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./
_3he work reported in this thesis contain three
intereleted areas:

J The first area was conventidnal photochmistry in
which we studied the substitution quantum yigld in the
various region of the vi§ible électronic spectrum for the
complexes Co(NH3)5Cl2+ and Co(en),Cl,* where X = C1~ and A
= NO,7, SCN-. ’The results prove without any dougt the
wavélength dependence of this yi;Tdt as well as the
possibiiity éf more than one state participating in the
reaction. |

The second area which was studied was the MCD

(magnetic circular dichroism) spectrum of the above

complexes, In this case, it reveals two new terms in the
spectra . It was clear from these spectra phat‘the spin
forbidden bands have an A term as well as a B term. This
study also allows us to place the quintate state near the’
first sfnélét state. Consequently fhis means that it
excludes any participation of the quintet state near the

9

first singlet state in the mechanism of reéction. N
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The last area of study was the transient absorption

-
4

spéctra of the above complexes whose wéielength q§pendence

-

implies rapid processes related to vibrational relaxation.

Among these compounds only the ones which have a ™ level

revealed a shorq,lived transient. The«relaxed excited

state was assigned as a t%iplet state. Reactivity similar

to Rh(IIl)-amine compleies was, in consequence, assigned to

Co(III)-amine triplets: .

JBU;&
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Chabt;r 1 ’
Overview and Review

1.1 Introduction

1.1.1 Statement of the problem . :

. This thesis 'deals with the ligand field
"photochemistry of low spin Co(NH3)5C12+ and Co(en)ZXA+
complexes where X = C1~ and A = NO,”, SCN~. These
complexes (which are called Werner complexes since they are
among those in Werner's classic structure work) have local

»

octahedral approximate geometry, some examples of which are

shown in F}z. 1).

+

Cl

i C] + 1 + 1
» H,N NH Lo
3/\ s \/ 3 c, (N\c"o /N (N y /Cl
H,N , NH N ) : AR
: N | SN |
NH, cl N—"

Fig. 1 structure of some Werner Co(III)-amines .

“r

Early photochemical studies were well reviewed in
Balzani and Carasitti's book (1) and a recent review has
been prepared by Zinato (2). Thg most fundamental

Sy of )
photochemical reactions of metal Co(III) complexes can be

divided into 1) photoredox and 2) phoﬁ%substitution/
according to equations (1.1.1) and (1.1.2),respectively.

o(NH3)50H,3* + X~

\>C0(NH3)5}(2"‘ Coll(NHg)g + x\ (1.1.1)

CO(II)aq + 5NH3 + X"+

L

Amine oxid. prod.



/po(NH3)5H203+ + X"
Co (NH3)5X2* (1.1.2)

YCo(NH3) yH 0X2+ + NHg

)

The first reaction occurs with edergy of excitation
in the charge éransfer (CT) region while the second occurs
in the low energy ligand field region (LF) . In"contrast to
several other metal‘complex éystems, wavelengh (energy)
dependence of reaction yields is not liqited to the
distinction between charge transfer ;nd the ligand field
regions. Within each region there is variation of y;éld.
The availability of tunableAlasers and picoéecdnd flash
photolysis has made the detailed study of of this
wavelength dependence'bossible . It is, therefore,
practical to begin asking detailed question about the
excited state origins bf the various modes qf reaction and
the lifetimes of the states responsible., Here the focus is
on ligand field states: Such questions had naturally to
raise question ;bout détailed assignment of spectra .
This problem may be open to improved analysis by magnetic

4 \
circular dichroism (MCD) spectroscopy .

1.1.2 The spectra of Co(IIl)-amines complexes.

Co(III)\has the electronic configuation [Ar]356 and
forms low spin hexacoordinate complexes with all ligands of
greater field strength than F~, In Op symmetry, the ground
stage,‘1A1g, has the electronic configuratuion t286.The

lowest energy spin allowed excited states'ar-e.1T1g and 1T2g

\\
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with the.tgg5 eg1 configuration. Tyo bands appear at 472
and 338 nm for Co(NH3)5C12+ which are assigned to these
transition(3). The 1T1g-splits to 1E1g and 1A28 in Cy, and
Dyy symmetfy wherea; 1ng splits to 1E1é\and 1A2S' The
assignment of ligand field parameters has been discussed by
Wentworth and Piper (4). The corresponding triplets 3T1g
and 3T28 ar;fﬁssigned in Co(NH3)5Cl2+ to a very weak band
near 770 nn’ and a shoulder at 580 nm. The quintét state
which‘forms by promotion of two electrons to the eg orbital
is difficult to place experimentally. ‘'Any absorption band
for it would be very weak. The most reéént calculation by
Solomon and Wilson (5) located it between 3T1g and 3T2gl

In the uv region one finds the charge transfer tran-
sitions of mononuclear metadl complexes of these types fall
into two classes (65: I~ cases with an electron originally
localized 6n the central metal which i§ excited to an
orbital localized on the ligand (metal to ligand charge
transfer, MLCT);

IT- complexes with an,electron originally in an orbital
localized on one or several ligands and excited to an
orbital 1localized on the metal(ligand to metal charge
transfer, LMCT). In the same region one often also finds
transitions at wavelengths similar to ‘bands of free
ligands. Thesé are qually assigned as intra-ligand
transitﬁo;s(oftenﬂ———-w*). In the case of Co(IlI)
complexes, according to this classification, CT spectra
have been discussed by many workers. A good Hefergnce is

Balzani et al. (3). Also, an important review is by



Balzani et al. (3). Also, an important revied is by
Adamson et el. (7). Among the latest reviews is that) of
Endicott. (8). |
In the specific case of Co(IIIl)-amines, where the
complex contains ligan&; like halides with T electrons,a
band appears whic& may be assigned as a ligand to metal
charge transfer LMCT. In Co(NH3)5X2+ a higher energy band
is the ligand 0 to O*% like the band in Co(NH3)63+. &
&he lower energy band found near 300 nm in Co(NH3)512+
and 260 nm in Co(NHB)Br'2+ is assigned as a ligand oto a

metal e ref. (9,10). In thé case of ligands with vacant

g’

* levels,an inverse charge transfer (MLCT) is possible. .

This transition is well characterized only for complexes of

diimine ligands (bipyridine, phenanthroline) (11).

1.1.3 Thermal Substitution reactions;
Substitutionvreactions of Co(ITII) complexes
occurring without the intervention of a photon have been
extensively studied. In acidic medig the hydrolysis
reaction is the typicai mode. It is represented inoequatiﬁn

(1.1.3)

5 khydrolysis 3
Co(NH3)gX“* + H,0 3 * Co(NH3)gHL0%% + X7=--(1.1.3)

anation

The 1in§ar free energy relationship with slope of unity for
change of leaving group establishes the notion that every
change in metal ligand bond strength is parallel tqﬁgw
change ig activation energy. Thus, conversely, the rela-

tion implies that the rate of the reverse reactiong -is

-
3
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insensitf&e to the entering X~ anion. These are the tests-
of a dissociative reéction. In contrast to the
photochemistry, loss of NH3 is slow enough not to be

! \
wobserved. . |

Related studie; (12) support. the idea that‘}
dissociative substitution chéracterized,the Co(en),AX*
family as well (where A and X are as -halogen or other
monovalent anion ,with X the 1eéving group.) The
stereochemistry of substitution in the family cis and trans
Co(en)zAX+ is dominated by cases ghere retention of
geometry is observed. This suggests that the enteriné
ligands attack cis to .the leaving group. Any five
coordinate structure (transition or. intermediate) is square
pyramidal in this case. The exception is where the A
ligand is a 7 donor. In this case isomerization (trans
attack) is ob&erved. The simplest'expianation is based on

‘m  donation stabilization of a trigonal bipyramid form of

"the five coordinate state.
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1.2 Review of Co(III)-amine and related photochemistry.

1.2.1 Charge transfer -photochemistry.

1.2.1.1- Co(NH3)63+: The irradiation of ﬁhi§ compound at
254 nm results in only photo redox decomposition yielding

Co(II) (5) and an oxidation product

h v
Co(NH3)63+ TB—;—) Co(II)'(a-q) + amine oxid. prod. (1.2.1)

<

Co(NH3)g3* Tg—:-—-) Co(NH3)gH,03% + NHM*--;:—-—----(1.2.2)

A possible me?’chanism for the above reaction was give’n .by
Endicott and Hoffmann (13,14). An intramolecular oxidation—-____
reduction reaction between the céntral metal and one of
ligands is postulated as a conseduence of ligand O orbital
char‘.ge‘ transfer

g
Colitiz)g3* —y Co(NHz)g2* +'NHgmmmmmmmmmmnmmes (1.2.3)

to metal e

According to this interpretation, the redox products
follow f‘r'or/n the dissociation of the radical from the Co(II)
fragment and the completion of the oxidation of the am‘ine
radical by reaction with-the solvent.” On the other hand, a
solvent separated radical pair state regenerates NH3 and
an aquated Co(III) complex.

1.2.1.2- Co(NH3)5C12*: Endicott and Hoffman (14)
reported that ‘254 nm irradiation chorrespondedl to the
o(Cl)—— eg(Co) charge transfer band. An acid solution
of this complex undergoes a photoredox reaction., The rate’

of Co(III) disappearance was equal to.the rate of Co(II)

Y



————

Y \

T

for'mation. _Consequently, no photoaquation occurs by
irradiation at 254 nm. «
According to Moggi et al. (16) 254 and 313 nm
irradiation caused two simultaneous photoreactions, During
irradiation the spectral thanges below 300 nm were
remarkably d.iffer'ent from &:hose expected on the basis of
the sole photoredox reacti:)n. The chamges in absorbance
showed that one pr-o*duct is trans—Co(NH3)u(H20)012+, which
actually absorbs more than Co(NH3)5C12+ below 300 nm. They
concluded that substitution alsc occurs beside the
oxidation-reduction photodecomposition. Cons;equently, they
suggest the following Enechanism: |
/CO(II) + other product
Co(NH3)5CL2* (1.2.4)

trans-Co(NH3),(H,0)C18%  +  NHy*

The quantum yield for Co(II) formation was found 'C<'J
increase from 0.13 to 0.34 with decreasing acidity of the
nedium from 0.93 N to 4.4 10-3 N acid. Temperature (37C
- 60C)andabsorbed light intensity (53 x fo-%—~ 8.9x-10-"4
Einstein 1~ min"1) were found to haveno effect on quantum

yield. These observations are consistent with the model

‘proposed for Co(NH3)63+ above.

1.2.1.3- Co(NH3)5I?*: Haim and Taube (15) irradiated

&
solutions of Co(NH3)5I2* in 0.1 N HC10y with 254 nm
radiation corresponding to o(I)—— eg(Co) CT band. On

the basis of the observed 1:2 ratio between I, and Co(II)
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formed, they proposed the following overall reaction
2Co(NH3)5I2% + 10H*—INy 2Co(T1) + 10NH* + Tp----- (1.2.5)
- T T 3 A

This reaction was found to obey zero order kiqetics. A
- 1

13

guantum yield 1.94 for Cd(IId formatifn was cglculated.
Later, Endicott and Hoffman (14) observed that the gquantum
yield of the photodecomposition of Co(NH3)5I2+ at 254nm was
not very reproducible and‘was strongly dependent oh the
intensity of absorbed 1light. This intensity dependence was
explained by Haim' and Taube (15) according to the following
mechanism. The reaction (1.2.5) :
Co (NH3) g T2¥—uy Co(IT) + 5NH)™ + It —o-omomooomee (1.2.6) -
is rapidly followed by the reaction (1.2.6):
Co(NH3)5I2* + I+ + 5HY—— Co(II) + I, + 5NHy*----(1.2.7)
which is in competition with recombination of I atoms.
2Ty Iy mmmmmmmmmmmm—mmeoeo (1.2.8)
In such an hypothesié, as the l&ght intensity in-
creases the rate of réaction (1.2.8) incréases more than
the rate of (1.2.7) so that a decrease in Co(II) gquantum
yield is expected.

1.2.1.4- cis and trans-Co(en),C1l,*: The photoredox

of trans Co(en),Cl,* was investigated by Endicott and

Hoffman (14) by irradiating at 254% nm which corresponds to
the 0(CL)——— eg(Co) charge transfer band. The Co(II)
quantum yield was found to be 0.09 and 0.07
independent of the acidity of Fhe medium, absorbed light
intensity and éddition of NaCl0y. Moggi et al. (16) found

the presence of formaldehyde as an oxidation product of

»



ethyienediamine while no‘eviAence for the existence of
chlorine was found. For <¢is complexes, irradiation at 254
nm gave rise only to oxidation,- reduction decomposition;
on the othér hand, 313 nm light paused, in addition to the
redox decompostion simultaneous Cl~ aquation ¢ ¢=152)
without a change in geometrical configuration. For
example: .

- h v ’
cis-Co(en)EClz*—Tra—a cis-Co(en)Z(HEO)Cl2+ + C17--(1.3.9)
' 2

For trans isomers irradiation at 254 and 313 nm caused the
oxidation-reduction decomposition as well as Cl1~ aquation

reaction leading to cis products ( p= 1072).

1.2.1.5 trans-Co(en),(NCS)C1* : The emphasis on this
compound as inyestigated.by Vogler and Adamson (17) in both
the CT and LF regions, was mainly on two points.

1- Was there any spectrospecificity to photoaquation
of Co(Ill)amine? (This can be studied using a complex of
the type CoAuXY+ for which two relatively similar aquations
are possible).4 Should the ratio of photoaquation of group .
X to that of group Y be spectrospecific?

2- The thermal reaction chemistry of the aqueous ion
has been studied in detail, and only chloride aquation
occurs (the observed product being a 50-50 mixture of
isomers of Co(en)z(HEO)NCS2+.) The irradiation of the first
LF band of‘trans-Co(en)z(NCS)Cl+ in aqueous solution
results in a very low quantum yield, with arratio of

thiocyanate to chloride aquation of 1:6. Photoredox
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reaction was negligible at this wavelength. Irrddiaiion of
the first CT band leads to a reaction with a total‘quantum
yield of 0.013, of which 66% comprises Co(II) production
and the remainder aquation. The ratio of the two aquations
is 6:3. The results confirm ghalftative photolysis rules
for Co(III)amines (7): The pathway for irradiation of the
first CT band were discussed by using the‘following

homolytic bond fission mechanism : p
K

4

>

" Coft + NCS™ + €17 + oxid.prod.

o{en),(NCs) *---C1
o(en),(H,0) (NCs)Z*

trans-Co(en)z(NCS)Cl+ _ -

) /o?+ + €17 + NCS™ + oxid.prod.
o(en)2C1+-~-NCS Con

. ) Co(en)z(HZO)q2+

1.2.2 Visible:region low yield substitution:

As we have seen inﬂthe previous section, the
-photochemical reaction in the CT region is mostly
photoredox with so6me associated aquation. The photochemical
feature which dominétes the visible, ligand fielé band,
region is photosubstitution reaction (and photoisomeriza-
tion). Any remaining dxidation-reduction procelses are

‘assigned to tails of charge transfer bands under the ligand

10
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field bands. Attention will focus on the following
' o " complexes; Co(NH3)63+, Co(NH3)5X2*, cis and trans
Co(en)2X22+.‘ b .

[

R 1.2.2.1- Co(NH3)5C12* and trans Colen),Cly*s

“Pribush et al.(18), thorouglly studied with a high

.. resolytion laser the Co(NH3)5C12+,and trans- Co(en)2012+
- { A

‘écompiexes using the Ar-ion line at 488 nm. Later Langford

¢ . o
and Vuik ( 19) extended the work on Co(NH3)5C12+ to the

wavelengths 514 and 647 nm. their results and conclusions, -
3

consfsébnt with earlier less high resolution work, were:

1- a ﬁmall value of Co(II) yield is attributable  to a
small compoﬁgnt of CT in the transitioq where photoaquation
is the dom@najt mode of reaction.

2- Both‘haliae ligands andxammonia are replaced by
water. This contrasts with thermal chemistry where halide
ligands are much more labile than ammonia. At 488 and 514
nm the reactivity pattern is similar to the pattern -of
photolabilt}és diséovered for Cr(IIIf'complexes which
Adamson,labelqd "antithermal™,

-~ . 3- The spectra of solutions of trans-Co(eq)éClzt which
are irradiat%d to ﬁrogres§ive1y greater extents of
photolysis, indicate mostly brans—Co(en)z(HéO)Cl+. ?his

-

means th reaction is stereoretentive.

. 4- For irradiation of CO(NH3)5C}2+ at 488 nm and 514
nm the quantum yields for the aquation of both ligands are
¢ 2 50 x 10~ % and for @ 4" = 17 x"10'u;the ratio

. NH3 Cl

l “hs /%cr is 3:1 (for Cr(NH3)5C1*2 the ratio is 30;1.)

&

(



- 12 -

Adamson's rulesh(ZO) 1'apd 2 predict ammonia aquation to be
preferential: These seem to be only mildly appiicable in
this case. In_pontrast, the result gt‘6u7 nm S}Oduced
®%I$.%H3,in opposition to the Adamson's rule order and

more like thermal dissociation. >

-

1.2.2.2- cis-Co(en),Cl,* (21,22) : For the cis compound.

the reactions are&moré complex than for trans. The

interpretation of“bﬁo&pct distributions is complicated
]

"becaﬁfe of- a secohd photoreaction of cisrCo(en)Z(HZO)Clz*.

. After correctidn for secOndary photolysis, it can be shown

that cis-Co(en),Cl,* gives %=z 0.0024 with 70 - 75% of

trans aquo product while 25 - 30% is cis Qquo product.

Study of the 2°C reaction shows tha cis-Co(en),C1 (H30)2*

photéisoﬁeniées to trans with a yighd 0.0042. The tr;ns
o

aquo isomer appears to be photoinert. It should be noted
. A )

that the 2°C reactions do not include further aquation(22).

