =3x 108

M-1s-1, at 20°C. Therefore Cr(tn)(CN)4~ can be considered as an efficient

quencher.

4.3.2.5 Solubility Properties

Using the Stern-Volmer equation the calculated Cr(tn)(CN)g4-
concentration for quenching of 90% of the emission of Cr(tn)33+ was 1.3 x 10-2
M (3.3 mg mL-1) and that for 99% was 4.7 x 10°2 M (12 mg mL-1). Tests
showed the solubility of Cr(tn)(CN)4- in acidic aqueous solution, in the
presence of Cr(tn)33+, is good enough for quenching of the emission of the
latter complex.

Cr(tn)(CN)4- is also readily soluble (section 2.1 5) in DMSO and DMF.
Therefore, this complex can also be used for quenching studies in non-aqueous

solvents.

4.3.2.6 Light absorption by quencher

The UV/Visible spectrum of the title comg~und is shown in Fig. 4.3.1.
One of the apparent disadvantages of the title compound as a quencher is that it
absorbs a fair amount of light up to about 460 nm of the visible region. While
the molar absorptivities of peak maxima at 329 and 408 are 35 and 55
M-1 cm-1 respectively, the value at 460 nm is 8 M-1 cm-1. Since the light

absorption at longer wavelengths is minimal, Cr(tn)(CN)4" will be a good

quencher for experimental excitation wavelengths longer than 460 nm.
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The first LF band maxima of Cr(tn)33+ is at 464 nm and along its red
edge, the light absorption by Cr(tn)(CN)4- is negligible, especially at \he two
major Argon lon Laser wavelengths of 488 and §14 nm. Therefore, the title

compound is a good quencher for the intended wavelength dependence study

along the red edge of Cr(tn)33+.

4.3.3 Discussion
An ideal quencher for photcchemical and phetophysical studies in the

condensed phase should have the following properties:
(a) thermostability
(b)  photosiability

) high efficiency ot quenching (high value of kq)
(d)  high solubility

)  freedom from interference with the complex of study or its products
(f) freedom from analytical interferences
(g) freedom from absorption of light by the quencher at the wavelength(s) of

excitation.

The criteria (a) - (f) are expected to be satisfactory for quenching of the
excited states of many other transition metal complexes by Cr(tn)(CN)4~. The
above criterion (g) is, however, perfect only for wavelengths longer than 460
nm. There are many complexes in which the visible spectrum extends well ovar
460 nm. For such complexes, Na[Cr{tn)(CN)4] satisfies all the criteria listed
above. Therefore, we consider that Na[Cr(tn)(CN)4] is & good quencher, in
general, for quenching of photochemistry and photophysics of transition metal

complexes.
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For wavelength dependence study along the red-edge of Cr(tn)33+ with
Cr(tn)(CN)4~, data supporting the criteria (e) and (f) are given in section 4.4.
Therefore, Na[Cr(tn)(CN)4] fulfills all these criteria and we were able to use this
quencher successfully for our wavelength dependence study (section 4.4).

VC theory calculations (section 1.5.2) for Cr(tn)(CN)4- show that the 482
state is lower in energy (4E/4B gap = 12.6 um-1) and the bond strengths of this
excited state are: I'(Cr -N) = 0.90 (assuming tn = 2 NHg), I"(Cr - CNgq) = 1.1
and I*(Cr -CNgx)=1.8 um-1. Therefore tha theory predicts the loss of one end
of the tn as the major mode. (It is notable that Adamson’s Rules predict the loss
of CN, transto tn, instead.) But, tn is a poor leaving ligand and therefore a lower
quantum yield is expected, consistent with the observed ® = 0.04.

The mechanism of the quenching of an excited state process of a
transition metal complex by another transition metal complex is usually believed
to be "electronic energy transfer” in nature, even though experimental proofs
have been provided only on a few occasions.'® The direct test for confirming
this mechanism, is observing the emission of the quencher. It was not possible
to examine this aspect for quenching of Cr(tn)33+ by Cr(tn)(CN)4"~ in aqueous
solutions, since the quencher does not emit in water. However, in an
independent experiment, where Cr(tn)a(CN)o* and Cr(tn)(CN)4~ were present
in 1:1 ratio in DMSO, upon excitation of Cr(tn)o(CN)o+ at a wavelength where
the absorbance by Cr(tn)(CN)4~ was negligible (460 nm), the emissiun of
Cr(tn)(CN)4- was observed together with the residual emission of

Cr(tn)2(CN)ot # (Fig. 4.3.2). Therefore, at least in one instance, we have shown

# Unpublished work by the author.
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that the mechanism of quenching by Cr(tn)(CN)4~ involves electronic energy

transfer.