1.2.2.3-cis and trans Co(en),(NH3)C12*:  Pribush et

al. (23) 'also examined these species using 488 nm

radigtion in acidic media. The re;plting quantum yields
for ammonia substitution (EM.B x 10~% and 2.06 x 10-%) and
chloride aquation (2.96 x 10-% and 3:1 x 10-%) for trans-

Co‘(en)z(NH_3)Cl2+ and ci;-Co(en)z(NH3)C12*yrespectively,
suggest that photolysis rules are similar to thdése for
Cr(III) éminas. A product isomer analysis f;r trans-
Colen)(NHz)C1* gave 80 - 82% trans Co(en)(Hp0)C12* and 18
- 20% of trans-Co(en),(NH3)C12*, For cis-Co(en),(NH3)C12*
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» Q

"the results show that QNH3 /¢Cf' was 0.66 while product

analysis shows the presence of four products with an 80/20

A

ratio of cis to trans—Co(en)z(NH3)H203+ and likewise trans

. to cis-Co(en)z(HZO)Cl2+ (with large error). These results

show that the yield for chloride aquation is about the same

as for the trans complex while for ammonia aquation, yields

~in the cis complex are sharply reduced. . This last observa-

. ‘ o ' - a
tion is to be expected since ammonia is now not on the axis

predicted to be labi}ized by Adamson's rules. " The overall-

si%uation is more involved of course than for the trans

) 4’ « * '
isomer.. Labilization of 'the N '- end of -the axis- activates
one end of an ethylenédiamine-ligand. FolléWing a

ﬁreviously proposed mechanism they suggést a) recoordina-

_tion and hence no net reaction occurs or b) edge displace-

ment of ammonia takes place, leading to the observed main
isomer, tr‘ans-Co(en)~2(H20)C12+ the scheme is shown in

figure 1.2. A third possibility, that of edge displacement

©of chloride, is considered to be unlikely in view of its

remote position.

\

»,

1.é.3 .Cyanide «complexes: .It is now useful to give
information on Co(III) complexes with different behavior,
especially Co(CN)g3” (24). Unlike Co(III)-amines, this ion
lumingsces and qéacts with higher gquantum yield.

Also the family Co(CN)g5X3~ (X = €1, Br~, I7)

v

(25,26,27) gives a higher yield than the corresponding

pentammineé. CoTCN)uSOSX“"(ZB) (X = 3032-, OH™, or H20)
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complexes are of considerable interest because their
excited state reactivity pattern shows an important

difference from their ground state behaviour.

1.2.3.1- The photophysical and photochemical behavior
of Co(CN)63‘: In solution, there are three principal bands
found in the\fgsorptioh spectrum (24). At 50,000 cm'1,

there is a very intense band with ( = 1.6 x 10%).  Two

1

max
‘weak bands appear at 32,100 cm-” (Em;x = 180) and at
38,600 cm'1(gmax = 160). These are presumably the LF
Bands. Mingardi and Porter (24) found another weak band at
18,500 em™! which éouid Sé seen only in the crystal because
it is masked by the tai¥ of the more intense UV band in
solu%ion. The extinction coefficient at the band maximum is
approximately 0.01. It is‘assigned as a triplet. The
emission spectrum of crystalline K3Co(CN)6.was measured by
.the same workers. A broad band Qith a maximum at 14,400

cm’1

and a half width ®F about 2,000 cm™' was observed in
the crystal at 4.2 and at 77 K. The., luminescence 1is
distinctly visible as a red glow. As we mentioned earlier
on assigning the absorption band of Co(CN)g'3 the weak
Q‘absor-ption band is assigned as,3T1g¢—————-A1g (18,500 em~™

5. -The emission may be assigned to the reverse transition
Stokes shifted. An investigation of the photochemfeal
behaviour of Co(CN)63' has been carried out by Moggilet
al., (25). Excitation was performed by using 254, 313 and
366 nm radiation. The photochemical experiments werg

carried out in the media of 1 x 1072 N aqueous H,S0y, pH

\

-
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5.5, and pH 7.5 buffer solutions.:- In all experimental
conditions (except in the case of the pH 7.5 bLfferéd
solutions irradiated at 254 nm) photoreaction is the
simple aquation reaction:

Co(CN) g3~ H_hov—) Co(CN)gHp0%™ 4 CN7 oo (1.2.11)
The quantum yield of the photoaquation reaction was found
to be 0.31 4+ 0.03 at 25°C, independent of the wavelength
of irradiation, reaction medium and coémplex concentration.
This value is in fair agreement with the quantum yigld
obtained‘by Adamson and Sorper (26) who excited at 370 nm
an aqueous solution of the complex. @t 50C and 7§b

quantum yields of 0.35 and 0.38 were obtained.

1.2.3.2-Go(CN)5C13~, Co(CN)5Br3-, Co(CN)513-:

The photochemical behaviour of aqueous solutions of these
complexes was studied by Adamson and Sorper (26,27). They
observed a progressive change in the absorption spectrum of
the irradiated solutions terminating in that of Co(CN)S-_
H202‘. This indicates that light cauées the aquation of X~
ion. {

Co (CN) gX3~ =t CO(CN)5Hp02™ + X7 =mmmmmmmomeoeeo(1.2.12)
For Co(CN)5513"and Co(CN)5Br3' photoexéitation was perfor-
med with 370 nm radiation corresponding to ligand field

' band excitation. For Co(CN)gI3~, 370 and 550 nm radiation

was used, which corresponds to the tail of a charge

€ - . L
transfer band ("pay= 330 nm €4,y - 3630) and to a ligand

field(500 nm, Crax 87). The quantum yield values
m .
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obtaingd by Adamson and Sorper(26,27) for photoaquation of
Co(CN)63' and Co(CN)5X3‘ complexes at 370 nm decrease in
the order I~ < CNT < Br™ < Cl17, The authors noted that this
order is not the one of the spectrochemical series, but is
the order of increasing difficulty of oxidation of the

\

ligand. This suggests a reaction via a redox pathway.

1.2.3.3-trans- Co(CN)u(so3)i“' (X = S0327, OH™,or H,0)
These complexes were studied by Wrighton et al. (28) at
wavelengths of 254, 313, 3606 or 434 nm. The thermal aqua-
‘tion of(trans-Co(CN)u(SO3)25‘ was sufficiently rapid to
compete with photochemical reaction. The electronic
"spectra in the UV -visible region for trans<Co(CN)y-
(803),°" show bands at 317 and 380 nm. trans-Co(CN)yS03-
(H20)3' shows bands at 363 and 380 nm and Co(CN)uSO3H2'
bands at 260 and 370 nm. The photoreaction under irradizf"
tion of a LF band at 366 nm and a CT band at 260 nm for
these‘sulfito.complexes are summarized by the followingl
=:stqpsﬁ ‘
tra‘ns-Co(CN)u(SO?;)Z'i'-—-bv—-) trans Co(CN)u(SO3)OHu‘ + 5032*

OH" (1.2.13)
tranéLCo(CN)u(SOB)OHu'—JEE—e Co(Cﬁ)u(OH)23' + 8032'
' o (1.2.14)
trans—Co(CN;q(SO3)(032)3'——JDL+ Co(CN) y(O0H) o™+ 8032'

H..0
2 (1.2.15)

L
+

trans-Co(CN)yS03(0H,)3"—y reduction to Co(II)
‘ (1.2.16)



-

Reactions (1.2.13) and £1.2.14) are cerried out at pH 13
whereas (1.2.15) and (1.2.16) were in 0.01 HC10y.
Mechanistic¢ discussion for the observed photoreactions must
account fqr the wavelength dependent quantum yield, the
specific effect of the sulfito’group, the photoreduction to
yield Co(II) dnd the suppression of the initial rate of°
disappearance of Co(CN)q(SO3)25' upon addition of Na2SO3.
Substitution via a CT state should yield a preferential
loss of the sulfito group since the primary step would be
homolytic cleavage of Co-SO3 bond. Invoking the CT excited
state adequately accounts for increase in quantum efficiee-
cy upon 25N'nm excitation relative to 313 nm irradiation
for)equo and hydrgxo complexes. In contrast to CT excited
states, ligand field excited states are thought to yield
only substitution chemistry analogous to other Co-CN

systems.

.
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1.3 The role of solvents in phdtoreactions éf'metal céq-
plexes:

Qur studies, in common with a number of others,
indicate that the solvent can play a significant part in
determining photoreaction yields. This is both an
opportunity and a problem. It offers an opportunity since
it provides an additional parameter against which to test
mechanistic hypotheses! It is a problem because the effect
of the solvents can be qﬁite subtle and it is not easy to
vary only one solvent parameter at a time. X Y

In this introductory\section, Wwe review five roies
which may be played by solvents in reactions of the type
studied here. A possible example of each of these roles is
given., Unfortunately, the problem is underlined by the

fact that we cannot be sure-of the assignment in these

examples. :

1.3.1 Cage effect (29)

A chemical reaction in the liquid phase 1is

significantly affected by transport processes in the sol—'

vent that control the movement of reactants towgrd or apart
from each otheg. Cn the one hand, theré is the
uncontrolled statistical molecular motion leading to large
overall displacements on a longer time scale which are
described as a diffusion of the reactants in a quasiconti-
nuous solvent medium with the .appropriate boundary condi-

tions at the reaction surface. From this one obtains a

”

e
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steady state diffusion controlled reaction rate constant
which in its Simpiest approximation, is inversely propor-
tional fo bulk shear viscosity of the solvent (30).

This phenomenon is important to the ;gaction of
short lived species. When radicals or similar hot species
are formed, surrounding solvent molecules tend to cage them
together. The probabilty of a recombination back reaction
is invérsely related to the rate of diffusional separation.
The homogeneous recombination of halogen atoms in various
solvents is well described as a function of viscosity. A
s&stematic study of this effect for iodine photodissocia-
tion was carried out by Noyes,(315 and co-workers using
solvents of various viscosity and with variation of the
excitation wavelength, They observed a decreasé of photo-
dissociation quantum yield with increasiﬁé wavelength, i.e.
decreasing excess energy available for conversion to kine-
tic energy of the separating atoms and increasing viscoéity
of the solvent., It was not clear, however, whether other
solvent parameters were of importance.

In consequence, viscosity dependent quantum yield may

be interpreted as evidence for a cage effect and reactive

intermediates susceptible to recombination. The exact
correlation between this effect and ( ¢ ) remains
controversial despitg numerous studies especiélly in the
field of organic photochemistry (32). For this reason
various data processing procedures were investigated. Zink
et al. (33) applied Noyes theor§ (34,35),0riginally

developed to treat the scavenging of photoproducf radical



.
i

pairs in solution, to the charge transfer photoreaction of
tris(dibenzyldithiocarbamato)iron(III) with halogenated
hydrocarbons. Acoording to this treatment, (¢ ) should
depend linearly on 50'5, which indeed was found to be the
case in some studies (36). A possible example of a simple
and classical cage effect is found in the photolysis of
Co(NH3)SBr2+ in the region 300 nm > A > 254 nm (8).
1.3.2 Analog of the effect of phe solvent polarity on
ionic thermal reaction: ,

| Although the br}dge between thermal reaction and
photochemical reaction is ambigious, still we could find
commonground between both subjects in terms of initial and
final (or transiéion) states. What follows is an example
for the simple role of solvent polarity on botﬁ thermal
and photochemical reactions. ﬁecently solvolysis of trans
dichlorobisethylenediamineCo(III) has been studied by

Groves and Wells (37) in a mixture of water propan-2-o0l.

They found a plot of log(rate constant) against Grunwald-

Winstein Y factor was linear. The Y parameter is a well

documented measure of the local polarity of the solvent
system and its ability to solvate a developing charge in

the transition state (38). Values for the Grunwald-

Winstein Y values were calculated for water + propan-Z—ol.g

from the rate data of Robertson and Sugamori (39). Y
represents the effect of the solvating power of the solvent
on the process (initial state)———= (transition state) for

an Id type such as solvolysis of t-butylchloride where the

3

.
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extension of the C-Cl bond,in the transition state to form
separate ions is virtually complete in'water + alcohol
mixture. Groves and Wells (37) suggested that linearity in
the plot of log(rate constant) versus Y values supports ‘the
viey that there is consi@erablé heterolytic extension of
the Co-Cl bond in the transition state for solvolysis in
these mixtures. |

In contrast, they found only a non-linear plot
for log(rate constant) against the reciprocal of the
dielectric constant, Incidentally, minima in the
transition state parameter observed at mole fractions of
propan-2-0l1 where the‘decrease in the partial molar volume
of propan-2-0l has a minimum suggest that solvent structure
has considerable influerice on the rate. A free energy
cycle aﬁplied to the process (initial state) ——
(transition state) in water and in the solvent mixture show
that it is The change in the solvation of tbe'transition
state which is the dominant effect. The above study
illustrates the best known solvent polarity effect. No
guantified photo-chemical case 1is a cjlear parallel.
However, some studies have produced results which might be
interpreted similarly.

In one study by Langford and Tipping (40), photo-
solvolysis of Cr(NH3)g3*, Cr(NH3)5C12*, Cr (CHoCH,NH,) 5C1 2%,
Cr(CH3CH2CH2NH3)5012+ was carried out in water and
DMSC. Phosphorescence of Cr(NH3)63+ is completely quenched

in base but the loss of NH3 is not. In the pentamines

s
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both NH3 and Cl~ are lost. They éuggested the photo-
solvolysis arose in the quartet excited state and not the
phosphorescence doublet. This was interpreted in terms of
a tetragonal distoﬁtio{ model of quartet behaviour
Solvent effects were different for NH3 and C1~ Yoss. In
the case of NH3, yield increased slightly in DMSO. 1In
contrast, DMSO, which has a small Wiﬁstein Y, suppressess
Cl- loss. If the key to the reaction isqua;tettetragonal
distortions, a solvation requirement, parallel to the above

transition state requirement, could account for the

suppression of Cl~ loss. -

1.3.3 Reaction controlled by Nucleophilicity and solvent
orientation: 1

Photonucleophilicity is interesting because important
differences from nucleophilicity in a thermal reaétioh'may
arise. In thermal reaction, a nﬁcleophiie may lower the
barrier for substitution by the stabilization of the tran-
Sition state through new bond formation. A nucleophile i
photoreaction may be involved with an excited state which
lies at an energy well above the thermal substitution
barrier. In that case, it may play a role in the selection

\

of relaxation channel rather than in lowering a barrier.
¥

Nevertheless, this selection may result from bond formaw

AN
N

,//7

tion. . In photoreactions, the decays from a high energ
state can lead to non-equilibrium effects not operating in

the pseudo equilbrium model of transition state theory. A

notable example is the problem of solvent reorientation. A
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nucleophile must form a bond to an excited state to proégkp
substitution. The time for héoriéntation Qf—a sclvent
molecule such that thefnucleopﬁilic group is correcily
dlrected can be the ﬁate(deferminlng process. |

Wong and Kirk (41) studied the photosolvation of
trans-Cr(NH3)2(NCS)u and trans Cr(en)E(NCS)F+ 1n.var10us‘
water methanol, ethanol, acetQpltrlle, etpyleneglycol,<
glycerol and acetone mixturés,and in aqueous solutions of
polyvinylpyrolidone. The§ found “that the quantum'kield for
thiocyanate loss from Crken)é(NCS)F* to bé fairly inde-
pendent.of solvent, while for thiécygnate loss from trans-
Cr(NH3),(NCS)y~ it is large. At higher concentrations ‘of
organic solvent, speciftc reductions of quantum yield were
observed. They claimed that for neéative ions the ;ater in
the solvation sphéne is .not. abpropriately‘oriented for
nucleophilic sub;\<i§tgo% and must rotate in,order t9
substitute. \

Another similar study was done by Cusumano and

Langford (42) u31ng trans- Cr(NCS)u(Nh3)2 and "“trans-

Cr(en)(NCS)? 1n the solvents H,0, DMSO DMF, CHBEN,
CH3N02 and.wglera glycerol -mixtures. They found ‘that’ Ehé
quantum yfeld'for the sreaction of'catlon complex is a
linear function of the Guttman dqQnor number of the solvent
parameter which closely parallels Winstein's Y. This sup-.
ports an associative mechanism for photosubstitution at.
Cr(III) which- had been éuggested on the b?sig'of stereoche-

mistry and of course a role for a solvent nucleophile.’

-
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Cusumano and Langford (42) claimed that nucleophilic attack
on a very short‘liwed species is indicated by the fact that
the rezction of the otherwise similar anion correlates only
with solvent fluidity (reciprocal éf viscosity). They sug-
gested that a solvent molecule which is correctly oriented
toﬁa}d?the métél éenter can ;chieVé rapid nucleophilic
attack. They didn't find any 'significant temperature depen-
dépce in the reéctfon of the cation. Thus, they argue that
photonucleophilic attack is fot an activated process
analqgoys to thermal nucleophilicfaptack. They claim the
rgle of a go&d nuéleophilé appear; to be to select the

4

reactive relaxation route.

-

ﬂ3.u/Locai environmental effect on the probability of
absorption leading to selectivity. :

The assumption that a un%que'chemical species is involved
’in all photochemical apd photobhysical process may be an
6ver simplification. At any instant, a variety of solvent
Agrrangeménts optain about dissolved transition metal
complexes. Only if the interconversion rates between tﬁese
éolvateé are r%pid compared'to reaction rate is it
appropriate to speak of a single solvated chemical species
in the usual‘staﬁistica; manner. Canti and Forster (43)
-h;ve'obéérved phenémena attributed to multiple solvates of
CréCN)63' in H50 at room temperature with interconversion

rates appafently less than 107 s='. In these experiments

emission Was pumped at different wavelengths in the red

édge of the”Tzel———-“Aé gbsorpﬁion band. The existence of

L
LY
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more than one species wit interconveréion'times in excess

of the . 2g lifetime was 1nferred from the ex01tat10n

@

ﬁwavelength dependence of emissions. The dlfferent

" excitation wavelength dependence of T also has been
.observed in a mixture of two solvents. éince water is a
* quencher of Cr(CN)63' phosphoresence, the longenslifetime

in 80% giycerol-water is to .be expected. 'If long

"

wavelength excitation in the mixed solvent selects:solvates

with'highen proportions of waten‘in the solvation sphere,

the lifetime should eppﬁoach that found in aqueous solu-
tlon. Much, 1iF not all, Cr(III) photochemlstry originates
in uT2 while theﬁilfetlme of solvates of“Tz is not known,
The 4T, lifetime is likely to be.mu'ch shorter than the 2E

lifetime. If solvate relaxation is slow enough,_inesome

cases to lead to multiple 2g 1ifetimes,‘multinle solvates”’
. 2 - . '

should alsoé prevail on the .tipe scale,eppropriate te uTz‘j

reacﬁions .. It is- then possible that photochemical and ..

photophysical measurements at different wavelengths do not

]

pertain to the same species. Also, comparison of direct

and photosensitized processes may be mieleading if one

solnaté is preferentiallywxcited or is a more.efficient

acceptor'in energy transfer. . .