4.4 Wavelength Dependence Studies of Cr(tn)33+ with
Na[Cr(tn)(CN)4] Quencher

4.4.1 HPLC Analysis of Cr(tn)33+ photolysls

In order to carry out the wavelength dependence study of the
photoproduct distribution of Cr(tn)33+, it is necessary to have a good analytical
method to determine the proauct ratio. The technique adopted® 97 for this
purpose was RP-HPLC. Baseline resolved peaks were not obtained for the
photoproducts. Therefore, the chromatograms were improved before pursuing
further work.

A sample chromatogram under the present conditions is shown in
Fig. 4.4.1. In that, the starting complex, Cr(tn)g3+ (S) and two major

photoproducts; cis and trans-Cr(tn)a(tnH)(HoO)4+ (D & E respectively) are well
resolved. Thes~ peaks were identified by the known thermal and
photochemical properties of Cr(tn)g3+, as it was previously done.63 The peak
area ratio (D/E) was reproducible with high precision (uncertainty <1%), even
under low extent (~3%) of photolysis (see Fig. 4.4.2). This high sensitivity was
presumably due to our selection of 228 nm detection wavelength (changed from
previously used value of 240 nm). This is because at shorter wavelengths

molar absorptivities are expected to be higher. Also in the
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Fig. 4.3.2 Emission spectrum of [Cr(tn)2(CN)2][Cr(tn)(CN)4] upon excitation

at 460 nm. (See section 4.3.3.)

The experiment was performed in an attempt to characterize a sample of

[Cr{tn)2(CN)2][Cr(tn)(CN)4] synthesized by Dr. D. A. House.
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Fig. 4.4.1 Chromatogram (HPLC) of Cr(.n)33+ at 20% photolysis.

Key : S = Cr(tn)33+ (starting complex), D = cis-Cr(tn)o(tnH)(Ho0)4+, E = trans-
Cr(tn)2(tnH)(Ho0)4+, F = Cr(tn)itnH)2(H20)o9+, B = secondary photoproduct,
A, Al are artifact peaks.

Conditions : eluents; 25 mM sodium butanesulfonate and 25 mM triethylamine
in 18% methanol at pH 3.0; Flow rate 2 mL min '; Detection wavelength 228

nm.
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Conditions : same as for Fig. 4.4.1
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present chromatograms isocratic eluent compositions were used making the
repetitive analysis quicker than previously where eluent gradients were used.
Thus, the results based on the present chromatograms are expected to be more
sensitive, accurate and precise.

Interestingly, photolysis of Cr(tn)33+ produced two additional peaks (B,
and F), not reported under previous conditions. Several attempts were made to
identify these additional peaks.@

(i) A thermal blank for photolysis does not develop B, D, E, F or any other
peaks.

(i) Peaks were developed approximately linearly with time of photolysis for
3 to 12% conversion, Faak areas of B and F are, however, much smaller
than D and E (e.g. in a 10% phctoiysed sample, the peak areas of F and
F were about 4 and 6% of (D + E) respectively) and therefore the high
uncertainty of small peak areas does not allow Lis to determine the exact
pattern of variation.

(iii)  Henting of a solution of S at 60°C for 30 min produced minor amounts of
B and E in addition to the major product D. F was not detected.

(iv)  If a photolysed (10%) sample was allowed to stand for another ~30 min,
longer than the time scale of a photophysics experiment, under
photolysis conditions, no detectable change in peak areas was

observed.

@ The rendditions used were: 8 x 10-3 M Cr(tn)33+ solutions (Absorbance = ~0.3 at 436 nm) in 3 x

10-2 M HCIO,, unless otherwise stated. Photolysis was carried out at 436 nm (I =7x 108

einsteins s-1). Samples thermostated at 10°C unless specified.




(vi)

(vii)
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If a photolysed (10%) sample was heated at 60°C for ~306 min, the areas
of S, D and E were gradually decreased, greatly developing B, another
peak tha' elutes just before S, and to a small extent F. It can also be
seen that the D/E ratio was increased from 0.63 to 1.0. This latter
phenomenon is most probably because D was thermally developed from
S, while D and E deplete at a faster rate.
Photolysis in water (without HCIO4) also produced similar
chromatograms with all the peaks.
At higher extent of photolysis, a new small peak C, started to appear
between B and D peaks (retention time = 5 min, under the conditions

used in Fig. 4.4.1).

The above observations lead to the following conclusions about the

species corresponding to B and F peaks.

They are all photoprocucts.
At higher temperature B can also be a minor thermal product of S.
At higher temperature B is the major and F is the minor, thermal products

of D and E.
Photochemical formation of A, B and F are not assisted by HCIO4.

The results indicate that Cr(tn)g3+ most probably undergoes secondary

photolysis from the very early stage of the photoreaction (at least from 3%

conversion). Considering the structure of prirnary photoproducts, the most likely
secondary photoproducts are Cr(tn)a(H20)23+ and Cr{tn)(tnH)o(H20)25+. The

above results and usual guidelines for assigning the RP-HPLC peaks (see

section 4.2.2.4), are consistent with the assignment that B and F correspond to

these wwo species respectively. Test runs with authentic samples, however,
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show that both cis- and trans-Cr(tn)2(H20)23+ species are not resolved from S
and therefore B is not Cr(tn)2(H20)23+. While it is reasonable to assign the
peak F to Cr(tn)(tnH)o(H>0)2%+, the peak assignment of B is more subtle than
expectad.

Despite these small additional peaks, we obs::rve the same D/E ratio
reported, up to 12% conversion (section 4.4.2b). Therefore, our wavelength
depencence study can be carried out without establishing the exact origin or
the identity of the B and F species.

An advantage of using Cr(tn)(CN)4- as a quencher is that it is expected to

be fre from interference with the chromatographic analysis of the photoreaction
of Cr(tn)33+. Since Cr(tn)(CN)4" is a negative ion, it elutes as a column
unretained peak (1 min). Any of its primary products would be neutral, and
would have very short retention times. To confirm ‘his, the HPLC peak
development due to the thermo- and photoreaction of Cr(tn)(CN)4~ was studied
under the eluent conditions used for Cr(tn)33+ analysis.

When Cr(tn)(CN)4" was allowed to stand in 3 x 102 M HCIO4 at ~28°C

for 2 hours, three peaks were observed, iwo of which were barely resolved from
S while the third peak has a retention time of 1.6 min. If the solution was
allowed to stand for 24 hours, a fourth peak was developed at 2.2 min
(Fig. 4.4.3). Wae beiieve this fourth peak is Cr{tn)(HoO)43+, produced as a
res:it of acid catalyzed loss of all four cyanides. No peak development was
observed when the compound is allowed to stand in 1 x 10-3 M HCIO4 at 28°C
for one hour. Also no peaks were detectable upon photolysis of Cr(tn)(CN)4-,

under this chromatographic condition presumabiy due to overlapping of such
peaks with Cr(in)(CN)4".
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Fig. 4.4.3 Chromatogram of Cr(tn)(CN)4™ and its proaucts under the HPLC

conditions used for the analysis of the photoreaction of Cr(ti)33+.

Key : upper (off set) = before thermolysis, lower = after thermolysis. a,b,c,d =

thermal products

Conditions : same as for Fig. 4.4.1
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Thus all the peaks that may develop from Cr(tn)(CN)4- during the time

scale of our experiments elute with a retention time <1.6 min whereas all the
peaks from Cr(tn)g3+ have retention times 22.2 min. Therefore, the above
study shows that chromatographic analysis c! the photoreaction of Cr(tn)33+ is

not affected by the Cr(tn)(GN)4~ quencher or its products.

4.4.2 Quenching with Cr(tn)(CN)s-

4.4.2a Experimental Aspects
In order tc obtain reliable values for photoproduct ratio (D/E), it is

necessary to suppress thermal reactions of any species which would have an
effect on D/E ratio. We have observed that the thermal reactions of photolysed
sample (1 x 16-2 M), upon standing at room temperature, occur in such a way
that the net effect on D/E (=cis/trans) ratio is dependent on the pH ot the
medium.

(@) AtpH ~1.5 (3 x 102 M HCIO4) D/E ratio increases. This was attributed to
the thermai generation of D from S, in addition to thermal depletion of D
and E. (Section 4.3).

(b)  In pH values between 5 and 7, D/E ratio decreases due to rapid thermal
depletic:m of peak D. This is presumably due to the recoordination of the
cis isomer, similar to the manner discovered for the photcproduct of
Cr(2,3,2-tet)(CN)o* (section 3.2.5b).

(¢)  AtpH 13 (0.11 M NaOH) D/E ratio increases.