Fis



1.3.5 Solveni perturbation of Hamiltonian for state to
state crossing: -
‘According to "Hol lebone &heory" (44,45) specially
- Cr(III) octﬁhedral complexes the medium must provide a

quadrupdiewbperator to coup}g FheAhsymmetric stretch mod%
to the ésymmétric buckle mode.'This 'codpling is thus
-—required for 2E«-——+”A2 if A V Jis 3 ( AV is the change
of "the vibrational angular momentum Quntum number)
The thermal substltutlon reactlon of trans-
: CpﬂNHé)Z(NCS)u 1? q;&te sensitive to deuteratlon of the
amine ligands. Th 3 was attributed to the role of H -
bondlng of the N—-H moiety to the solvent (46). The
se;ectlon of transfsolvent mqlequles for 1nteract10n with a
mgd;um gives a quadrupole perturbation. Lifetimes of this °
comﬁlex in various media can be:understood from this point
of view. fhe fastest relaxation occurs in water and other

hydroxide solvents. Good H - bonding acceptors which are

large molecules (and subject to some steric crowding

limits), are intermediate., The longest lifetimes are.
associated with poor H - bond acceptors like CH3CN and
CH3C%. . . ‘ '

o
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1.4 Magnetic circular dichroism:(47,48)
A brief introduction to MCD spectroscbpy is given

here because MCD spectra are used in chapter (4) to improve

the precision of our understanding of spectra of Co(IIIY

complexes employed in ‘this work:
The Faraday effect im its simplest form may be expre-
ssed by theﬂequation
PRE T 5 NS (1.4.1)
wheré ¢ is‘the'angle of rotation of plane of polarization of
a linearly polarized beam when it travels through a sample
of thickness 1, parallel to magnetic field H, and V is
the Verdet constant characteristic of a given substance and
a function of concentration, temperature, and frequency.
An compact generalization of eq%ation (1.8.1) isi
§ =0~ 161l (A - ) :[V‘H(l) dlemmmmmmm(1.4.2)
¢ is the complex magnetic rotation whose real part (¢) is
rotation and imaginary part (8)is the ellipticity. ‘
ﬁ_is the complex refractive index for left circularly
polarized (l.c.p) light and n is the complex refractive
index for the right polarized (r.c.p) light.:
n_ is defined by n = n_ - iK while similarly, 6+= n + ik, In
these equations, K corresponds to the absorption index. In
order to extract\useful chemical information from the Fara-
day effect, it is necesséry to relate the experimentally
observed quantity.(6,¢)to molecular properties. Ihis can

be ‘done by calculating (K - K+) directly using conventional

time 'dependent pérturbation used in calculating the
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absorptiod-coefficient. The electric field vector of a
circularly polarized light wave travelling in the positive

\

z direction is:

TE_; = 1/ V2 (T + T3) E,exp [27iv(t - n,z/¢) —===-=-- (1.4.3)
where the subscripts + and - denote r.c.p and 1l.c.p

respectively, T ancg Tar‘e unit*vectors along the x and y
axes of a right handed coordinate system. Further,
proceding in the manner of refrence (49), the energy of
interaction between the light wave and a molecule‘is given
by :ﬁZEiwhere T = E: eiF; is the electric dipole
operator, following th; derivation of ref. (49,50), we
obtain the absorption coefficient a associated withﬁg
transition from state a to a higher state j

oy ;4] (N = N3) £(v, W [<a| my [3>[2ommnammmann (1.4.4)
c

where N, and Nj are the numbers of molecules per unit

- volume in state a and j Qgspectivele(vﬁ0=(Ea‘- Ej)/h is a

frequency function defining the absorption line (f/v)dv= 1
and m, = g;t imy- |

a 1s defined in the usual way from the Beer-Llambert law
as:

I =1e-%1 2 1 e-lmvk/e
Since we are dealing with an electric transition, in most
cases Nj ~0, it then follows from equations 1.4.2,4 and 5
that for transit}gn a~—j

8 :jF(q_-q+) = 1¥/ch alenj Ny £(vyu)l | <a]m_|j>!2
-[<af m_|3>)7] - (1.4.6)

where the sum is over all degenerate components of the
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transition.. If a constant magnetic field, H, is applied
along the z axis, the wave functions and energy levels of
the system are perturbed, the perturbing energy being

-~ yu_ H, = (L

, Hy + 28,) H,  —mmecmemmmeeoeo (1.4.7)

z
where u,, is the z-component of the magnetic dipole moment
operator, 1is the Bohr magneton and L, and S, are the z-
component of the total orbital and spin angular momentum

operators respectively, measuqéd in a unit of h/27w. By the

-use of perturbétion theory, explicit expressionsforthe

energy and wave function of any state |k> may be obtained

correct to first order in the magnetic field

By = Ef -~ KMl K> Hy —omommmmmcmmmmimmeeeee (1.4.8)
0. ’ oy L 9
o= 18> = Y Gl g |1 By I mmmmmmmmeeaee (1.4.9)
T S —
Ei - Ej

Assuming a Boltzmann distribution, the following equation
may be obtained

0 o )
Ny = Ny exp [-(E; - E5)/kT]

= N2 [T+ <a|uy 8> Hy/KT]  —mcecmemcmmcmee—ene (1.4.10)

where in the last expression the exponential has been
expanded and only the first power in H, retained. This
approximation will hold good provided

<a-lu,l &> H,/kT << 1, a condition which is generally

“a

met in practice except at very low temperatures. Finally if
we require an explicit description in terms of absorptibn
lines, a form for f,w) must‘be_assumed, for laurentian

lineshape:
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3 .
floy) . 2 VY r . (1.4.11)
Do (v2- vE)24 02 IR ,
The (2/7) is a normalizing factor wherel is the approximate

linewidth at half height. .Equation (1.4.11) has the virtue
that it'will be possible to write explicit algebraic expre-
ssions for bo;th band ¢ , If Gaussian ghape is wused ,it
would not be possible to write such explicit algebraic
expression. |
Recalling thatvy= (E; - Ej)/h and using equation
(1.4.8) we obtain
vz - Hy/h [l D - <dluglat ) B - Hpeeo-o-
(1.4.12)

[+
3
(1.4.11) and expand f(v,y) in power of H, again retaining

where \)f = (E; - E;)/h substitute (1.4.12) into equation

terms through first order. *The result is
VT 4\{\)’,Hz(\x’3- Vi Veir

+
(\f _\)2)2+\)ZI\2 [(\12_ \}2} + \)21-2 J2

2
It can be shown that retention of terms only through the

(1.4.13)

1 f(v,y)

left hand side is justified provided v, H, <&CT/2. Since.the
left hand side of the inequality is the Zeeman splitting,
the expansion to the first order is seen to be valid only
if the Zeeman splitting is much less than the line width.
If we substitute equations (1.4.9, 10, and 13) into
equation (1.4.6) and keep only terms linear in H,, the

final result is
t
2
5= - @_f_HZ N [f1A + fe(B + C/KT) —-eee-- (1.4.14)
3ch
Wwhere N (E:Na da) is the total number of molecules per unit

volume in the ground state a, d; 1s the corresponding-

a

-

degeneracy of this state and
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»

x>
;

= 3/dy oLy 30<i ]3> - <duglad> In <afmy. 3> <jlmy ja> ]

, (1.4.15)
2

3/da a—-)j Im { k,*.‘a [(k qula>/ (Ek - Ea)]

oo
]

[ <a|m, [§> <Jlmy [k> - <a| my|§><I|my k>]
+ ey E<Tug| k> 7 (B = Ep)1l<almy] 3><klmgla>
- <a’|my |§><k|my|a>]}  -emmommmem- (-1.4.16)

C = 3/d, a;EZJ <a| wyla> Im { <a|m,| 3> <j|my[a>---
R (1.4.17)

Let us éake up discussions of the terms A,'B, C and the
- basic Fequirement for a molecule to exhibip each term.
1) A terms: The basic requirement for a molecule to
exhibit an A and € terms is that there must be a non zero
magnetic moment in either the ground state a or in the
excited state j . This in turn requires that one or more
of these states must be degenerate. The symmetry
requirement for such degeneraciés is that the molecule must
'bossess at least a threefold symmetry axis. The A terms
are characterized by its S-shaped bands and results when
the excited state is degenerate. This is illustrated in
figure (1.3) for both energy level and the shape of MCD
spectra. . @
o d
2) C terms: Figure (1.4) shows the effect of the magnetic
field on a molecule for which the ground state a is degene=-

rate to 4 and &. This mean the lower state a 1s more

populated than the upper state a at any finite temperature.

-

o \
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This unequal population is more pronounced at low
temperatures. The resultant line shape of the C term is

given in figure 1.kc.

3) B terms: ‘The B term is temperature independent._Such a

characteristic can be used to differentiate them from the C

term. The B term arises from the mixing of the ground and

two or more excited states by the magnetic field. In order
to simplify this, let us look again to equation‘(1JL16) in
which the dominant contribution to the B terms comes from
the sécond summation where we are considering only three

states. ‘In the absence of a magnetic field the promotion

of an electron to states j and k is independent of the ~

sfate of polarization of ingident light provided that the
molecule is not optically active and absorption observed at
resonance Ep - E; = hv and Ep - Ej as presented in
figure (1.5b). If however, there are off diagonal matrix

elements in the magnetic moment between the states j and k,

then these states. are mixed bythe magnetic field. i’ge

magnetic field causes each state to acquire the same

charactersitics of the other. Now there will be differen-
tial absorption of the left and right cirpulérly polarized
component in figure (1.5¢). This differential absorption
results in an MCD band, which for allowed transitions,
pésses through their maximum values at frequencies
corresponding 'to zero field resonance frequencies of

transition k,, k The prefegential absorption of left

J'u
and right circularly polarized component will, however, be

A
PO
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v

different for two \tréngitiqns as in 'figur'e(1.50). .
C'orisequ‘enltly, if a positive MCD band is ob‘ser-ved at kg,

tha.n a negative band will'be observed at j,.

-
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Left circularly
polarized light

Rith_circulorly
polarized light

;r
1

1

Yo
(c)Absorption for Hz0

o €, and €g

Left circularly
potarized light
polarized hgh(

Right circularl

o
H=0 H0
la)Energy level diagram

€L~ &g

Vo 1 4 -

(b) Absorption forH =0 (d) Resultant A term

»

Figure 1.3 Il]usiration of the A term. a) Energy level diagram for an
electronic transition to a degenerate j. b) Absorption in the absence of a
of a magnetic field. c¢) Absorption of left and right circularly polarized
light in a magnetic field. d) Resultant A term MCD curve. '
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2 = .| Polarized light
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sl & o Right circularly
5 -g o polgrized light
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; 5 (c) Absorption for H#0 \
Ao |
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{ S——tg*
430" H#O0

\a' Energy level diagram

>

_ (b) Absorption tor HeO  {d) Resultant C term -

Figure 1.4 - Illustration of the C term; a) Energy level diagram for

an electronic transition from a degenerate ground state a to a non-
degenerate state j. b) Absorption in the absence of a 'magnetic field.
c) Absorption of left and right c1rcu1ar1yp.olamzedhght in magnetic
field . d) Resu]tant L term MCD curve.
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k""——r— « — Left circularly polarized light
. j' « | == Rught circularly polarized light
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(c} Absorption tor H£0
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(@) Energy level diagram
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(b) Absorption for H=0 (d) Resultant B ‘terms

Figure 1.5 Illustration of the B term. a)Energy level diagram for
electronic transitions to two non-degenerate states j and k. b)
Absorption in the absence of a magnetic field. c)Absorption-oi_ihe left
left and right circularly polarized l1ght in a magnetic «field. d) |
Resultant B term MCD.curves
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1.5 - Picosecond Laser Speéproscopy

'1.5.1 Introduction: - L

In the .evolution of tools for flash photolysis the
normal mode laser with a relatively low power and long
duration output was éuperséded by the.O—SWitched_lgser wigh
peak power output of 5 x 168 W and duratién.limited-to
about 10'8 s.’ Picosecond pulses are“generated by a third
mode% of iaFéEs known ;s "mode locked".

These lattér can operate, at a duration as short as 4§ x

10=13 s and with a power of more.than 1O10 W.3 These

ultrashort pulses have found exten31ve appllcatlons in

optical non-linear studles, plasma phy51cs, optical radar

and other physics and engigeering dlsc1p11nes; as well as

N

in molecular relaxation.,\\

1.5.2 Mode locked lasers

In this context mode-locked (51) means that a perio-

> 'y

dic train of picosecond (1(:)"12 s)-light puises is emitted

A

by the laser. The question is to find out Thow -the-laser.
génerates a train of .picosecond light pulses. The lasers
LY

consist of a solid rod of active medium, either Neodymium-

doped YAG (Yt-Al-garnet) or glass or ruby crystal, with the

ends polished optically flat and parallel, and a Q-switch

cell which contains a saturable dye. These elements are
located in a cavity defined between two dlelectﬁlcdcoated
mirrors which are accurately allgned as showu in figure

(1.6). These elements form the laser cavity w1th overall
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lopﬁiéal length L. 'The laser rod is surrounded by a helical

:flaShlamp. ‘When the flq§hlamp discharges, the light is

\l

~absorbed by the‘roqd and a population inversion of energy

A

levélé fésplts.; That ié, there are more :ions in the
gxcited state than in the ground state. ‘(shown in Figure
jﬁ7). As a result of sponﬁaneous fluorescence from some
‘small number of these excited statés, the emitted photons

aillistimdlate the other.excited states to emit with the

3

‘Same'phase.and direction., Naturally, there is also.
) absorption’ from ground state dhexcited centers, but since

.there are more centers in 4¢he excited state than-the ground

[y

state, there is a net increase or amplification of 1light at

the wavelength of the lasing/tranéitions: It is important

to note that ﬁhis is not the main transition associated

with absorption from the flashlamp (see' Figure 1.7). So -

faf, this is, of course, only a binary lasing action, an
action whi;h gi&es the‘mean%ng of the acronym Lﬁgg%,
namely, light ampiification by stimulated emission of
radiatiﬁn where the flashlamp pumped laser rod is
éonsidered an amp}ifier for light in a certain band of
wavelengths as shown in figure (.1.8).

Now if we look inside‘the cavity, the beam‘passeg
baék and forth many times, contin&ougly sharpening. the
pulse and increasing the i:iensity, with the duration of
the pulse theoretically limited by spectral band width.
Upon inserti&n of bleachablg dye with a broader absorption

band than th%.lasér.line, standing waves are set-up with

discrete optical frequencies by the Farby Perot modes:

er

L SO
- .
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Figure 1.6 Elements of a passive dye laser including gecmetrical
arrangement of the laser rod (Brewster angle), paksive dye Q-

100°% R

LASER ROD [BREWSTER ANGLE]

‘

sw1tch and mirror of reflections to eliminate extraneous ref]ect1ons

in the laser cavity.
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2L
where L is the optical separation of mirrors and E‘is the
velocity of light. This arises because light absorption
"‘saturates' the dye and allows transmission which briefly
transmits the light nearly in phase with itself. For
typical lasers where there are 106 modes oscillations

within the cavity, the adjacent mode separation is given by .

Ave vp=wvp.1 = ¢/2L. Computer calculations show that the pulse

is sharpened after each successive pass with the maximum
achieved aftsr 15 passes. Although the saturable absorber
provides a method for sharpening the pulses and separates

them- by ¢/2L, no unified model provides sufficient informa-

'ﬁion with respect'to the formation of the broad envelope.

Normally, the modes of the‘laser oscillate in réﬁdom
fashion without any set phasé relationship. The locking of
the phase is provided by bleachable dye modulation of the
frequgncies (v, +Av 4V, and vo-Av) of the cavity
interferometer and coupied until the modes definéd by total

band width ‘are coupled.

1.5.3 Single Picosecond Pulse Operation(52):

The first high intensity single pulse instrument was

B »
. by Vuylstoke (53). He constructed a laser with a mirror

having 100% reflectivity at low incident 1light intensity,
but not‘near,maximhm pulse intensity. The front switched
rapidly po Zero refleétivity, dumping the pulse in less

than the op%ical cavity round trip time and yielding a
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single pulse of high power. An alternati%e methdd for

extracting single pulses from a mode locked train utilized

a spark gapped to 10 kV., The gap is adjustable so that one

can select the most intense pulse to initiate a discharge.
A high voltage pulse, generated by discharge,is used to
increase phe voltage on é ﬁartially energized polarizing
Pockels cell so that a 96 change of polarization is
generated for about 5 ns. A single pulse 1is thus
transmitted which has a high intensity and duration as

short as 2 ps. With the addition of a 25 -cm long

amplifier a single picosecond pulse with as much as 1 J of"

energy is generated (53).

-

1.5." General description of apparatus used:

The apparatus is the Nd/YAG picosecond ;beqzromeﬁer
system of the Canadian Center for Picoéecond Laser Flash-
Photolysis (see figure 1.9). The main parts of this appa-
ratus are the following lasers: -

a) Oscillator: A Quantel YG 402G éives 30 picosecond
mode lgckéd pulses at the rate of 10 ﬁps. The fundamental

output wavelength is at 1064 nm and the maximum énergy'per

pPs pulse 2.5 mJd |

*

b) Pulse selector: The pulse trains go to the

pulse (2-3 mJ) selector which in this case is the PF 302
from Quantel consisting of:
1- antireflection coated Glan-Taylor prisms(cross pola-

e

v
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rizer). i’ .
2-three termiﬁal; double crystal Pockel§ cell (a half
wave plate at 3600 volts).

3- in conjunction Qith the Pockels éeli; a photodiode
detector and the fast switching electronicé. The PF 302 is
‘a pulse siicer intendea to be used on 10 Hz mode locked
léser systems. The slicer allows the selection of a single
pulse from a mode locked train. A voltage appl;ed to the z
axis of KD¥P crystals make them birefringent. It is thus

possible to obtain a path difference equal to half a wave-

length when the voltage applied is ,((see figure 1.10)
A
V, =
A27 o pey
where A = laser wavelength

n ordinary index of KD*p = 1.47

1

rgs = 25 10-10

This optical path difference makes the Pockels cell
equivalent to a half-wave plate for light propagating along
the crystal a*is. The PF 302 is equipped with two crystals
in parallel . The Pockels éell{'combinea with two croggem
polarizers(high quality Glanﬁzaylor prisms) acts as a
shutter, open or closed, depending upon whether or not a
‘high voitagé is applied. After the selection of the pulse
from the traih it is subjected to a two step amplification.
The first amplified is a Quante}'éF.M10—O7 witha 7 x 115
mm Nd:YAG rod while the second is an SF 410-09 with a 9.35
X 11% mm Nd:YAG rod. After the amplificébion of the bean,
it passes through a second harmonic generation cell of KDP

which is used to change the fundamental wavelength 1064 nm
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to 532 nm. This is féllowed by a third harmonic generator
of KDP used to cdmbﬁée 1064 and 532 nm to give 355 nm
light. The frequency doubler is composed of 21 mm x 21 mm
x 35 mm type I crystal of highly deuterated KDP, installed
in a refractive index matching cell. The third harmonic .
generation is similar to Frequency Doubler Type I, except
. it employs a 217 mm x 21 mm x 35 mm KD*P°crystal thch is
dry mounted. The amplified simgle pulse of 1064 nm light
with arn energy of 15 to 50 mJ and pulse width 4 to 8 ps is
frequency doubled using the type I'KDP (Potassium dihydro-
gen phosphate) angle tuned crystal. Thg interaction that
generates the seand harmonic is due to the non-linear
polarization vector, P,1, defined by the relationship
(Ph1) = djjkEj Ey
where E; and Ey are the components of the resultant elec-

J

fr;c field and dj iy is the linear piezoelectric constant

J
related to the susceptibilty of KDP by the equation

t ’
tion are dqy = d25 = d36' The second harmonic can finally

Xijk =2 dijk . ' L |
In KDP the non-vanishing coefficients after matrix evalua-
be expressed as ‘
PE(I) = —d1)_‘ E 2 sin ¢
Tuning the angle (¢) givesa maximum convergence to green

(530 nm) light. Here, the power output of the green light

is proportional to the square of the incoming 1060 nm

energy. With a type I KDP cyrystal, the emerging beam I,

1
¥

(1060 nm) and I (530 nm) are orthogonal to each other.

Conversion to green does not time broaden the pulse., After

, .
BTN it 4 e e ot -
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generation of 530 nm, it enfers the third harmonic genera-,
tion in which the génerated 530 nm pulse and 1060 nm com-
bine by'a brocessasimilar to the above-to give 355-nmn.
This technique does not‘converf all the 1062 nm 1light but
leavesa part which is focdsed intb.a 20 cm cellcohtaining
Sb% Hy0 and759% D,0 (by volume). - The focusiné of a high
intensity fight beam into a Raman active fluid results in
the generation of a transient birefringence producing
stimulated Stokes gndxanti-Stokes Raman signals. This
technique produces a "super broadened" continuum in which
the blue light is delayed with respectwto the red
comp&nent. Under these conditions no time broadening is
observed so that one obtains a "White light"™ source
having theysame timé resolution as the 1aser'pulse with a
wave length range 400 to 600 nm. Thié/is used as a
spectroscopic probe light.

1.5.5 Some systems which(havg been studied:

” Picosecond flash photolysis provides a means to
investigate the kinetics of excited state transients, but
still the simple interpretation of spectra is comp}?x. Two
short case gistories are instructive before attempting a

new system.

-
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1.5.5.1- Cr(III) complex *T—2E:

Investi@ations\ searching for the uT2g state of
Cr(III) has attracted the attention of several people.
These efforts ha;e generally led to upper limits for the
uT2g lifetime, Castelli and Forster .(54) and Yardelj aaa
Béattie (55) have reported Mng lifetimes to be less than
100 ns and ia;ér 2 n; for various Cr{(IIIl1) complex ions.

The first partial success was a study by Kirk et al.(56)

using. second harmonic Nd pulses at 530 nm to exci%; several

chromium complexes; Cr(acac)3 (acac = acetylacetqhate ion),
Cr(NCS)63', and.trans-Cr(NHé)z(NCS)u' (Reinec%ate ion).
All these have small extinction coefficients at %30 nm (100
M-l cm'1), Thus no GSB (Ground state bleaching) is
observed. However, they did find ESA (Exciféd state
absorption).in the spectra of all three compoun @. The
risetime of ESA was not longer than the 5 ps duration of
the pump pulse. The ESA -of Cr(acac)3 decayed wifh a
lifetimes of 1.5 + 0.3 ns. The excited state lifetimes of
Reineckate and the hexathiocyanato complexes were found to
a
be longer than 5 ns, too long for the apparatus. The
spectrum of the ESA of Reineckate ion matched an ESA
spectrum at -196, reported by Ohno and Kato (57)and identi-

fied by them on the basis of lifetime, as originating from

the phosphorescence of theZE state. The lifetime data are.

0.28, 26, 79 ns, for Cr(apac)3, Cr(NCS)63' and Reifieckate
ion, respectively. The data support the conclusion that

the ESA spectra are attributable to the 2E state. The
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épectrum was found to be the same whether°measureﬁ at short
delay (14 ps) or at long delay, 1 ns. Unless the ESA
spectra of “Tz and °E are fortuitously the same, M"the grow
in"™ of, the 2E takes place in a ti&e comparable with, or
less than, the duration of the pump pulse.

A similar study of Cr(III) complexes by Le Sage et
al. (58) used severai different solvents, Transient
absorption spectra were observed when Cr(NCS)63', R™
(Rggneckate ion), and trans-Cr(en),(NCS),* in various
solvents were excited by picosecond laser pulses at 530 nm.
According to the data, both R~ ahd trans-Cr(en)Q(NCS)z+

o
showed ~a noticeable solvent dependence of ESA energy

k] (‘1‘ “_1
(shifted towerds the blue in water), whereas' the symmetric

complex,Cr(NCS)63' did not. The intensities of the
transient absorption baqd for R~ and Cr(NCS)63‘ were
comparable, independent of solvent,'and approximately two
times 1esé intense than that for trans-Cr(én)z(NCS)zf.
These results suggest uT———-)EE iﬁtersystem crossing yields
are close to unity. Le Sage et él. (58) were unable to
detect a change in any of the transient absorption spectra
with time again giving no limit of spectra for the quartet
itself. But, risetimes were found to vary. The most
significant variations in the risetimes were found for R~
which varied from less than 6 ps in H,0 to 29 ps iq DMF,
The risetimes of R~ in HZO appeared to be faster than in
D,0 but both of these risetimes are fast and close to the
temporal width of the laser pulse. In general, they found

that ESA risetimes for both R™ and trans-Cr(en),(NCS),* are
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Eastest in hydroxylic solvents and slower in aprotic
solvents. No such solvent t;end was found for symmetric
C%(NCS)63'. The risetime in high viscosity\glycéfﬁl:water~
mixtures was not significanfly different from less viscous
solvents. This céuld be interpreted either by assuming
that the bulk viscosity does not interferé with the
difficulty of solvation shell rearrangement because of the
presence of few glycerol molecules in the solvation spgere
of thé complex ion or because motions aﬁé'too local to
correlate with bulk viscosity. The ESA risetimés ére.
assumed to be governed by the rate of intersystem crossing

a

from the quartet manifold.

1.5.5.2- Singlet-triplet versus electron transfer in
metal porphyrins:

Recent studies by Serpone et al. (59) on four
Osmium~porphyrin complexe§, Os(OEP)Lﬁ [OEP - = Octéetyl-
pérphyrin] are similarly illuminating. They used a
picosecond %aser flash-photolysis system with a double
beam, mode-loked Nd:glass system delivering a 6;ps (fwhm)
pulse. For the four compounds [Os(OEP)[P(OMe)3]p, Os(OEP)-
0, [Me = methyl, py = pyridine and 0, = dioxo], their

initial excit-ed state S,,decayed in < 8 , 50, 36 and 13 ps

-repectively while triplet state liftimes were found to be

6.2, 16, 5.5and 6 ns respectively. The compounds showed
an interesting variation in electronic energy state order.

Two of the compounds have (d,;) lowest energy excited
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states. They are the octaetylporhinatobis(trimethyl-

phosphite)osmium (II), Os(OEP){P(OM-e)3], and the carbonyl-

(octaethylporphinato)pyridine osmium (II), Os(OEP)CO(PY).

The other two compounds, thé methokonityqsmium (octaethyl-"

* *
porphinato)osmium(VI), Os(OEP)O,, have (m,m ) lowest excited .

'states. The absorption spectra of these latter two

compounds are also of the "hyper" type. That is, they show

an extra allbwed absorption band not due ‘to trans@tions
betwegn.porphyrin'ring orbitals. . In these compounds the
acceptor ™ orbitals of the axial ligands (%* ) are low
enough in energy for the (”’1w*) transition to appe&rbih
the visible-near uv absorption spectrum. The lowesSt energy
3@1,w*) excited state of 0s(OEP)O, is probably mixed witﬁ a
higher %energy 3(ﬂ, %* ) state. It is worth noting that
there may fe little différence between an 0s(II) compound
wi;h strong axial bondipg due to strong -_acceptor
ligands. In this sense, O0s(VI) jn Os(OEP)O, can be
effectively thought of as analogous to O0s(II) because the
empty metal d orbitals are mixed with the fillevax, Py
orbitais of the trans oxygen liggngf(’ A éeneral picture
for the results shows that radiationless decay of the (my

 ;) states of the porphyrin are as in other aromatic
molecules., Excitation from the ground state (S ) to any
singlet state (Sx)Aquickly ( 1 ps) relaxes to the lowest
excited singlet (S1) which-undergo intersystem crossing to
the lowest triplet state T4 (rate constant k2) in competi-
tion with radiationless’'decay (k4) and fluorescence (k¢)

back to S . In turn, T4 can decay via nonradiative
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‘transitions to S (k3), which can phosphoresce (kp) and back

by intersystem crossing to S1(k_2L It was reported that

phe'porphyrin complexes do not fluoresce. Hence k¢ is

insignificant, and the decay S; is determined by T(S4) =

(ky + k2)'1. The phogphorescence quantum, ¢p, for ¢om-

plexes with lowest excited states 3(“ﬂf).was reported as

'3 x 1073 (77K) for Os(OEP)NO(OMe.) and' 5 10=3 (300) for

" 0s(OEP)O, (2 ). Since the triplet yield, ¢ (T;) =. kp/(kq +

k2) Should be substantialy higher than these value; in a
complex contaiﬁing the héavy atom, the low observed values

for ¢p imply kp £ k3."Additiona11y, k_p is probably

negligible because the energy gap E(S4) -:E(T4y) is much

gredter ﬁhap_ka, the Boltzman energy (60). As a result,

it,ls-expected to observe two transient decays. One

corresponds to Sy'decaying to S and T4 with ((SH) = (kq +

kz)'1;.the second corresponds to T4y returning to the ground
state with'Z(T1)='k3‘1.

Pqpking ﬁo the.excited stgte ébsorption along series
0 (0EP)[P(0Me) 3], Os(OEP)CO(PY)', 0s(OEP)NO(OMe) and Os-
(OEP)02 one finds that it occurs at 690, 715, 600 and
675 nm, respectively. Thé ma1n absorption band in ‘the

a

excited states’ are expecéed to be due ,to four orbital

. . VL *
transitions aq,(™), ap,(T)j—— eg (n L In the ground,

state the relevant orbltals red shift along 'the series.

Although it might be expected that the excited states of

/
the four molecules were of the same nature, it was'found

that there is a red shift f{om Os(OEP)[P(OMe)3]2 to
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¢ , spin d6 configuration compiexeg of Rh(ILII) or hexacyano-

4

S5y -
Os(OEP)CO(gY) and also from Os(OEP)NO(OMe) to 0s(0EP)O, but
" that the excited state absorbance of the former two are‘to
the red of those of the‘lélter two. It was predicted tﬁat
T ey T * transitions-will have different energies in (d,
n*)exciteq states from those in (y,qn* )excited states.
Afso, transitiorts of a different nature are possible in pﬁb
two types of excited stateé. Serpone et al.. (59) beliévéﬁ
that the variation of excited sfate absgrbance among the
"four molecules provides evidence for assignment of the

7
energy excited states of the four Os(OEP)LL complex, but ,

it took ps time resolution to gather the evidence.

1.5.6 The needs for picosecond shectroscopy:
o The wavelength dependence of the quantum };éld for

photosubstitution of Co(III)-amine complexes over the enve-

lope of the lowest lying spin allowed ligand field band has

<

"been described (19,61). The interpretation of this pheno-

menon led to postulation of photochemical or photophysical

processes that discriminate on a very short time scale.-

Previously, no explicit information on the lifetimes of

Co(III)-amine complex -excited sta%es"had been available
I ‘ x

against which to test‘suéh a hypotheses. This circumstance

-stands ;n'contrastvto the situation with the analogous low

-2 ‘ . &
cobaltate(IIIl) where weak emission with lifetimes in the

range'of 10 to 40 ns has been described in the case of
v %

Rh(III) (-62).1k The emitting state has been assigned as the

lowdst ligand field friplet in these cases. It would
. . ¢ ’

A

/ N
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appear that the ,cor‘r‘esp_ondigg,,alifetime in Co(III)-amine
3 l * r} \ ‘}‘ h. I ' ° .
complexes is too short for an emission to be observed or V
that such an emission is located tovo far to the red for the *° 0
: . . vy :

R N . 4 e
detectors that are usually employed. We havé#, therefore, Lo
initiated picosecond flash photolysis studies to try to
locate short lifetime states which can be recognized via
excited state absorption. - ' ‘ L Ty

.. v '
. L ‘
1
’ ¢
« . v
« .
A} .. .
» # Al . ) i
. )
'// . ~. ’ -
Al s . . ’ .
' \ R e L.
’ R * “ A : 3
. > . . l‘ ©
" . , \E N ) N \
N ° . 1 ™ 3
¢ o
¢ 7! ' ‘ , 5

. .
. "
.
v
. ~ i : )
- . , ,ﬁ""‘ . - . !
\ ~ N :
. H
. . ¥ v . ‘. 4 . {
. s te R
1 " * A ' ‘.
a » t .
- o
S 3 Py s 4
' A ¢



,

- n

o. ~‘: ; Cygpte; 2 /o
2;{ Hatéri§ls: o ' A ¥
/ézérting haterials were géagent grade and used"
: :withquf further purificationi' Deiqnized doubly distilled ' .
water was used. Supplier and gradeaafe tabulated as g o
'foliows: . '
) ' table 2-1 \
Supp er and the grade of the compéﬁnds dsed _“ : : ' ‘
'CBMpognd"" ’ ‘ ‘Gompany: _ v d Grade, - A )
Ethylenediamine’ l' " .Aldrich high quality
’ Etheylene-lecol o Baker ~ Analyzed reagent
Dimethylsulfoxidé ‘ ‘ Knachemié" Spectrgi gradg
Dimethylformamide Bakeér . Analyzedlreagent
Nitrbmethaneg . Fiséher Spectral éréde
Hydpogen Peroxide , ﬁaker . . Analyzed reagent k
30% v ‘ ’ '
Cobglt(II)chloridé- Mallinqkroqt\ Analyzéd reagen{
hexahydratg ) o o -
Diphenylcarbazide " B.D.B Analytical Grade
‘Sodium Nifrite - ‘J.T.Békerv . Analytical
. H ‘,3 . .
2. 2 Preparatlon of complexes .
2.2.1 Preparatlon of [Co(NH3)501](N03)2 (63)
g "‘ Twenty f1vP grams of (0.47 mol) amm%nlum chlor1de~
was dlssolved in 150 ml (about 2.2 mol) of concentrated -
(¥4,7 M) aqueous ammonia in a 11 Erelenmeyer flask. The .
-~ solution was contin@ousiy agitated while 50 g (0.21 mol) of ‘ {

> v
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finely powdered Cobalt(II)chloridehexahydrate was added in-.
small portions, each portion being dissolved before the
next was added. A yéllow pink precipitate of hexamineco-
balt(II)chloride formed with the evolution of heat. All
Ssubsequent operations had to pe performed in a hood. To the
slurry, 40 ml (0.39 molﬁyof 30% .hydrogen peroxide was added
with vigorous swirling (ér mechanical stirring to the sgﬁ%-
£i6n) as a thin stream from a buret. This results in a
vigo}ous exothermic reaction with effervéscence. When the
effervescence, had vir?ually ceased, a deep red solution of
the aquopentamine salt haJ foré;d. To thié 150 m1 (1.8
mols) of econcentrated hydrochloric acid (12 M) was added
slowly. Dpring the neutralization, the temperature of the

reaction mixture rose, and the purple product precipitated,

leaving a pale blue¥green supernatant solution. The mix-

. ture was heated for 15 minutes on a steam bath,cooled to

L

room temperature, and filtered by suction. The
precipitated product was washed with several portioﬁs of

&

ice cold water totaling 100 ml, followdd by an equal volume

gf cgld 6 M hydrochlorio’acid. An alcohol wash foltowed
by a

acetone wash facilitated drying which was

"accomplished by heating the product at 100°to 110 C for 1

Ny

to 2 hours. The yield was 48 g. The product was pure

enough for dosﬁ further synthetic WwoPk but could be

recrystailxzed as follows with about 46 g recovery. The’

" solid was dissolved in 450 ml. of 1M aqueous ammonia by

warming gently on the éteam bath, after which the clear

7

»

.
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solution was poured (hood) into 450 ml. of concentrdted ‘(12
M) HCl. After heating for 45 minutes the'compl x salt

[Co(NH3)5C1 ]Clywas isolated as above. This prodyct was

converted to the nitrate fobm by preparing a saéurated
) ® \

‘ |

solution of the above complex and adaing congentrated'

N |
nitric acid with cooling touO'C. The absorption spectra

agreed with that in the literature (4),:

2.2.2 ° Preparation of traﬁs—[Co(en)2C12]NO3: 4
Krishamurthy's methbd (6Uf was used by dissolving 20
g of CobalthI)chloridehexahydratein'20 ml of water, and
80 ml of ethylenediamine (30%) was added toif cautiously
with stirring. Then, the~solution was cooled in an ice
bath ﬁo dr5°C and 15 ml of H50, (30% ml) was added slowly,
1ml at a time, in the beginning. After the compléte addi-
tion o »05, the solution was warmed gently to about 66,-
70(Gj;izﬂabout 15 = 20 minutes. Then 40 ml of concen-
trated hydroch\oric acid was added to the solution with
stirring and the solution was evaporated with occasional
stirring until its volume was reduced to two ﬁhirds of ‘the
original. Aftercoblingwéhesolutionin an ice bath, 30 m1
of ethanol was added and it was cooled for another\ﬁo
‘minutes. The green crystals were filtered, washed wiFh
ethanol and dried in a vacuum des;ccatort The yield was 12
g. The chloride was converted to nitrafe by passing tﬁyough
an anion exchange resin in nitrate form. The nitrate
precipitated affer addition of a%pohoi'and cooling to 0°C.