All these effects are significant during the time scale of our experiments,
at room temperature, but their effect on the D/E ratio is negligible at 10°C. For

instance, at pH 10, the peaks A, B and F stay stable at 10°C for at least 40 miin.
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We find that it is essential to maintain the solutions at low temperature during
this wavelength dependence study, especially at high concentrations.

We have also observed that the species corresponding to B and F are
unstable in base (pH 212) even at 10°C. If the nH of a sample photolysed in
acid (pH = 1.5), where all the peaks are seen (Figure 4.4.1), is adjusted to 12,
peaks B and F disappear rapidly. Peak F is the fastest to disappear (<10 min).
These thermal reactions, however, do not alter the D/E ratio.

The absorbance of Cr(tn)g3+ samples at the wavelength of photolysis
was about 0.3 at the wavelergth of photolysis. It corresponds to about 9 x 10-3,
7 x 10-3 and 2.1 x 10-2 M sample concentrations at 436, 488 and 514 nm
wavelengths. At the latter conceriration, photoproducts can be detected if the
sample is exposed to background light for more than 5 minutes. Therefore
samples were prepared carefully in the dark.

Experiments without a quencher or with Na[Cr{tn)(CN)4] quencher were
performed in 3 x 102 M HCIO4 and/or 1 x 10-3 HCIO4 acid. For a given extent
of quenching, an estimated (using SV equation, kg = 3 x 108 M-1 s-1) amount
of quencher is used and the emission lifetime of Cr(tn)33+ was measured
before and after adding the quencher. One example for an 90% estimated
quenching, the measured lifetimes of Cr(tn)33+, before and aftor photolysis were
2.3 £ 0.03 and 0.25 % 0.02 us respectively at 20°C. Calculation, assuming
linear quenching shows that 90% of emission is indeed quenched. For higher
extents (>90%) of quenching, emission lifetime measurements cannot be
measured accurately but such measurements confirmed that 295% was
quenched. Therefore the extent of quenching was estimated using SV equation

only. For 99 and 100% quenching in OH-, 1.1 x 10-3 and 1.1 x 10-1 M NaOH
solutions were used (kq =6 x 1010 M-1 5°1),
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If the samples in 1.1 x 10-1 M NaOH were directly injected intc HPLC,
under our eluent conditions (pH = 3.0), the chromatograms were somewhat
distorted and broader peaks were observed. Therefore, the solutions were
acidified, by mixing 400 plL of the solution with 20 pL of 2M HCIOg4, prior to
injection. The solution in 1.1 x 103 M NaOH, however, can be injected directly,
without the acidification.

In most of the experiments the product ratio (D/E) was determined at
different extents of conversion, usually between 3 and 8%. The total exposure
times were less than 15 min, except in the case of quenched photolysis at 436
nm where the exposure time was ~35 min. The laser power at 488 and 514 nm

was about 25 mW.

4.4.2b Results

488 and 514 nm are wel! separated wavelengths along the edge of the
lowest energy quartet band of Cr(tn)g3+ (Fig. 4.4.4) whereas 436 nm is in the
usual region of quartet excitation. Therefore, these wavelengths of excitatio.
are suitable to “est the "red edge" effect. The results corresponding to
unquenched and quenct. 4 photolysis at these wavelengths are presented in
Table 4.4.1.

At all three wavelengths, we get the same photoproduct distribution,
~38% D of ([ + E) for the unquenched photoreaction. It was shown®? that peak
area ratio of D : E represents true D : E product ratio. Therefore, our
chromatograms show that the ratio of major photoproducts is cis : trans = 38 :
62%. This is in ayeement with the reported value (40 : 60%), within the

experimental uncertainties.
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Fig. 4.4.4 UV/Vis absorption and difference spectri on the photolysis of

Cr(tn)33+ in acidic aqueous solution at room temperature.
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Table 4.4.1 Results of the wavelength dependence studies of the prompt

photoaguation of Cr(tn)33+ with Cr(tn)(CN)4- and OH- quenchers.

Quencher % quenching % cis product
436 nm 488 nm 514 nm
- 0 38+ 1 (5) 38+ 1 (4) 39+ 1 (4)
-- 0 40+ 32 40 + 34
Cr(tn)(CN)4 97 45+ 1 (3) # #
90 43+ 1 (3) 43+ 1 (7) #
OH- 100 48+ 2 (8) 48 +2 (10) 48 + 2 (7)
100 62 + 22 73t 2a
99 48 + 1 (4) # #

a Kirk and Ibrahim’s results.87
# These results could not be obtained due to the {ailure of the Argon ion laser.
The number of runs corresponding to the mean and standard deviation of each

run is given in parenthesis.

Photoreaction, where the doublet pathway is mos*ly quenched with
Cr(tn)(CN)4- (Fig. 4.4.5) shows an increase in percentage cis isomer in
photoproducts . This increase is much smaller than the change from 40 to 62%
cis product observed by Kirk and Ibrahim for hydroxide quenching. We also find
no change in proditct distribution by changing the excitatior wavelength to 488
nm for the photoreaction where 90% of the doublet pathway is quenched by
Cr(tn)(CN)4". Also if the quencher is added after the phctolysis, the percentage
cis isomer in photoproducts is equal to the value obtained for unquenched

photoreaction (38 + 1% cis isomer), confirming the product ratio measurement
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Fig. 4.4.5 Chromatogram (HPLC) of Cr(tn)33+ for 7 % photolysis with
Cr(tn)(CN)4~ to quench 90 % of the doublet reaction.

Key : same as for Fig. 4.4.1 except that the first three peaks (< ? min)
correspond to Cr(tn)(CN)4- and its products (a, b, ¢ of Fig. 4.4.3), # = scale
change

Conditions : same as for Fig. 4.4.1.
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with quenching is not complicated by effects like differential precipitation of
photoproducts with the quencher.

With this background we reinvestigated Kirk and Ibrahim's results with
OH- quenching, using our chromatographic conditions (Fig. 4.4.6). We find only
48 + 2% cis isomer at all three wavelengths.

Therefore the increase in percentage cis isomer in photoproducts upon
quenching the doublet pathway is smaller than reported, and a further increase
of cis isomer upon increasing the excitation wavelength along the red edge of
the UV/Vis spectrum ("Red edge effect”) was not observed.

Due to technical reasons (breakdown of the Argon lon Laser) it was not
possible to measure the photoproduct distribution with Cr(tn)(CN)4- quencher at
514 nm excitation. Despile this result it is notable that the percent cis isomer
due to OH- and Cr(tn)(CN)4~ are the same with the experimental uncertainty.
The latter is on the lower side, presumably because the extent of quenching is
somewhat smaller than 100%. Therefore, it is reasonable to believe that the
percent cis isomer in photoproducts of Cr(tn)g3+ due to the prompt reaction is
about ~47%, independent of the quencher. Since slow component of Cr(tn)33+
is about 78%, calculations* show that the percent cis isomer from the slow
reaction only, is about 35%. Hence, there is a small (12%) change in

photoproduct isomer cistribution between the "prompt™ and the "slow” reactions.

4.4.3 Discussion

A point of interest in our chromatographic conditions for analyzing

Cr(tn)33+ and its products is that it gives baseline resolved peaks for cationic

# If the % cis due to “slow" reaction is a, 0.78a + 0.22 x 47 = 38. Therefore a = 35%
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species from 2+ to 5+ {inclusive) in one chromatogram. It is not usual for one
chromatographic condition tc separate ions with this much of a charge
difference. The reason fni this ability is precumably due to the presence of tnH+
ligands in all the species with 24+ overall charges. This "dangling" positive
charge, residing on the non coordinated end of the amine, does not contribute
fully to the charge seen by the chromatographic process (section 4.2.2.4).
Therefere, "chromatographically effective charge" of tnH* ligand can be
considered as "(1/2)+". Hence, "chromatographically effective overall chaige”
on our 4+ (D and E), and 5+ (F) species would be "3(1/2)+" and "4+". Tharefore
it is feasible for these 4+ and 5+ species to appear under chromatographic
conditions suitable for separating ions of 3+ and 4+.

Chromatographic (lon Exchange) separation of 3+ ions from 4+ ions has
been previously reported.''® To our knowledge, however, this is the first
occasion of the chromatographic appearance of a nicely separated 5+ ion from
species with lower charge.

The observations of the additional photorroduct peaks (B and F) could
have been considered as a simuitaneous multimode photoreaction. The only
instance a multimode photoreaction has been reported, is the proposal that
Cr(tn)33+ photochemically looses both ends of tn with a quantum yield of 0.04 .
This work has since been disputed in literature.3 We do not have data to
eliminate the possible multimode reaction, but the analogy with other systems
suggests that the likely situation is that secondary photolysis is occuring in the
early stages of the reaction.

It was, however, not expected to have significant secondary photolysis at

436 or 488 nm photolysis since the absorbance of photoproducts at 436 nm is

slightly less than Cr(tn)33+ and at 488 nm their absorbance 1s the same
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(Fig. 4.4.4). This indicates that photoproducts should have high quantum
yieids, to undergo secondary photolysis at low extents of photolysis.