@

\The absorption spectrum agreed with that in reference (4),

Q
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2.2.3  Preparation pf cis-[Co(en),C15]C10y

The chloride salt of this compound was brepar‘ed
using Blair's method (65) to convert l8 g of trans-di-
chloro(bisethylenediamine)cobalt-(III)chloride by evﬂaporat-
ing a neutral solution to dryness on a steam bath., The
unchanged trans form could be washed out with a little c<;ld
water, then the transformation could be completed by the
evaporation. (It should be repeated that this should be
done not more *thari two or three times, however, as
decomposition takes place). The yield was 6.5 g. 1t may
" converted to the perchlorate salt by the éddition of
concentrated perchloric acid to a nearly saturated solution
and coo’j/. ing to 0" C. Again the identity of the sample was

)

confirmed by the agreement of the absorption: spectrum with

that in reference(T74)

2.2.4 Preparatior; of cis-[Co(enzz(NCS)CllNQ3

To prepare this complex, the literature method (66)
was modified. trans-[Co(en)ZClz]Cl 20 g was.dissolved in 30-
ml of warm w‘atér aqd a solution of potassium thiocyanate
(6.8 g in 15 m1 of water) was slowly added with donstant
stirring. Gentle heating was appligd until the r'esult'ing
paste éissolved, producing a purple solution which was
immediately plae@:i ir: an ice bath and allowed to cool for 2
hours, A marked decrease in yield resulted from overhea-

‘tin“g during the first stage of the reaction. The yield was

¢

—
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5 g Thé precipitate of cis-[Co(en),(NCS)CLINCS was
bhanged cto the niirate’}orm by preparing a saturated
solution of the above complex and adding Eoncentrated
nitric acid followed by cooling below 0’ C. Absorption

spectra agreed 'with that in reference (71)

2.2.5 Prepgration of trans-[Co(en),(NO,),]NO,:
We have used a similar method to that used for preparation
of cis-dinitrobisethylenecobalt(III), a slight modifica-

tiqqt_mTrans~dich1oreb}ﬁ(q@pylepe@iigigglgpbalt(III)-

AR o re . L) ’. - v
. chloride 30 g dissolved with magnetic stirring in 150 ml

cold H,0. “When the salt was dissolved, the solutionwas
cooled tE“EEHUE"1128CfIﬁ‘an iee7 salt Bath and 114 g of
powdered NaN02 added over 1 or 2 minutes while stirring
fairly rapidly. The solution changed from green to red ahd
before all the salt had been added was bright orange to
brown. Slight hggiing of thi; solution changed it to
yellow crystals of the trans dinigro product,. Agéin the
identity of the sample was gonfirmed by the agréemqnt of
the absorption spectrunm Qith the reference (71).

2.4 Light intensity measurement:

.For wavelengths 457,488 and 514 nm, the 1light source
was a Coherent 6W Ar-ion laser oberated well below rated
current. For experiments in the range 570-622 nm; the Ar
laser pumped a Coherent 590 dye laser filled with rhodamine

6G. Light intensity was monitored using a Coherent 210



- 61 -

'
powe} meter which was calibratéd in the manner described by
Kido and Langford (68). At 488 and 514 nm, Reinecate
Actinometry (70) measured the intensity and calibratéd the
power meter. Readings were tgken before and behind the cell
and compared to readings taken before and behind the same
cell filled with distilled water. (The absorbance calcu-
lateﬁ for solutions examined this way were in good agree-~

ment with those by conventional spectroscopy.)

2.4 Photolysis Procedure:

In _order.to minimize corrections for ligands re-
i

leased thermally, runs were normally conducted at f C for

trans-Co(en)ZCiz+ and 6 C for cis-Co(en),Cl,* while cis-
Co(en),(SCN)C1™* was run at 0°C. Solutions were prepared to
the limit of read} solubility and ‘then filtered thSugh a
0.45 ym millipore filter. A small volume (10.0 ml)
jacketed polarimetric cell of 10.0 cm path length was used
for irradiation. It was thermostatted at the desired
temperature ( !O.f c) qith circulating water. All the runs

photolysis were carried out with absorbance more than one.

2.5 Ana;}tical Procedure: ‘ S,

2.5.1 Chloride ion determination: The chloride ion
released in the photoreactidns(or in the dérk reactions)
was followed by mercury (II) titration using 0.016 M Hgﬁ03
solution stahdardized against NaCl. The indicator was'di—

phenylhydrazine. A residual of starting material was.

removed by ion exchange in order to avoid further reaction.
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- Thus, both photolyte and control solutions weré passed

through 7 «<8 g of (Dowex HCR) cationic exchange resi?ﬂ
The released chloride was washed from the4column with 15 ml

‘

of distilled water. @

2.5.2 Thiocyanate ion determination: Free thiocyanate was
determined by ;dding an aliquot of irradfated (or dark
control) solution to the fourfold excess volume of reagent
containing 0.1 ferric nitrate in 0.5 M perchloric acid.
The absorbance due to the resulGing‘ferric thiocyanate
complex was measured ( €=z 4.3 x 103 at 450 nm) (70).

[}

2.5.3 Ammonia measurement: Free ammonia released was'

measured directly for both irradiated and dark solution by
the pH method (69). ' In this method, the acid used in

controlling ionic strength 1is used accbrding to the

following reactions

NH3 + HY ———9NH)"
The pH meter (four digit precision meter fabricated in the

Concordia science worksh&p) was easily calibrated usiné

’ 4
acid solutions of concentration near experimental .

conditions for photochemistry. The change of free HY
concentration, ACy was then calculated

-

The only important precaution is to ensure that an adequate

¥ .
time is allowed for readings to stabilize.

R U .



2.6 The Conveptional ﬁv—visible abéorption and MCD spectra
measurements:

. All conventional spectra were measured by using a
Perkin-Elmer 557 spectrophotometer. The MCD spectra were
measured using a custom built specfrometer ( its schematic
diagram is shown in the f£ig 2-1) ::;Eh uses in sequence a
xenon 150 watt lamp, Cary 14 monochromator, Glan-Taylor
polarizer, Hind's internationl Piezo-optical polafizer;
Walker Engineering 2.2 T electromagnet, and Hamamatsu 955
photomultiplier detector. The phototube DC current ié kept
constant by aqéigtﬁplling feed-back circuit. The AC signal
representing the 50 kHeg MCD differential absorption is
decoupled a£ the preamplifier (mounted in the phototube
socket), filtered and amplified by a PAR Model 124 lock-in
amplifier. The output is digitized by a 12 bit A/D
converter linked to a Motorola Exorcisor II which
automatically scané the spectrometer through the desired
signal to noise quality conditions. Baseline and spectrum
data files are subsequently merged digitally and.the
resulting spectra plotted displayed on a digital XfY recor-
de;. [;\“ J

The magnetic field was calibrated using the
conversion factor of 0.6 A7kG giveén by the manufactu;er and

o+

/or by measurement of standard Co(H20)6 solution using

the value of molar ellipticity per unit field of [#6 ]519m
= -6.1x103" deg cm2 d mo1~! G-t The molar

absorptivities are given in M1 cm’1, and magnetic

b
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ellipticities , [8]y, in "deg cm® d mol~'G which are
calculated from the equation [9 Jy = 1008/b MH where 6 :
is the ellipticigy measured directly in degrees [9 =
3300(Ag - Ap)], b is the path length in centimeters, M is
the molar concentration, and H is the magnetic field in
units of-gauss. All MCD measurements were made with
magnetic field parallel to and in the direction of the
light- beam.
- \ ,
In the assignment of MCD spectra the location of the
zero was set by selecting "lock" fregquencies where the
signal is taken to bé zero. The locks in these spectra are
set at the 1long wavelength end where absorption spectra
features. have been exhausted. The other lock wavelength is
set at the minimum point in the conventional absorption
spectrum between "B" terms associated with the singlets.
The correctness of the choice of lock points is indicated
by the agreement 6f the peak frequencies of the B terms
which are assigned to the singlets with the freduancies
assigned to the same singlets in the ordinary absorption
spectra.

Baseline correétions of these MCD spectra were carried
out with the routine MERGE. It's role is as follows:

1~ Subtract baseline.file from data file correcting

for both baseline offset and rotation using two "locking"

energies,

-

2- Permit resetting of calibration points‘and number

of points in the final data. .
’
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2.7 Transiént Spectra. Measurement:
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For the present spectra a slit width of 0.8 mm ahd a scang
rate of 5 cm™!/s were used with a gain of. 20 nV.
Solutions were prepared by weighing into small

B beakers ( to.the nearest 0.01 mg ) an amount of the solid-

S3alt about three to four times the quantity needed 'to

brépare solutions for cenventional spectroscopy. A few mls

of ultrapure water (millipore system) were added and the

’

beakers warmed gently until all the salt was dissolved.'

-

The MCD spectra were recorded immediateiy.

1Y -3

uBefore any ruh was recorded we had to find the 0 on the
.timé'scale between’;he éxqiﬁing pulse and probe by using a
cell containing Toluene and a cross polarizer so thét the
fundamental beam'passed thrngh tﬁg cellato induce
birefringinge. Thié event took i—2 ps. The moment at
which the p;obe pulse could be detected by the OMA was
considered t?e 0 of the scale. .

Most of the saﬁples were prepared with an absorbance
,lof»0.65‘at 355 nm'in a 2 mm éell. For each run 10 - 20
shots were recorded for excited sample and blank and than
averaged. The resﬁlts presented are the average absorbance

change spectrum'(AA) ana.the curve at +1 standard deviation

for the. set. o " ’ : ' ,
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' Chapter 3

ﬁesults

3.1 Photolysis
3 1.1 . Photolysis of" Co(NH3)5C1a* ' )' .
v This work is an extension of studles by Pribush et
'al: (18) wno used 488 nm Ar-ion laser light and work by
Langford and Vulk at 514 nm and 647 nm. The full wavelength
dependence "has’now been examined for both C1~ and NH3
yigld. Optimum conditions were uséd, keeping the
absorbance more than 2r0thquextent of photolysi§ at « 50%,
temperature was 25°C (therﬁal reaction rate coqstant*: 6.7
10-6 s-1 at 2§'b). Tﬁe quantum yields are collectéd in
’.table 3=-1. fhey are.shown grﬁﬁh?cally as gquantum yield
‘. versus wavelength in figure &ﬁ'.
. i . ;

3.1.2 Photolysis of cis-Co(en)ZCiz*/and

01s—Co(en)2(NCS)C1+‘ |

The whole first ligand field absorptlon band was
éovered, in the photolysis 'incldding wavelength§

488,51&,573,‘and 600 nm. ‘Optimum conditions for the experi-

~

ment were maintained. The temﬁerature was 2°C(§ince this
ién has a high thermal reaction rate k = 2.5x10'u s=1at
2570). The absorbance was kept above é, and the extent of
photol&sis < 20%. duangum yigigf for -the different
wagelengths are collected in Tablet3-II. They are shown

graphically as quantum yield versus wavelength in figure

(3.2). The absorption spectrum also appears in the figure.
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The unéer't\i\'njgyl s the standard\deviétion in 3 - 4 runs.

¥

Tesyj of éhe effect of both 1nten51ty " and
« 4 \U N

concentration on‘thequantum yield have been conducted.
These results showéd/fhat‘nelbher the concentration nor the
1nten31ty habe an effeqt qn the quantum yleld of
substitution of the chloridé‘ag shown in table (3-IK)

i

3.1.3 Phozolyses of/trénb-Co(eﬁ)2012*: L \
The photolyses include the wavelengths 458 ., u8gs,
573, 600, and 622 nm. These cover the whole llgand field
reglon aqd may be including the tail of a charge transfer
.band ~The expeflment was conducted under optimum condi-
tions temperature gc (thermalﬂsolvol&sis has a rate
consStant of 4.0 x 10-7 at 24°C) and absorbance was one. It
Waé(ﬁggcially diffcult a? lonker 'wavelengthsvto try to
reach absorbance 2. The extent of photolysis was kept
<1&%. ?he quantuT XieL% foﬁ_uptake of H* was, méasured
fkusuaLly assuhed-tp meﬁsure cleavége of a Co;N bond on
ethylenediamige) at a teqperaéure of 15°G-§n order to get a
fast steady readin& on tgg pHngﬁer: Statéd uncertainties
represent 10.5 standard deviation on a set of 3-51.4fdns.
Data are col}ei;ed in Table 3;3. they are graphicélly
presented as quantum yie%d versus wavelength in figure

LY ‘ R
(3.4). The &bsorption’ spectrum also appears in the figure

(3.4). @ . -
g ) £ : . L

3.1.% Solvent and temperature déhendenee: t

v

: {
The respons€é of the quantum field‘td different sol-

ot . -

68 .
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, vents was examined. These solvents are nitromethane, -dime-

thylsulfoxide (DMSO), dimethylformamide (DMF) and various

1

"glycercl-water mixtures. All the'd&nditions_whiqh were
& < *

—4d. msed for aq%eous photolyses werne pre§érved, except for the

‘'in Table 3-1V and presented graphfcaldy\in figure (3.4).

3-V. 'Phofdlyses at different temberatures were carried out

+

at 600 nm usin;\both.cis apd trans Co(en)é012+. The data

are collected in table 3-1IV. They ére presented as

tN

\ ¢ ‘
figure (3ﬁ5,3.6L Pseudo-activation eneries" Were estimated
*y N .

frow%ieést squares fit of slopes to thése plots 55'-3u72.:
147 cal mol~'for the cis isomer and';§300 + 107 cal mol-!

<

‘for' the trans isomefr.

'y

sa

‘cases of DMSO, DMF, where the photolyses was conducted at
' N -

° N . . ol ) '
15C . The data for glycerol=water mixtures\ape collected:

- .The data fofr‘ nitromeﬁhane, DMSO, and DMF are found in ¥able-

';6g(qhantum yield) versus reciprocal tempersture plots in

!

&




Table 3-1

Quantum yigld for photochemical ligand substitutions of
: ¢ . % ‘ 9
Co(NH3)5Cl2+ at 25 C in neutral aqueous solution with 25

e "
v

3

)

ml cell.

The concertration of the complek is 0.01 M~

1KWavelength i laser Atimq Quantum
\3 power Yield
nm . substltuted -mW hour 10“
1 )A u
488 c1- 200 2 16.7 + d.5a(3)
/ ‘ 17.1 + 1.2 b
- NH 3 200 2 55"+_2z_6 a (3)
g% 50 b
A!
514 c1- 51 + 1.3 ¢ -
] NH3 50/" .
573 *NH'3 290' 2 20.9 +2.4 a (4)
«600 c1- 125 . 2 | 12.8 +0.9 a(3)
"NH3 125 |2 23 6 + 0. 9 a(3) ‘
. 622 c1- 80 2|, 10.9 +.1.0a¢3)
Tt NHj 80 s 2+ “9.1 +0.6a(3)}
647 c1- 9.6 e
e _N'H3 1.3 c
L ~ :
-,
a ‘ﬁhis_d%rk b) Pribush et al. (23) c) Langford and Vuik

(19)°

Ll

Number in parenthesis indicate number of indep\;dént runs.

e ¢
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" Table 3-II
Quantum Yield for substitution In cis isomers ét £C
The concentration of the complex is 0.005 - 0.01M
a) cis-bo(en)2C12 e
1) C1- substitution
Qévelenéth Laser power time Quantum Yield
nm mW ) hr 10" N
488 180-270 1-2 27+3 . (W)
| 514 " 270 1-1:30 é7-:2 (3)
573 130 1:30 16+ 2 (3)
600 245 1 1342 (3
ii) H* as measure of ring opening ¢
wavelength Laser power  time Quantum Yield
; . nm mW hr 104 N
488 250 |1 i 58~ (3)
g

¥

'1) N
iii) effect of the ¢

anentrd%ion on

Y |
" the qu@ntum yield

- ey
of Cl e
0 e/ . s
Wavelength . Coffc. laser - time’ Quantum
o
1T . ' power Yield
nm M 103 mW hr 10"
”
-5 5.7 270 | 2 30
B 3.4 270 | 2 28
: -
< = '

|

DI <. it i < € Bt ok R s b B A e &
‘



- 72 -
S C .,
, -
", iv) effect of‘&ntensity on the quantum yield of Cl~
Wavelength conc laser 'time Quantum '
/’ power Yiela
nm M 103 oW | br 10"
488 5.2 - 180 | -2 28
488 5.2 270 1 30°
| b) cis-Co(en),(NCS)CLY . '
Wavelength Ligand laser time Quéntum ’
i substituted poweé V Yield
nm { ov hr 10"
488 NCST §R255 1 26 + 2 (3)
C1- | 255 4.3 £ 1 (3)
600 NCS™ K% 250 1 12 21 (3)
i c1- ' < 1074

Number in Paranthesis represent number of independent runs.

.