The quantum yields of photoproducts can be estimated using the theory

developed by Wirth and Linck.'?® They showed thit, for the reaction (eq. 4.4.2)

hv hv
A - >B >0 (4.4.2)

the following relationships can be derived

[Ch/By = (T-1+T-ThHH/(f-T) (4.4.3)
where,

T = (eg®B)/ (€Al A) (4.4.4)
and

f = [Ak/[Alo (4.4.5)

In these expressions [Alt, [B}t and [C}; are the concentrations of A, B and C at the
photolysis time t. [A]g is the concentration of A before photolysis, £4 and cg are
molar absorptivities of A and B at the wavelength of excitatio’i. ®a and &g are
quantum yielas of A and B. Therefore f represents the unphotolysed fraction of
A.

Tne equation 4.4.3 can b2 used in an iterative procedure using a
computer program (written by Dr. A. D. Kirk) to find values of T and f that fit an
observed [C]; / [B]; ratio. Once a suitable T value is fcurd for the observed f, &g

can be calculated using the equation 4.4.4 if ®a_ and €p/g, ratio is known. The

results based on these equations are inaependent of the sample absorbance at

the excitation waveiength and the time of photolysis.129

Using HPLC aralysis, a Cr(tn)33+ sample photolysed to 12% conversion

(f = 0.88) shows that the peak area ratio of all the secondary phutoproducts to
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the area of primary photoproducts, (B+F) / (D+E), is < 0.13. If we assume the

molar absorptivities of all B, D, E and F species at 228 nm detection waveleng '

are equal, this ratio corresponds to [C]; / [B]; ratio in equation 4.4.3. The
computer iteration shows that the T vaiue (corresponding to [C{] / [B]t = 0.13
(the upper limit) and f = 0.88) is 1.95. Assuming this mclar absorptivity ratio is
one and substituting ®a = ®(Critn)33+) = 0.14 we get «'photoproducts = 0.27 ~
0.3.
it shows the observed extent of secondary photolysis is feasible, if the
quantum yield of each photoproduct is ~0.3. This is a reasonable value for a
Cr(lll; complex. Therefore Worth & Link model predicts that the observed extent
of secondary photolysis is favorable. (Further supporting data may be obtained
if the photoproducts D and E are isolated ana their thermo- and photolysis
studied chromatographically)
This result indicates that, the usual expectation that secondary

photolysis occurs only at high extents of photolysis is not always true. The

photoproducts of Cr(tn)33+, however, contrasts the photoreaction of trans-
Cr(2,3,2-tet)(CN)o*, where no significant photoproducts were observed up to a
very higk (50%) of photolysis.

Our results support that the percentage cis isomer in the phoioproducts of
Cr(tn)33+ increases uoon quenching the doublet pathway. Howaver, the
change we observe is much smaller than reported. The reason for Kirk and
ibrahim’s results being different from ours is most probably because they did not
have baseline resolved peaks and therefore the absolute value of the peak
area ratio could be misleading. Since we had baseline resolved peaks and
more sensitive chromatograms, we believe that the present results are more

reliable.
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Our experiments did not show any measurable increase in percentage

cis isomer along the red edge, when the doublet pathway was quenched by

OH- or Cr(tn)(CN)4- quenchers. Therefore, we conclude that there is no red
edge effect in the prompt photoaquation of C'(tn)33+. There is, howaver, a 12%
difference, though small, in the perce..tage cis product due to the reaction from
the dcublet and the quartet pathways. Therefore, the result is still consistent
with the claim "The difference arises because of the specific vibrational
excitation of the Franck-Condon quartet state." Due to the absence of the red-
edge effect. however, the above 12% difference in the percentage cis isomer
can also be accounted for the fact that the doublet and quartet pathways do pot

necessarily go via the same precessor state.
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In this work we have used the stereochemical behavicr of Cr(ill)
photoaquation reactions to investigate several mechanistic aspects of excited
state processes. The new compound trans-[Cr(2,3,2-tet)(CN)2]C!O4 was used
tc investigate whether the stereochemical change is a requirement for
equatorial ligand loss. Our attempts to investigate the prompt photoaquation of
[Cr(tn)3]Cl3 in competiticn with the vibrational relaxation, wer? based on the
new compounds trans-[Cr(tn)2iCN)2]ClO4 and Na[Cr(tn){CN)4]. The ion pair
RP-HPLC method was developed as the major analytical tool in all these
investigations. The method was successful in establishing isomeric idettity,
and in qualitative and quantitative analysis of products. The major conclusions
of the study are given below.

Despite our initial expectation, trans-Cr(2,3,2-tet)(CN)2+ complex is
photolabile. It undergoes a stereoretentive phoioreaction (® = 0.09) with loss of
a terminal primary amine end of the 2,3,2-tet ligand to produce trans-Cr(2,3,2-
tetH)(H20)(CN)22+ in acidic aqueous solutions. Therefore we conclude that
stereochemical change is not a requirement for equatorial ligand loss.

The application of Vanquickenborne and Ceuiemans theory and their
Jahn-Teller approach to photostereochemistry show that the observed unusual
stereoretentive photoreaction can be attributed to the presence of the 2,3,2-tet
ligand in the molecule. The specific feature of the ligand causing this behavior
could be the fact that the coordinated atoms are primary and secondary amines
with different ligand field strengths and / or the coordinated amines are linked
with short carbon chains. The ligand hinders usual reaction involving

stereochemical change and consequently promotes a stereoretentive pathway.
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E.nce the above result is attributed to the specific structure of the
molecule, it cannot be used to draw any conclusions about the general
behavior of equatorial ligand substitution of Cr(lll) complexes. In ordsr to
investigate this aspect and to study the questicns emerged during this study, the
following future vrork can be proposed.

t is important to study the photostereochemistry of other similar
complexes. Trans-Cr(3,2,3-tet)(CN)2+ 130 is an ideal example for this purpose.
The number of moiecules suiitable for this purpose is, however, limitsd. The
following experiments are csuitable in principle but they could be difficult
synthetically and analytically. It will be interesting to use a complex analogous
to the title compound, but with linking carbon chains long enough to allow
the ligand moticn for stereochemical change. Moreover, It wouid be interesting
to study the photochemistry of analogous compounds that do not have the
linkage between coordinated am(m)ines at all. While trans-Cr(NH3)4(CN)o+
has already been investigated, the following compounds; trans-
Cr{CH3zNH2)4(CN)2+, 1,6-CN-2.4-NH3-Cr{CH3NH2)2(NH3)2(CN)2+ and 1,6-CN-
2,5-NH3-Cr(CH3zNH2)2(NH3)2(CHM)2+; which are close unlinked analogs to the
litle compcund, are yet to be s.wdied.

It would be possible to check whether the presence of primary and
secondary amines in 2,3,2-tet ligand would have any effect on driving the
stereoretentive reaction, by using analogous compounds where the terminal
ends are aiso secondary amines ( e.g. 2,3,2-tet(CHg)o igand).

The photoreaction of trans-Cr(2,3,2-tet)(CN)2t+ goes completely via the
doublet excited state and, in contrast to the analogous trans-Cr(NHgz)4(CN)2*, it
does not produce the cis-Cr(2,3,2-tet)(HoO)(CN)o+ product expected to arise
from the higher lying 4E state. We have aitributed this behavior to the high
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doublet/quartet and 4Bo/4E energy gaps perhaps implying that 4E reaction for
analogous compounds is observable only if they show a prompt reaction. Tiiis
can be investigated by measuring the percentage slow component of trans-
Cr(NH3)4(CN)2*. Depending on this result, a quenching experiment [as was
done for trans-Cr(NH3)4(CN)(NCS)+,58] to investigate the photoproduct ratio
arrising by the “slow” and “fast” components of ithe reaction, in paralle! with the
titte compound, may provide further information on the mechanistic pathway of
the photochemical reaction. Also the comparison of photuproducts and the
percentage reactions via the doublet states of Cr(CH3zNH2)2(NH3)2(CN)a+
complexes described abovce, for the title compound and trans-Cr(NH3z)4(CN)2+
would be informative.

Another aspect, important with respect to interpretation of resuits
presaznted here, is to investigate whether the reaction takes a dissociative or
associative pathway. This problem can be studied by volume of activation
measurements for the photoreaction of the title molecule.

The observed new phenomena of the pH dependence of the rate
constant of recoardingtion was studied only at three pH values. In order to
invest.gate this behavior, it is desirable to obtain a complete curve of
k(recoordination) versus pH. Further work on this can be done for complexes
with mono-coordinated en or tn type ligands. While such species are difficult to
make thermally, they can be obtained easily by photolysing compounds like
Cr(en)33+ or Cr(tn)33+.