/
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R * | Table 3-III -

| Quantum yield for substitution of tr'an‘s-.Clo(en)é'Clz+ for 10%
photolygsis at 8.C'in. The® concentration of the complex

! : is 0.005 -‘0.01 M | \

5
a) C1- substitution

wavelengtﬁ Laser power tihé anntum Yield
. nm . mW hrv 104
457.9 125 2 11.5 + 0.5 . (4)
488 190-225 |* 2 8.44 + 0.2 (5!
. | s s 2 5.3 + 06 (3)].
573 © 110 . 2 ,8.04 + 0.5 ,(35 j
600 225. 14 7.2 +. 0.2 /,/(?f)
622 .| . 160 . LA R Y :‘;Z (3).

o T v ! '

b) ﬂ* uptake as-a measure of en ring opening .
wavelength Laser power time ‘Quantum Yield
nm . - nW hr 10" ' .
; 488 250 1 5.8 (3)
" B . .
d Number in paﬁenthesié indicate gumber of independent ruhs
‘ ‘ ’
.tf
r ‘j.' \ * .
¥ ' , W
. ) @ .
.I\'
, A S\
3 | |

P« oot s oot b s e twbmans v
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' Table 3-1IV

!

Quantum Yield for photosolvolysis of cis-Co(en)ZCiz+ in

N

[

water glycerol mixtures. Irr}diation time, 1 hr, laser .

power 250 mW 'and temperature 0 1

[ B // ) '

L ek

» -
% Glycerol Quantum Yield Receprocal
: viscosity
(by volume) ci- 104’ 1/ (a) 10
0 ’ o 2T + 3 (&) 11.20
\ *
10 _ 22 w1 (3) . 8.67
20 S I T ) 6.48
" 30 9+2 (3) _ h.6u
40 <9 (3), 2,52
0] ' ’ 0

-

"a) values from reference (73)

Number in parenthesis reprsent the number of independent

runs b ;

*e
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Table 3-V

o g St et

" Quantum Yield for photosolvolysis of cis-Co(en)2012+ in

mW- laser pbwer,

N

Solvent Quantum Yield
: c1- 10"
water 27 + 3
10% Nitromethane 29 + 2 (2)
~g - : -
dimethylsulfoxide < 0.1 (3)
N,Nsdimethylformamide be 2 ‘ (3)

The number in parenthesis represents the

o

independent experiments.

L]

@

© different organic 8olvent at 488 nm, 1 hr irradiation; 250 '

numbeﬁ of
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3.2 MCD spectra: ' ' : o .

The‘spec&ra of the four compoﬂﬂdévaﬁe
presented in figurés (4.2,3,4,5) pages 100 - 103.
Assigdments are indicated on the figupes:and in tablé (4 -
The signal to noise ratio in these spectra is

IV) page.

only sightly lower thaﬁ‘the pen width indicates. Thus, the

"inflections indicating the presence of A terms are readily

Edentifféd. However, this qualitative resolugion does p&%
entirely carry over into definipion of'band-centers, The
bands are broad, as expected, and it is véry d;ffcult !
These spectra are to be compared with early MCQLsﬁéétra.
reforted by McCaffrey et al.(74). The qrﬁor‘barﬁ shown in

ref. (74) indicated that, as expected, developments in

signal recording and processing have allowed for much im-

proved signal to no}se in the current spectré. Thus, the

spectra of ref. (74) do not reveal the A‘termskassigned in
the figures, This lack of resol?tion also causes two
problems. In the spectra of the cis dichloro ion, the lock
point impiied'?ynfhe published spectrum (it is not
pxplicitly‘statééS”doesVhot correspond to ﬁhe minimum in
the absqrption spectrum. Tﬂis leads to the assignment of
two negéﬁive B terms which do not match peaks of the
agsorption spectrum. * If the lock is placed at the minimum,
the result is a singlé positive B term which does match the
peak in the absorption spectrum. The negative features are

revealed here to be a part of A terh?. Similarly, there is

a lock problem in the'spectrud of fhe chloropentamine

.
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complex shown in ref. (7T4). At the low energy end,’the
Aspecf?ﬁﬁ“is brought to zero at too long a waveleng%h. The
rough constancy‘of the spectrum froa about 16.5 kK to 13le
shows that the last peak shown in ref.(74) is an artifact.

The modification of the lock point has the consequence of

éhanging the first B term to a positive. term. The resulting .

peaks agree with the atsorption maxima from the
\ coﬁventional sbectra within the uncértainty. Conventional
absorption spectra determined with the present samples we;e
ih’excél;ent agreement witﬁ earlier reports. These spectra
are summarized in the table only.

‘The treatiment of the spectra are conventional first
order (75)./ All parameter agsig q}s are derived usiné
ﬁhe-MCD spectra as input data.' Values of the Racah
parameters are def&ved from the singlét-singlet splittings
and values of‘C from tpe singlet-t}ipiet splittings. The
Octahedral splittinés parameter is th&ﬁ fit., Only in the

case of the trans dichloro complex where one triplet is

missing was a general iteration used. The state energies

and the values of ligand field parameters are given in

Table (4-III). To help understand the discussion the

.
L

figures are placed in chapter 4.
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" " The transient speectra of Co (III)-amine complexes
~ The four compounds Co(NH3)5C12*, cis-Co(en)2C12+,'cis-

Co(en),Cl,", and trans-Co(en),NO,* were tested for

their response in transient absorption spectroscopy.

These spectratare presented in figures 5.1, 2, 3, 4 and 5.

The first three showed discrepancy for any transient, and

all appareht .peaks were within the-'noise and cannot be

taken as transient absorbance, The ground state also has
a low extinction coefficient. Even with the highest possi¥.

ble concentration we found only (i.e. only 1% of the ground

. state are excited). The last two c¢ompounds, cis-

Co(en),(NCS)C1* and trans-Co(en)2(N02)2+, do show tran-

sients. These spectra wefe recorded at several probe'delay
times. The 1ifetiéés of these transients were calculatéd
from the first order rate equation Sy plotting 1log( A)
vérsus tiﬁe dela& of the probé beam., For c¢cis-
Co(en),(NCS)C1* and trans-Co(en),(NO5), rate]constants were

12 x 109 s~ and 5 x 109 s~. respectively.

5

-

B
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Figure 3,1 Quantum yield behaviour for the photochemical Yiqand substitution >

of Cé(NH$)5C12+ at different irpadiation wavelengths . .
\ A- Amonia substitution
‘- Chloride substitution . . o
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cis= [Cq(en)iaz];

A B

+22

450

ct s-Co(en52C1 2"'.

5§O
Ainm)

%

650

Figure 3.2 Quantum yield profile for photochemical Cl" ‘
substitution versus different irradiation wavelengths of

.

s
LY

s . -
R o SN N PP P

e — T
.
H
1
-
.
2
H
i
)
N
s
.
E
{
]
,
:
,
t
.
* h
.
v
;
.
\
;
ix1
;
‘ & I3
g Stiin



T

LR
:

’

-

4

§<L
[ 14
E;ﬂ
0
o
(o]

Nom)

i K} -
?
.0
S
\
~ I -
]
. ) .
\ ;
’ -
o
¢
. s !
5 -
i . -
N
. .
s

‘Figure 3 3 Quantum yie]d profile for photochemvca] cr subst1tut1on
at dvfferent wavelength of t:r-ans-Co(en)ZC'l2 . )

3
¥

a2

- -
x(&t-.i‘w,u . i R s P2 A h’a\“»ft"*‘@sﬁ»- s B T .
i LG A e B

-

PP



>

-]
> (Y
« . ‘ “
! ? . P
| oL - B2 -
\ . N
/ iy . T
\ '.f , -
o s . .Cﬁzu\
‘\ ‘ N . Lad ! 4
\ o : <
‘\' ’ - & , . . / Q
. \“ . ' [(‘\ . B « (,
Vo .
.
]
. L .
! ~\ ! -
N . 1 Y \L
1 v L T T L3
/ 30¢
Fod
&
: ) !
ZOAL

Al
.
.
oo
0+
. .
\
5 |
@

|
. K _x'o
Figure 3.4 Relationship between the quant

and viscosity coefficient (77)

”
-

{
.
0

um yield for the
Photosolvolysis of cis= Co(en)ZCI; in water-glycerol mixture

(e



’
’ - 83 = *
- e ) ’ ¢
Y ' ®
8-
s 3 —— X —m .
: - ¢
. , cis-‘[&o(en)zmz] /
644 +
- 651% !
tnd -
’
66+ 1
t 4
67+ 1 ‘
N
6.8 <+ +
694 4
7-0-- ) <+
4
35 36 R 37
. .'r x10° K , .
Figure 3,5' Plots of Tog(qupntum yield) versus I/T of ca‘-s-Co(en)chg '
‘ : T
w
?



(4 J

e

-

6-6

6€9¢

T0+

714

721

7-34

784

764

67

il

i

Coten,C1,]

-

32

0

33

34
o'

.

oA

Figure 3.6 Plots of leg(quantum yield) versus 1/T
of trans-Co(en)Zmz*. 1



- 85 - r

1

Chapter (4) ™
Theoretical Background of d6 Spectra

4,1 Tanabe-Sugano Diagram for O (78):
: The calculation of all the energy lévels,of a d"
conf?guration'including both intérelectronic repulsions and
crystal fields of intermediate strength is a problem of
considerable aifficulty.‘Qit has-been carried out only for
certain nelationships between the parameters of
intereléctronic repulsion. The results are pﬁesented in
the form of the fénabg-Sugano diagrams (shown in figure
4,1)., 1In thése diagrams the energies of the levels of a 4P
system a;e plotted as a verticél'coord' te in uﬁits o? thf
interelectronic repulsion paraméteg:;}ii?le crysta;*fiéld
‘strength is the horizental coordinate {units Dq/B). By
convention ; the overall splitting of a single electron
under octahedra; field is set to A ; 10Dq, Dgq >d. The
restriction on the usefulness of these diagrams lies in the
fact that it requires two Racah parameters, B and C, to
‘describe the interelectronic repulsion for a free ion d
electron configuration. The diagrams can only be drawn if
the ratio of C/B is specified. ?The diagrams.have been
compiled for values of this ratio which are considered most
likely for somexfirst transitiog series ions of the confi-
gurations concerned. Tﬁe value of C/B is stated in each
diagram, Fortunately, it seems likely that the fo?m of the
diagrams are not too.sensitive to the ratio. Moreover ,

many of the results required later use only terms of the

same multipliéify as the ground term. The relative



5

’- ' [ .

energies of these are a-function of the parameter B only,

and the diagram holds for any iBn of the corresbonding
coéfiéuration within the inherent 1ihits of the ligand
field model. In gﬂese diagrams the zero of eqﬁréy is
always taken as that of the lowe§t,term. Hénce, when there
is a change of ground term, the diagram is diécontinuous.

-

The dlscontlnulty aIwayi‘takes the form of an increase in

the slope of the term energies above a crltlcal value of

Dq/B.

%



P e 87 -

»

o+ .

Jst s]

*E(dgd3)
i

'\so \ 2 -3

. D /8

Figure 4.1 Energy level diagram (Tanabe-Sugano) for d6' in
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4.2 Average Ligand Field Model : ‘

In this model all lower symmetry than octahedral

complexes (Duh’ Cyys C2v)are treated as pseudo octahedral.

~

The model is calculated as octahedral energy stateé’without

taking into account the non-degeneracy of component. In

order -to illustrate the method we are going to apply it to

%

Co(NH3)g3* and Co(NH3)5C12*, .

%obs, (Co-NH3) = b Co(NHy)g3*
= 24,900 kK
A (Co-Cl) = ACoClg3-

ACo(NH3)5C1%*  _ 5. 4 Co(NH3)g + _1.8CoClg3"

In this thesis th% average ligand field method was
used to account for the energy of cis-Co(en)2C12+ in which
holohedral symmetry was considered as ¥y, instead of Cy, by
takiné the equatorial energy as an average of the C1~ and
the nitrogen'of ethelyenediamine contributions averaged.

Once spectrosccopic states have been éésighed from
Tanabe-Sugano diagrams and related considerations the more
detailed attempts to study the factors of structure
governing photochemiétry with the elements of the various
states in relation to the relaxed states and the states of

possible products, will require examination of a model fbr

the wave functions from which such matrix elements may be

calculated. The angular overlap model of MO's was used in

the discussion by Vanquickenborne and Ceulemans (79).

]
4
| (
]

4
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h.3 Angular Overlap Analysis and Excited State Bondiﬁ% in *

a8 complexes ' ' i

Treatments which use the angular overlap-model assign a
contribution by each ligand which is additive in orbitél
energy (79).“Within the framework of an additive anguiar
model, one has to specify two parameters, O bonding_and

T bonding for eacﬁ' ligand. If the contribution along each °

‘ ' three axes is equaly'the effective symmetry is Op. If two

N ' model ligand axes (x and y) are perturbed by ligands in the
same way but differ;nthsfromlthe third one (z) the |
effective ~symmetry is Dyp; if allwthree are different,
holaoheder symmetry is still at least Dp,. It will general-
ly be'poésible to select one axis (say z) which is quite
different from the other two (xiaad“Y); The off-diagonal

»

matrix element contains ( Oy + Uy)- In this approxima-
“tion the tetragonal case, will then be small and can
neglected in the first approximation Dyy. Replacing 0, by
Oax @and oy = Oy by Jeq the‘preturﬁation matrix equation

(4.3.1) can be express by means of the average axjal and

. equatorial parameters.

3(o_ + +
4( x 7 %ex T Oyt °'-V),

cereeene..(4.3.7)
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If so, only diagonal eléhents will be non zero: the five
orbitals.of "d" symmetry remain unaffected in all cases and

\

are-characterized by the following energies:

E(ZZ)\ = 2 g4 + Oeq
E(xy) = E(yz) =2 + 2T

ax ¢4 (4.3.2)
E(xy) = U4 TTeq

E(x2-y2)= 3 7

At this point ' let us define the bond energy I(M-L) for a

eq s !

many electron system;
| I(M-L) = =) NjE; —cmmmcmmemmecmomee (4.3.3)

where the summmation runs over the orbitals (bonding and
antibonding) ny is the occuéation number of the i th
orbital in the hexacoordinatéa complex and E}'is the energy
of the i th orbital). The quantity I(M-L) cannot be’
expected to be an adequate approximationj of the
thermodynamic bond energy: an obvious and very important
correction factor would include the global energy shifts of.
the relevant orbitals due to the change in their diagonal
matrix elements. I(M-L) includes only spectroscopic
parameters and, as such, it can be used optimally in the
study of photochemical effects by considering different M-L
bonds in the excited state I*(M-L). Let us consider the
case of I*(M-Leq)in Co(I;I) syrrounded by six 'n acceptgr
ligands . One .,of the excited Eonfiguratipns corresponds to

P

the dyy—sd? excitation. The five ligand orbitals eg and

s
: tzgare again fully occupied, while the ligand ; orbitals
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are empty. The contribution to I* through metal holes

d(3 and d(g.y), is_ 1o + 2(3 = 7¢ ' For the T
4 4

interaction, the contribution comes from the metal elec;
trons (xy)‘(xz)E(yz)eh i.g., 4 G%»n + 1( =T ) = =37 .
It is interesting to comb;re I'(M—L)eq and I*(M-L)ax fo} a
specific configuration and a given ligand. The population
of d, destabilzes the axial ligand with respect tolthé
equatorial ligand by the amount 3/49z. Population of dx{yz

has exactly‘the opposite effect. Depopulation of dy, does

y

eq bqn¢

not effect the M‘%ax bond but it modifies the M-L
strength by T eneréy units (stabilzation for = donor and
destabifization\for m acceptor ligands). The opposite
holds true for depopulation of the (dxz,dyz) orbipals where
“the net difference If(M—Leq) and I'(M-Lax) amount to -(
m/2) energy units. After the brief introduotion of this

theory and its implications we evaluate different energy

‘states of d6 by using the above parameter for the ground

'éiate1A1g .
I = Ug(ep)
= 203 Tgq) + 2(2 Ty + %) )
= 8_OGQr+ y Oax M - 3

for the excited state1?1g(Eg)

dyg dyp—— d?2 @

= Byz) + E2) + 2Bx - )

2 Ty + 2 “eq + 2CTax + 20

€q
for 1T1g(A1g) states

dy

y

———— dxz .- y2
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"= B(xY) +‘2E(§) + B(X - y)

M"eq'+ucax+2°eq+3°eq A
— A
1

dxz,dyz — dy _ ¢ |
2E(ZZ) +E(x°- y5 + E{yz)

+ 27

+3C’e $ 27 eq

= Bo,0 + 2 9 q ax

", q
for 1T,4(B,)

\

dygy——2d3

= E(xy) + E(z) + 2E(¥ - ¥}

\

y m "'2°oax"'0\eq+6oeq

Working bgckwards from these equations using an average
ligand field model one could estimate values of I*(M - Léx)

and I*(M - L In consequence of such considerations,

eq)-
Vanquinborne and Ceuleman§ reduce Adamson's rules to one
single statment i.,e. the leaving ligand is thg ligand
characterized by the larges£ labilizétion energyﬂ(I - I*L
The following table summarizes I*(M - L) values for some
Co-amine complexes,

Table 4-I

Predicted and observed leaving 1igand in some Co-amine

<

complexgs

Complex | - L) 1M - L) (M- L)
cis=Co(en)yCl,* 9.15 9.90 15.8%
trans-Co(en),Cl,* 7.93 : - . 13.64

co(NH3)50124 : 8.48 8.93 13. 11



: ) ./\‘v
- 93 -

o
{ ]

According'to Vaﬂé‘}cke:borne and Ceulemans these values
characterized the reactiv;ty of a lowest vibratioxalLy
equilibrated excited state Wwhere spin makes little
differencé. The only result in our study which 09uld be

predicted from these numbers, is the ratio ®yy / ¢, for

3
Co(NH3)5C12+ but only for irradiation at 488 nm. The

7

result for the lower state populajl¢d at long wavelength

like all results for dichloro ions appéar to disagree.

Thus, in light of this YTimitation of the Vanquickenbo?ne

and Ceulmans model and the- problem with‘respecé to the role

of radiationless decay rates in determining?, discussed
elsewhere by Adamson (85) (in which he noted .that the
liéand field strengﬁﬁ cannot be the sd;e factor determining
overall photoreactivity). we make no %urther~use of this

approach.
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4.4 Pre;ious analysis of Co-amine spectra: .
Wentworth and Piper Gﬁ)'ass}gned the component of
éplitt{ng 1T1g.an'd 1ng'in lower than octahehral sSymmetry,
Cyy and Dyy, (whe;e 1T1g split to 'E and 1A2, qnd,1Tag to:
1B2 and 'E ) by adoptiné'a certain approximatioés Tpey
assigned the observed q’nd maximum to the avédrage of the

energy of the 1T1&'state of the parent compound and that of

the1E\state above the ground state. .

complexes ref.(4)

In the case of ih; 1T2 band, the splitting was not
L I .

observed and their argument was that the .charge transfer
band errlapped with it. Table .(4-I1I) suﬁmerizeé the

result for some Co-amine coemplexes.

- / “

-

Table (4-II) S g

L3

Absorption spectra-and band center of some. Co-amine

t

Complex 1A1—-41E ’1A1——41Aé 3 1@1——9]T2

° 8
Co(NH3) 3% - 21.05 29.5
Co(NH3)5C12* . 18.72 21,35 1 275
trColen),Cl,* 16,2  22.49 25.92 .
trCo(en),(NOo)* 17.8 22.4 masked -

We will use these to discuss below the possibility that
{ .

wavelength dependence arises from differential population

of components which then react from non "communicating"

vibrationally equilibrated states. '.'

t
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4,5 Spectral analyeis of Co-ammine gomplexes by ECD

speetroscopy:.

)

The MC?;EESfS observed are all ass&gneﬁ‘as effﬁer A or

B terms. A#Srms arise (7N) froﬂia transition between a
non- degenerate ground staté’and a degenerate excited state.
Thus, 1t is expected that all of the singlet to trlplet or
quintet trans1tloqs in Co(III) ligand -field spectra should

correspo to A terms. B terms do not require a degenera-

~cy. They involve the codpling of the states in the transi-.

tion'to all other stateg of the molefhle in cqpsequencetgf'

. : / ‘
the perturbation~produ€ed by the magnetic field. It is

L

- therefore not eurprising, and is epﬁéistent with results1of

ref (74), that all s%nglet,- singlet bande are B terms, In
ref. (T4), it was suggested that some of the splitting
correeponding to the CHQ, bz;,\and Dyp symmetries of the
mixed ligand complexes studied here could he resolved in
MCD.l Especially, two B terms are reported for the T1g
octahedral state of the cis dichloro ion. In p01nt.pf

facf, the resolution of B terms exceeded the splittings

that are seen in ordinary absb}ptien spectra! This is not

expected. ’ The "derivative" shapé of an A term or a 'C term _

can aid in spectral resolution of oveflaeping bands. How-

’ sighLiyould show improved resolution. The resolution

reported in ref, (7T4) appears to have been an artifact of
poorer signal/noise 6.6° add slightly unfert;nate choice of
a lock point, Unfortunately’the reference does not specify
these‘lock points. The present argument supports the

i -

~

. .

‘ever, there is no inherent reason why B terms of the same
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criticism of reference (74). We asS'lgn N of these bands’
as B and a lower ener'gy band as an A term. With this
.ehan‘ge, all 31nglets are )poor:ly resolved and there is no
ba.l‘sis for t',Y'e'atment of the spectra in an effective symmetry
lowe‘;’ than octahedral. Ther-efér'e{ we have attached Op
symmetry label‘é‘ to all ftransiti6n$ which is equivalent to
using an aver'?g.eﬂfield model.

Iﬁ octahedral symmetry, the energies of the transi-
tions are collected in tabl;g‘z (75).  Using these
expressions for: the energies the oqtaﬁedr‘al ligand field
shplitting pa’rameter, A ,and the Racah electron repulsior;
parameters, B'and C are calculated and collected in table
(IID). Followmg the procedure’ discussed above, Table \IV)
also shows the calculated .spectra using these parameter‘%. .
4

The first point 'to note is that the A terms assigned

- to the lower triplets in these spectra are near the region

s

of" the spectrum of the well characterized triplet of the

Co('NH3)63"’ ion which has been extensivelf discussed recen-

tly by Wilson and Solomon (5 ). However, the small peaks at
about 10.:/k/which'have been recorded several times for
halope(nt minecobalt(III) ions are at much lewér' energy.

low energy peaks have been ass:.gned as 3T1g by seve-

ral authors (75). Thls\_%annot be valld if the LF parame-
ters calcgated here are correct. Tha‘t\ there was a problem

.1is kj’mted y thg) fact that these bands appear at an energy

“-more than 2 kK below the triplet of the Co(NH3)63+ but do *

v

‘not vary with the ligand field strength of the halide
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ligand. The origin of khe 10.5 kK feature may be the
‘overtone of an -NH, vibration which was identified i}/{;is
energy by Wilson and Solomon from the comparison of Co‘;nd
Cr amine éomplexes and by deuteration. (Thekother
possibility is thatjthe b?dd ié"g "hot band" of the
hypersens?tive,type since thé singlét - triplet transitibn
is associated with a Ky = 2 (76)).

"An interesting‘specific feature of the pNCS complex is
Lthe reversal of the éigﬁ‘of tﬁe second B term compared to
all the others. This is a reminder of the charge transfer
mixing into this band. ‘

We now turn our -attention to the parameter table 2.
The” values of the orbital splitting parameter, A , are
slightly smaller than those reported earlier (75). .They
are also less sepsitive to the ligand field strength of the
halidé. This may siﬁply refleét the low resolution of the
B terms in the MCD spiﬁtra and the band centre error that
ariseé from the need to set "lock" points to define the
baseline. The fit given in Table 2 is not as goodoverall
- as is often found. This'no doubt reflects the low resolu-
tion of fhe MCD and the great error in piacing band
centers, The value of the MCD spectra is in the oppor-
tunity to observe spin forbidden bands. Earlier efforts to
fit LF barameters to spin forbidden bands in acidoamine
compiexes (e.g. ref T7) have produced rather odd values of
the Racah pdrameters: The ratio C/B is expected to be &

(75). Values calculated were nearer 8 This is now seen to

be a consequence of the assignment of the lowest triplet at
ot .
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approximately 10.5. kK. With the triplet as seen here, the
expécted ratio is, in fact, obtained. ~"Thus, the MCD
spectra may involve weak bands with consequené largé errors
in the location of band centers. Specifically the B terms
are too broad for precise location of their centers.

-

Thié leads to the point of photochemical significance

T

(5,61). The quintet appears to be located between the two
singlet bandé. This conclusion is established: by two dis-
tinect arguments. First, and most directly, by th;
assignment of an A term in this region éo the quintet.
Second by “fhe fitted "position using the present
qualitatively correct (i.e. giving peasonable C/B) LF
parameters. Photochemical discussion has centerqd on the
possibilty that the quintet might be the l;west excited
state. For this to be the case in the vertical excitation
of absorptibn spectroscopy would require a value of the
Racah parameteﬁ C muéh_too large to match expectations from
simple theory. For it to be true of the vibrationally
relaxed States, the energy minima would need to be more
than 5 kK more removed from the absorption position for

" quintets than for triplets. This seem to be too large. We

conclude quintets cannot be below.



- 99 -
Table (4 -III)
State energies and ligand‘field parameters

. . +

Transition Energies (75)

N | »
E(TT1g) - E(aqg =2 -C
EC(MTo0) - = & 4+ 16B - C } y
E(3Tq,) - - b3
E(3Tp,) - = A +8B - 3C ,
EGTyg) - o= 24 - 5B < 6C ’
Parameters (kK) - | ’ ‘ -
Complex o B ‘d ’ C/B
Co(NH3)5Cl2* . 20.0 0.54 2.1 3.7
~trCo(en),Cl)p 20.5 0.50 2.2 4.4,

. cis-Co(en),Cl,* 20.9 0550 2.0 4.0
eis-Co(en),NCSC1* 21.1  0.35 2.1 6.0
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Table (4-IV)

Spectra of Co(III) d6 complexes in approximate octahedral

‘symmetry
Complex Transition Abso;ption MCD Calculated
. Kk

Co(NH3)5C1%  Tr—Ta,, " 18.7  18.8(B) 18.0

‘ )Aég - 27.5  27.5(B) 26.6

314 R '"15.0(A) . 13.8

, - 3T - 200 18.2

T1g - 23.2(A) 21.2

" tr-CoenpCly*t  Tyo—Tay  19.2(b) 18.8(B) - 18.3

- " og 25.0  26.8(B) . 26.3

3T1g - - (d) 13.9

3Tog - 16.2(A)  17.9

571 - 22.9(A) 20.9

‘cis-CoenZCL2+ ' g—"h1g " 19.9  20.5(B) 18.9
"Tog . 25.0  26.8(B) 27.3 ¢

3714 - 15.5(A) 14.9

375, - 18.5(A) 18.9

°T1g - 22.0(A) 23.3

cisCoenNCSC1p* 1Ty —T4y, 19.9  20.5(B) 19.8

", -(e) 25.5(B) 24,6

3Ty - 15.5(A) 14.8

3o - 18.5(A) 17.6

g - 22.0(A). 23T

(a) Calculated from LF parameters in table (III)

(b) Average of the two lower symmetry components.
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(c) Band hidden under the CT tail. '

(d) There is some indication of this band in the spectrum

s

but the centre cannot be‘placed . -
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Figure 4.4 The MCD spectrum of trans-Co(en)2C12'+ . Concentration
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Chapter 5
' Discussion

5.1 Wavelength Dependence Study:

5.1.1 The photochemistry of the Co(NH3)501+:

Both chloride and ammonia yields were found to be

consistent with the result of Pribush et al. (18) at .488 nm
and with the results of Langford and Vuik (19) at 647

nm(Table 3.1 page 69)., The issue is the behavior, in

'between. Looking at the chloride yield along the first

electronic absorption band, it was found to be falling
\ - . /
toward a ndn-zero value at 647 nm . The ratio of“i’NH3 /

@cl_ which started with value 3.0 is inverted to 0.1 at
647 nm. This is easily interpreted if the NH3 yield is
approaching zero at about 647 nm. The wavelength dependence

reported here shows that the relaxation processes among

states determining both these reactions are prompt and

occur in competition with vibrational relaxation in the
original singlet manifold.

/ Once the significance of the initial degree of vis
ronic excitation is realized, it is clear that there is
nothing in the results to exclude the production of primary
products with varying efficienc§ as a function of initial
vibronic state., "'That is, we carinot directly distinguish

prompt reaction from the initially populated singlet vibro-

nic levels occurring in competition with full vibrational

relaxation from other wavelength dependent processes invol-
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ving crossing from the singlep to other states whieh , then
react, after vibrational équilibrium. An'imgortant part of
the further analysis will be to , begin totﬁake@a
distinction. ,The Qifferenceqin wavelength Hepépdence of o
between C1~ and NH3 yields ;trongly suggests that ﬁore
than one state is involved in the photochemistry. Since our
MCD spectra place 5T2g rather high, thqse states are taken

to be 1T1g and ?he triplet states ( 3T1g and 3ng) or their

R ) &
components in lower symmetry Dy, and Cyy. Since the ammo-.

nia ¢ approaches zero at the end of the sipglét’region,
one c%n'argue plausibly that it is coming from a
singiet-,,1'1‘lg w,hi.ch, Iin't;he caseof Cy,, will split to A and
E. In contrast, the remaining significant Cl~ yield at "647
nm suggésts a significént<react1vit} from a‘IOﬁFr lying
state, probably the triplet. Further comment will follow
the ihtroduction of other chloro complexes.

'5.L2 The bhotochemistry of tran§-Co(en)2C12+:

'- Only chloride yields are measurable in this case.
Th;s compléx shows different wavelength dependence from the
previous one., The yilelds decline in the shorter wavelength
region (at 457, 488 and 514 nm)wﬁereés at the remaining
‘wayelengths they are steaﬂy. One can argue that the tail
of the CT band will cause redox initiated reaction as well
as the direct photosubstitution process at short wavé-
length. This suggests a basically wavelength independent

] and a reaction originating from relaxed vibronic

< -

state, perhaps one below the singlet such as the triplet

Ve
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5.1.3 The Photochemistry of cis-Co(en),Cl,* and cis-

e e -

Co(en)z(NCS)Cl*:‘ L .
‘Finallyyflooking at the resultS‘for'these two com-

plexes,sone can see a similarity in their behavior. They

-

both give evidence of a wavelength depenheﬁt process in
v . - . - .

- RTCICIING ST =

o R

the LF region. In the NCS~ complex we have aﬁalytical

S

difficulties limiting measurement of tHe Cl~ yield but SCN~

St

yiéld ddclinés by a factor of 3 in the same way (

qualitatively).as does.Cl~ aquation-in the cis dichloro

o nop e

complexes. Theré:usno reason to assume the approach to

A

4.3 x 10-% at the end of the singlet 'is eJ&denqe,of

wavelength dependence. .
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5.2 The Hollpbone selection rule in the photochemistry of
Octahedral complexes: » . )

.In the conveéntional theory, the Born-Oppenﬁ%imer
approximation provides the crucial separation of electronic
and vibrational terms. The same mathematical convenience
may be obtained toroﬁgh a‘vector déqoupling procedure in
tensor LF theory without aoy assumption concerning the
vibronic coupling streng%h The tran31tlon moment calcula-
tion}, by elther conventlonal or tensor techniqu;, define
the /Jprobabilities of each event ‘to any desired ordgr appro-
ximation. The tensorial appFtoach, make; it olear, however,

that a very limited number of vibronic coupling channels

are .available in most promotion and decay processes in low

order perturbatlon calculation., If sucH calculations are
relevant an initial vibronic-states at yhrious wavélengths
.can relax differently.

The test of any model, including the ﬁensorial view of

photo and decay processes just described, is its ability' to

predict and gorrelate observable events. This'is only

possible for low order perturbation approaches. We there-
fore mgke.the ma jor: assumption that the reactions of
DOSENCO (decay on seleoted nuclear coordinates) states will
occur along the reaction coordinate determined by first
order vibronic coupling ofostafes by photon absorption.

A general procedure was formulated bypHollebone

(44,45) for predicting a photoreactive coordinate:

a) The intensity of a vibronic transition is governed

’ )

LAt e s e e

—_
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i 1

by.an ogerall octapole rule AT = 3 whereAT is the total

angular monentum
1

b) Factor}ng this #ule by tensor LF methods leads to
sums of electronic and vibrational angular momen tum B

A+ AV = AL (1.3.1)

1

+ AS +. A\f =AT = 3
.1 ‘ A

A where the changes in orbital angular momentum as

( %L, spin.as AS and AV charges in the vibrational

‘angular momentum quantum mumber 9

-

c) By substltutlng known values from electronlc speotra

1nto equation (1 3.1) and vibrationa® angular momentum

,became. ) : o ' ‘o %‘. .
' nv’='nT'- [aL.+ &S] . ) :

H = 3= [sL-s+ AST. . i

" d) In'the .a'ssign.ing of the normal mode for. :any' AV,

4

assnmeﬂtheVgronnd state nas an Ajyg mode and use only those
modes with non Vanlshlng gmplitude at the llgands for
terminal states. , o ; S o f
The reaction coordlnated for specific events of photoex-
l101ted d6 systems can be predicted using the general rules

’for tran51t10n observed in the v151ble-reglon in the six

coordinate Co(III) complex

| S O A

a1y =mm-- >T54(>D) 2 then 1 Avg

hgg (M) =oe- 37,438 2 then 1 g :
g1 D) =mme= 37y 3H) 2 then 1 Kg

g (11)=mmm- 1T1-g€11)- 0 ‘then 3 T1y

]

4

I

I A S B L ket
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To illustrate the scope ofi the theory, the final
consideration will qréw‘gn different and much less #traig-’

htforward experimental data. This draws attention to ‘the

importance of a’capacity to uqderstand medium effects. . The
‘first order selection rules do give an indication of fac-

. . . \
tors involved in intersystem crossing processes. Consider

‘the transition of ZEg

3“A2g ground state (approximate Op symmetr{qug is either a

states of trans-Cr(NH3)2ENCS)4' to a

‘proddbt étate or the original ground state.) The rate of

_this relaxation is medium dependent.

-
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5.3 The Solvent Effect on the Photochemistry of Co(III)-

“amine:'

In reviewing the different poséible roles of the

' sol@entvin chapter 1, we attempted to establish the connec-
‘tion between the possibilties and photoreaction mechanisms.
Ohriresults,in table (3 - IV) reveal thgt the quantum yield
is generally decreasing in series from water to different
mixtures of glycerol-water to DMF and DMSO. First, we will
consider the effects associated with kinetic facility_&f
the departure of the leaving ligand. The classical
treatment for the correlation of dissociation kinetics
.correlation with the Winstein Y parameter shows a decrease
in thg correct order. The‘ﬁofrelation of Winstein Y with
related thermal substitution reaction has a small slope, m,
usually 0.2 (83). Thus it does not appear that this factor
can account for the large changes in C1°7 yielas.

A second possibility is a(relation to solvent
nucleophilicity. This »vas been illustrated in the
photochemistry of Cr(en),(SCN)F* (41). The effect is in
the correct order for DMF and DMSO, but there is no reason
to assume that a modest amount of ethylene glycol can

strongly effect nucleophilicity.. Thus, it does not seem

plausible to focus a comprehensivé account on effects

related to nucleophilicity. 1In each of these two cases, we
may at best have identified a factor in the situation but
do not have a comprehe?sive theory.

The ne#t possibility is an analog of the effect

postulated by Conti and Forster described in chapter 1.
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This would explain solvent effects in terms of the varia-
tion of microenvironments as bulk composition charges. ﬂThe
£effect on yields yould arise because 'of “changing
probability of excitation in these different microenviron-
ments. This is a reasonable suggestion and can explain
wavelength dependence, Unfo;tunately, we have no definite
information cg&cerning the proposed microenvironment and
thérefore cannot fully evéluape this mechanism.