We have chosen trans-[Cr(tn)2(CN)2]ClO4 as a suitable molecule to
carry out wavelength dependence studies. This compound undergoes

photoaquation of both cyanide and tn ligands in acidic aqueous media to
produce trans-Cr(tr)(tnH)(HoO)(CN)o2+ ‘A), cis-Cr(tn)(th)(HZO)(CN)Q2+ (B),
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and cis-Cr{tn)o(Ho0)(CN)E+ (C) with a total quantum yield of 0.09. The major
{A) and minor (B and C) photoproducts were assigned to the products via 4By
and 4E states respectively. The compound shows a strong emission band
centered at 703 nm, with a very long lifetime of 185 us at room temperature
aqueous solutions.

The cyanide loss mode is about 35% of the total reaction and this mode
is not predicted by Vanquickenborne and Ceulemans thsory of ligand
labilization. We have attributed this behavior to the poor l2aving ability of tn
which prarnotes the other reaction modes.

The photoreaction is non-linear, where the apparent total quantum yield
decreases with the extent of photolysis. This interesting new phenomenon was
shown to be caused by quenching of the doutlet reaction pathway by its own
thermo- ~»nd ph stoproducts. The reasons for this behavior have been attribute i
to the long emission life-time, the presence of conducting ligands and low
charges on the reactants and products. We believe this phenomenon could be
rather general, especially for complexes with long lifetimes. Such a
complication may affect other systems and may have been overlooked due to
analytical difficulties. This quenching behavior, though novel and interesting,
makes trairs-Cr(tn)2(CN)a+ rather unsuitable for the intended waveiength
dependence studies.

We have shown that Na[Cr(tn)(CN)4] shows the necessary thermo- and
phoiostability, high efficiency of quenching, high solubility and numinal
analytical interference, to be a good quencher for energy transfer quenching
studies cof transition metal complexes. Also we have found that the light

absorption by Cr(tn)(CN)4- in the wavelength region of interest corresponding to
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the lowest energy quartet excitation band of Cr(tn)33+, is minimal and therefore

it is a suitable quencher to investigate the "red-edge effect.”

The chromatograms for the analysis of the photoreaction of C’-‘(tn)33+
were improved to obtain well base-line resolved peaks. They are sensitive in
detecting peaks and can be used conveniently to produce more accurate and
precise results of the photopreduct peaks ratio. Our chromatograms also show
the separation of a 5+ ion from complexes witl: lower charge.

HPLC analysis shows that the photoaquation of Cr(tn)g3+ undergoes
secondary photolysis from the vary early stages of the reaction. Ass;ming
equal molar absorptivities at the detection wavelength {£28 nm), it was shown
that photoproducts present at 10% conversion of Cr(tn)33+, have undergong
about ~10% of secondary photolysis. This result indicates that the usual
expectation for secondary photolvsis to occur anly at high extents of photolysis
is not always true.

We find the peicentage cis isomer of photoproducts produced by the
prompt reaction is about 12% higher than for the reaction via the doublet state.
This difference is, however, much smaller than the earlier reported value.
Despite this discrepancy (which could be due to the use of chromatograms with
incompletely resolved peaks in the previous repont). we observe the same
directional variation supporting the previous finding. Therefore, this result is
consistent with the previous interpretation that the photoreaction is competitive
with vibrational relaxation. Our data, however, failed to reproduce the "red-
edge eftect” reported for photoaquation of Cr(tn)33+. Therefore, the above 12%
difference in the percentage cis isomer can also be accounted for the fact that
the doublet and quartet pathways do not necessarily go via the same precessor

state.
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Our success in using the ion pair RP-HPLC technique to study maiy
aspects described in this dissertation, along with most of the recent work in our
research group, demonstrates the power of this method. Due o the use of the
JV/Vis detector, however, the peak area ratio of ali the peaks does not reflect
the reai vatio of chemical species «.t.ce the molar absorptivities can be different.
This makes peaks identiiication and quantitative analysis more uncartain.
Therefore, developing a detection method which would provide a good
correlation with the peak area ratio with the chemical species will enhance the
value of this method. An excellent approach would be use of Atomic Absorption
detecicr for chromium.

In conclusion, our investigsdion of tiie photochemistry of trans-Cr(2,3,2-
tet)(CN)2+ and the wavelength dependence of Cr(tn)33+ photoreaction provides
additional insights on the mechanism and the excited state participation of
Cr(lll) complexes. Overall, the present work, demonstrates the value of the use
of stereochemistry to investigate the mecharistic aspects of the photoaquation

reactions of Cr(lll) complexes.
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