The next possibility "Hollebone theory" the excited
state 1T1g is populated in a process vibrationally allowed
by Coupling with the vibration [3tq,,>. To couple the
singlet~and‘triplet in the vibrational excited state of
singlet 1T1g is fofbidden, but a fast intersystem crossing
could become allowed via a quadrupole perturbation (change
of angular momentum quantum number by 2) delivered by the
4medium. The following scheme helb us to understand this

case:

1 SN A isc e
Big 10 2> 1T 13 £ 02237, 13 £y

: e’/////////
A1g‘0 a1g>

a

Fast isc may be evident in photochemistry of trans-
Co(en)2C12+ in which the quantum yields remain constant at
longer wavelength as shown in figure 3.3. but no other

effect éeen in our work is consistent specifically with
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Hollebone's models. .

The fiﬁal reasonable mechanism .is the cage
recombination, For the photo-aquation of Co(en)2C12+ the
following simplified mechanism can be suggested in order to

account for the observations.

~ h

Co(en),Cl,*t ———  *Colen),Cly* =mmmommmmmmmaoe- (5.2.1)

- k * -

*Co(en) pCl,*—2 Colen)yCly*  mmmmmmmmmcmeoeaa- (5.2.2)
‘ k

*Co(en) C1,*——3 [Colen)pCl. .. Cl™ ¥ mmmmcmmmeeae (5.2.3)

K
[Co(en),Cll.. CL71* o2 [Colen)pClplY ---em-m- (5.2.4)

. k -
[Co(en),Cl...C171* ~—=—— Co(en)C1H50 + C1™----(5.2.50

cage

According to this mechanism, the observed photo-aqua-

tion quantum yield is given by

k k k
= 3 > = ¢ > (5.2.6)

where ¢’ is the primary éleavage yield.. While a dependence
of ¢ on the solvent composition cannot be definitely
puled‘out, the experimental résulks show without doubt step
It énd 5 to be the most impqrtaht.‘ The rate constant for
jdiffusivé cage escape, *5 is expected to decrease with
increasing solvent viscosity, while that of geminate
recombination within the cage, ku, should be essentially
solvent independent. It is clear that the quantum yield is
directly proportional in the first order of reciprocal(n).
Ambiguity remains with respect to the possibility of
hydrogen bonding and the effect of the charge on these

results, but on balance, cage models seem adequéte to the
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Ng
-effects observed. This means that the primary yields are
larger than overall yields and wavelength dependence is

associated with these large-brimary yields.

e 0

Epevm
AL

LR

it o i e Pt
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5.4 Effect of Temperature on the Photochemistry of
Co(III)-Amines:

The hypothesis that the reactions occur in competi-
tion with vibrational relaxation has consequences for T
dependence. If a reaction does noﬁ involve at yeast pseudo
equilibrium over some vibrational degrees of freedom, the
Boltzman factors which appear in experiment via apparent
activation energies (Eapp) cannot be important. Therefore,
low apparent activation energies are evidence for the hypo-
thesis of a reaction in competition with vibrational

relaxation. The only way we can have a larger E and

app
sustain the hypothesis is if the overall yield is control-
led by a complex.mechanism with only the primary step so
fast ( This is-, of course, what the last section
vsuggested).

To define quantities precisely, the temperature
dependence of photoreaction is expressed as an apparent

activation energy, E obtained by applying an Arrhenius

app
type equation for quantum yield
lnd’l - ln(bz

B . R X7 U2 (5.3.1)

fl

] .
To find an expression for interpretation of this

- )

activation energy one must include all possible steps which
could contribute to the formation of the product. If back
reactions of primary products are excluded, the systmy is

A\
still as complex as:
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hv
‘ A ——————3 A" (Activation) =me-e---- (5.3.2)
, k
A*—————QLa A primary product =~-e--e—-e-- (5.3.2)
; k ‘
‘ A*——————l+ A (deactivation) --—-cececaa-- (5.3.4)
. ki
¢] - ——————. | mmemmem———— (5-315)
k1 + k2

.*Assuming the simple case that the physical deactivating

process does not depend on the temperature {(which is by no

means always relevant)

A~e'E /RT ,
HoF pe-E /RT ks TTTTTTTTTT (5‘3’5)
"lng = -E/RT- 1n(e~Fa’/RT 4 y /) —----f---—---i-—e-(s.}7)
.combining equation (5.3.1) and (5.3.7)
R N . é-Ea/RT + kz/A ) ’
Eapp = E, - (5.3.8)

/Ty - 1/T, e Ba/RT o/
Equation (5.3.8) shows that the simplest relation between
Eapp and and elementary E, is complex. For this reasoh the
following conideration should be taken into account.

1- Plots of 1n versus 1/T should not bz linear in
general,.butﬁfor practical reasons one can use only a small
temperature variation and therefore neglects the 2nd term
of equation ( 5.3.8).

“ 2- In the simple case the apparent activation energy
(5.3.1) 1is the differeqce Ea - Eapp increaseé with
increasing quantum yields and may reach values of several K
éal/mol for quantum yields-of order‘10”1; For our 1low
yields the difference will be nglegible if the simple

\

scheme is adequate but cage effede\ﬁéy inpervene.

. 5

-
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3~ The physical deactivating process may show an

-~activation enérgy. In some cases it may be large.
Returning to our results which show good linearity in
reciprocal temperature, an activation energy of 6.6 K cal
/mol is found for trans—Co(en)2C12+ and for cis;Co(en)z a
value of 6.9 K cal/mol. These values are marginal and
larger than the 2-3 Kcal value found for reactions that

have been associated with the picosecond processes from

-

Cr(III). quartets (82). They are much smaller than

processes associated with equilibrated Cr(III) doublets
kﬂ#). They are similar to'those that Rumfeldt and Sellan
associated with control by elementary diffusion steps
(80,81). Since the total yields here are small, there is
some reason to suspect that a simple mechanism is too

elementary. Ambiguous E results along with our analysis

app
of>solvent effects tend to support a complex mechanism
where the initial fast (wavelength dependent) step does not

determine overall yield.
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5.5 The role of ring opéning in the photochemistry Co(III)-
amine : |

The results for(&>iin the ethylenediamine complexes (which
représent the cleavage of amine groub in ethylenediam%ne
from the métal) were consistent with work done by Sh?ridan
and Adamson (21). The ragiOQCi‘/ oyt was also 5 1 as
in the case for trans-Cr(en),X,™, but in éhe case of cis-
Cr(en)2C12+ the ratio was inverted frpm value the value
also > 1 found for Co(III) (86).

. Thermal and photochemical studies showed that both
trans and cis are converting to trans-Co(en)é(HEO)Clé+.
This means that in both cases the intermediates are the
same. There is the possibilty that %igand detachment at
the point of labilizétion is.followed by a rearrangement to
an intermediate of trigonal bipyramidal geometry rather
than by the prompt, coordination of the solvent.ﬁ Taking
the result for @Ci_ig conjunction with temperature and
wavelength dependence which show at least two different
pathways for reactions at cis Co(III) centers but not
necessarily trans centers one finds the mechanisms
suggested by Sheridan and Adamson inadequate.f However,
the low yield in comparison with reacti;itf rule
expectations'of cleavage of aﬁine ligand could be éxplained
p& one of the following effects:

'1- A steric effect of ethylenediamine which prevents
a water molecule from effecting nuclecphilic attack-

2- A strain caused in the bidentate ligand which

inhibits the donor atoms from acting independently.



-"120 - ®

5.6 Picosecond Spectra and Transient Assignment:

We have examined Co(NH3)5Ci+, cis and trans-
Co(en),Cl,* trans-Co(en),Cl,*, trans-Col(en),(NO,),%, and
tréns—Co(en)z(NCS)Cl+. In all of these cases, excitation
at 355 nm corresponds to initial populatipn of a ligand to
metél charge transfer state (LMST). In no case was
transient ground state bleaching observabl;;"This is not
surprising since the ligand field bands in the viéible
spectrum are rather weak for exploitation in Eransient
spectroscopy. Any change of agsorbance in this region is
expectedjto be small since typical pulse energy is 2.5 md.
and about 1% of ground gtates are excited at the concentra-
tion used. In the three chlorb;mine complexes with only
ligand pi to metal charge transfer possibilities, no ex-
cited state absorption is found in the visible spectrum
(see figure 5.1,2,3). Howe?er, for both of the compléxes
with ligands that have potential 5 antibonding acceptor
orbitals for metal to ligand charge transfer (LMCT), ex-
cited state absorption is observed in the visible spectrum.
Figure(5.4) shows the excited state absorption spectrum of
the trans dinitro complex at a probe pulse delay qf 13, U6,
179 ps. The plots show the average specfﬁqm from 1p
experiments and the.curves at plus or minus one standara\
deviation. Figure 5.5 shows the spectrum for the chloro-
isothiocyanato complex at three delay times. 1In the second
figure there is clear evidence for an initial excited state

absorption in the near uv yhich appears with pulse and
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state spectra.

requirément foraﬁ{igand like NO,™ or NCS™ which has a 1low
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rapidly decays 4n favour of the lower energy absorption ) g
centered near 605 nm which decays on a well a defined fime

scale with a lifetime of 120 ps. In the spectrum of the
dinitro complex the evidence for the preliminary transient

is less well defined but there is again a longer lived
transient in the visi%le spectrdg centered near 488 nm.

This transient has a lifetime of 50 ps. Three .possi-
biiities suggest themselves as assignments for the tran-

sient:

1) A‘transition involving states which; in . .
consequéence of geometrical changes in the excited state,“*.
bear 1i£tle relation to transitions assigned in groundv

2) A transition from the halogeh or pseﬁdo halogen
formed by homolytic fission of Co-X bond to the Co(II)
species produced by the same event. ‘

3) A transition from the lowest ligand field triplet

"(3T2g in 0, symmetry) analogous to the nanosecond state of

Rh(III)amines (or Co(CN)63') (62)to a ligand based acceptor

orbital ( n*) . The first possibility plagues all studies

of excited state spectra. Little more can be said. The

second and third possibilities can be evaluated with

reasonable confidence. .
. The proposal that irradiation at 355 nm leads in a f

few picoseconds to homolytic fission is plausible.

However, this assignment offers no reason for the apparent

lying #* level. (Why shouldn't there be transient spectra ..
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in the chloro complexes?). Furthermore, LMCT transitions
in the parent Co(III) complexes which are assigned ligand

+ ‘to metal eg* are in the wuv. The optical
electronegativity of the Co(III) upper sub-shell is
assigned by Jorgenson (84) as 1.6-1.9. The lower sub-shell
of Co(II) is assigned at 1.9. Thus, it is not clear how to
accPunt for the large shift E? the red if the .NO, to
Co(II) assignment is adopted. Thus, there are two problems
with the proposal which we cannot res?lve. The final test
of this proposal may be a study of Co(NH3)SSCN2+ since this
‘complex undergoes photoisomerization to Co(NH3)5NCSE*. The
hsmolytic intermediate must exist. Dr. David Buckingham
has agreed to send a sémple of this difficult complex.

The remaining possibility would aqfign the transient

ESA to a ligand field triplet to a ligand v * transition
(illustrated in fig. 5.6)., It is the assignment most
consistent with the interpretation given for Rh(III) and
Co(CN)63' luminescence. This also provides a rationale for
the apparent requirements for ligands -NO5,-NCS. The re
laxed LF triplet lies below the lowest (near) singlet by
the sum of Racah parameter (77).plus an additional term for
relaxation of the excited state which has one si
antibonding electron.. With Racah B = 500 em~' and C = 4B,
the singlet-triplet splitting in absorption is estimated to

T (i.e. 2C). This is an over

be approximatly 4,000 cm™
estimate since geometrical relaxation should reduce

repulsion. The additional '"relaxation" term should be le§s

<
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than 1/2 of the Stokes shift between absorbance and
luminescence position in the Rh(III) since the , the
octahedral LF splitting, is weaker for the Co(III)
complexes by about 6000 - 10000 em=', From the Rh(NH3)g3*
spectra one can estimate a maximum relaxation contribution
of 6,000 em~ 1, Therefore, the Oy symmetry 3T1g state in
Co(III) complexés must lie, after relaxation about 10000
cm_4q below 1T1g absorption positions. Spectral analysis by
Yamasaki et al., (71,72) place ihe first LF singlet ét
23,000"1 for dinitro complex and at 19,000 em=1 for the
isothiocyanate complex. ‘(This difference of 3,500 em™!
compares favourably with a 3,700 cn~! difference in
positions of the corresponding transients). So according
to this analysis the relaxed trip}et of dinitro complex
should lie between 19,400 cm~} and 13,500 cm~'. If 16,000

1 'is taken as a trial value, the transient absorption at

em”
L88 nm corresponds to excitation to a state at 37,000 cm™ !
above the ground state. In the ground state spectra, there
isa band a which is unique to nitro, isothiocyanato,and
azido substituted complexes in Cp(iII) -amine systems and
which occurs at 40,000 c@‘1 in the trans-Co(en),(NOjy),*
case. This band may place the ligand ¥ terminal level.
If so, the ligand f&eld triplet eg* to ligand n#
assignment for the tranéient is plausible.

One can use similar arguments to those us@&d for
-Rh(III) by Ford et al. (62)to calculate rate constant; as

shown in Jablonski diagram figure (5.7). The quantum yield

for photochemical product formation from a single ex-
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cited state ( in the case of Co-amine our argument was the
Cl- yield is most probably from the triplet state ) is :
) k

=0 P _ . e (5.3.1)
kp + kn + kr .

¢

where kp is an aquation rate constant, k. and k, are rate
constants of radiative and non radiative transition.
In the case of Rh(III) the parameters are for the

example of Rh(NH3)5012+ (62) assigned as:

-~
“\

_ - 6 -
¢rx = 0.18 kpy = 13 x 10 .

- 6
¢isc: 1 . Kn = 50-x 10

In the corresponding Co(III) complexes if we assume that

.the life times of transients are given by 1/ kp +kp = 120~ °
x 10-12 for iscthiocyanato and setting 0.1 <dige < 1.0

and the value of % = U x 10-%  Table (3-II)_. we
substitute these values in equation 5.3.1. The result is
48 x TO6'< kpy < 4.8 x 106 . 1f we impose the same
assumption on trans-Co(en),(NO,),*. we find that 20 x
106¢ kp < 2 x 108 The values are remarkably similar to"'nﬁv
" those for Rh(III). They indicate that the difference
between the Rh(III) and Co(III) cases lies mainly in kp. Of
course, the wavelength dependent pathway i§ a separate

pathway.



i

1

N
11

i

| =n®

ARERNRRNRL
ARNRRRRIY

A

Figure 5.7

Jablonski diagram of Co-amine complexe.

/

PRPPETRPINpE PR

RPN

P

S




- 132 -

5.7 Conclusion:

This study concentrated on three interrelated
area: wavelength dependence of quantum yields, MCD
spectroscopy and time resolved transient spectroscopy. The
following conclusions have been reached:

1- The wavelength dependent yields show that aquation
in the ligand field region of the electronic sﬁectrum
exhibit a) a wavelength dependence term and b) a wavelength
independent part. The wavelength dependent parts have been
argued to belong to.initial excited states in a very fast
process in competition with vibrational relaxation while
the wavelength independent part is assigned to intersystem
crossing to a second excited state which may react after
vibrational equilibration. The most plausible labels are
wavelength dependent reaction from the singlet and triplet
reaction after vibrational relaxation.

2- Thr second area of study was the MCD spéctroscopy
of the cobalt amine complexes which showed specifically
assignable A terms associated with the spin forbidden
transitions. The MCD~spectra of these Co-amine place the
quintet at higher energy than the first singlet and it is
therefore suggested that it can be neglected as a reactive
state.

3- The third was a study of the lifetimes of the
excited state by time resolved transient spectroscopy.
This shows that the re%;xed state (assigned as the triplet
) has a 0.1 ns lifetinme. The kinetic analysis this

A}

permits shows reactivity was similar to the triplet of
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Rh(III)-amine complexes. The difference in lifetimes is
for non-radiative decay lifetimes. |

4. Wavelengthidependence might arise from
prefereptial population of a lower symmetry component.
According to Vanquikenborne and Ceulemans (79) the A and E
splitting of components of the 1T1g is related l;y the

fcllowing equation:
E(A) = E(E) = Ep = Eq, =301 - %)

ox 1s the ligand with a weak ; donor (C17, Br~, I”, H,0)
while °L is a strong © donor"like (NH3, en, CN). For the
case of Cy, the E(A) state is related to the equatorial
ligand while the E(E) state isrelated to the axial ligand.
So the theory could account for a higher yield for ammonia
in the case (Eo(NH3)5C12+ at shorter wavelength and low
.yield at longer wavelength. ﬁ“he reverse would be {:rue in
the case of C,, since E(E) is higher than E(A). Thus, the
shorter wavelength radiation might populate E and favour‘
reaétion axially, contrary to what is observed for cis
Co(en),Cl,* complexes. The ethlynediamine yields also

remain too low in this case.

5- The other theory of interest was the Hollebone
theary (M,liS) for‘y decay along selected nuclear coordina-
tion. According to this both Cr-amine quartets and Co-
amine singlets are expected to have the same properties
since the excited st}ate in both complexes is reacted using

3tq,;> "buckle" mode of vibration. If the singlet excited
Tu
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i

state is responsible for the wavelenth dependent part of
the photo-aquation of Co-amine complexes and the quartet
Mng is responsible for such C}(III) chemistry as has
often been argued both should have similar reactivity.
Experimentally we found ‘in cis-Co(en)oCly * &1 > ¢H+while
in the case of cis-Cr(en)2C123+ the reverse happened.
Thus, the theory is not yet helpful. Holleboﬁe theory
could explain fast intersystem crossing from the singlet to
triplet state by quadrapole perturbation 6f the medium. for
trans;Co(en)zc,lz+ thereby explaining the absence of
wavelength dependence on the absence of wavelength
dependence on that case.

The final theory is that of Conti and Foster(43) which

’argues that the wavelength dependence is due to differences

of absorption at different wavelengths arising from varying
local solvent envirconments. If interconversion among these
microenvironments is not fast compared to 10 ps, This is a
promising approach to e#pla}niné wavelength dependent
yields. Urnfortunately, we .do not know enough about solvent
microenvironments to evaluate the full implications of this
suggestion. The NMR tool recently introduced by Eaton et

al.(87) might help in the future.
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