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, ABSTRACT . .

HE PHOTOCHEMICAL AND PHQOPHYSICAL CHARACTERIZATION OF
..  CHROMIUM(III) POLYPYRIDYL COMPLEXES IN FLUID MEDIA

.Mary Alain Jamieson, PhD. Chemistry v
Concordia University, 1982 -
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"Ther phof:opﬁysical and photochemical behavior of Cr(MN) 33+ complexes ./

in aqueous solution has'been investigated using techniques of continuous

and flash photolyses and luminescence intensity and emission measurements .

N . . )
- 12

‘These invesﬁig‘ations have allowed for an intensive characterization of
AY \.
the lowest excited state(s) of these complexes,. including the identity,

the lifetime and the fa¢tors affectmg the llfetme and the chemical
reactivity in aqueous and mixed solvent solutions. .

The transient absorption produced on flash excitation of Cr(NN) 33+

has been identified as the lowest exc1ted doublet %tate 2E: through

" comparison with the 727-nm phosphorescence emlssmn llfetme and quen-

ching 'si:udles. The (ZE)Cr(NN) 3 lifetines were found to be sensitive
e ‘ “, -~
to the nature and pH of the solvént, the nature of (NN), the presence of 4

added anions and_ tenperatuxe E‘urth\entoxe, ZE)Cr(NN) 3 has been shown g

LY i

to be a strong oxidizing agent, capable of undergoing exc1ted—state bimo-

1ecular reductive electron transfer reactions. The product of such a R
reaction, Cr(NN) 32+, has been characterized with respect to absorption
spectrd~. Also, ( 2E)Cr(NN) 33+ undergoes excited-state bimélecular energy
transfer reactions with molecular oxygen. {
Continuous photolyéis (313 - 450 mm) of Cr (M) 33+ in aqueous alka-
lipe soclution reveals. tlhat (lle/zE)Cr(NN) 33+ is .produoed w\'ith nez;lr—
wnitary efficiency from'the initially—ﬁmdgoed Franck-Condon quartet
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dxcited states. The photolysis results in the release of cne polypyri-

Ed

dine ligand;
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Photolyss.sf experiments have shown that the quenchable reaction oorr;)o‘nent
exhibits a pH dependence jdentical to that of the thermal reaction.
From the pH dependences, and the ract:'Lvati.on parameters obtained from
Wratm dependernce studies, an associative interchange mechanism
is proposed involving ngcleqphilic attack by H50 on the Cr(III) center

to yield a sevén—coqrdinate intermediate species. The excited state

" responsible for this reaction ccmpénen’; is the lowest excited doublet

mani fold, (ZI‘l/ZE) . The unguenchable photoaqudtion reaction component

has been ascri.béd to’direct reaction from the 4'1‘2 excited mani_fold,‘gl_'_g_
a similar associati;\ze interdnar;ge mechanism; this assigmmeny was based
on pH- and telperatum-dependeme studles of the quantum yields of re-

action under conditions where > 99.9% of the (2'1‘1/2]2) reacticn is

v Lo~

quenched. | ‘ ‘,g:z'

&

o Wavelength dependence studies of the qu_encha]qie and unguenchable

and/or an intersystem crossing process is capéblé ‘Iof competing with vi-
brational relaxation down the quartet manifold. The coincidental de-
crease\bnf all parameters at 470 - 510 rm is interpreted in terms of the
presence of prompt intersysﬁem crb;ssing to ('ZI‘l/ZE) anda\prorrpth chemical

reaction f_iom the 4

-

T, ‘manifold.
Photosolwlysis of Cr (bpy) 5 3+ in CH3Q\I/H'20 mixtures re;zeals that

Cr(bpy) 3 is preferent.lally solvated by CH , and the reactivity

3'“‘“"— & ’Jw ' -

.

. reaction components, as well as the phosphorescence intensity, of the —

.Cr (bpy) 33+ conmplex was investigated to determine if*afhemj;cal—reactiorr'-*f——“;

g ooy S ins s mpemeiar
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is attributed to dynamic effects, rathér than static effects. Alsc,
the reaction appears to proceed through the (?‘I‘l /ZE) manifold via
- s . s * . * r .
LI an amsociative interchange mechanism:
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1.0. INTRODUCTION

, Formidable progress has been made over the last twenty years in }

_the study of the photochemical and photophysical vior of chromiium-

(III) coordination oonﬁljexes. These conpléxes remain the object of con-
tinued controversy with regard to the identification of the excited
state(s) responsible for the photochemical reacf.a_f,on. Photoch'emistxy
provides a new dimension in .chemistfy 'inasmuch as an electronically-
excited species may possess pmps;rties different from thdsé of the
corresponding ground-state species. While the dominant reaction mode
of chromium(III) conmplexes is photo—sul;s“t:‘l'?tutipn by solvent upon irradi-
ation in the ligaffd—field (LF) bands, pho£o—récendzation, ~isomerization,
—anation and *redox reactions have been investigated for some complexes.
Interest in the study of the photoreactivity of chromium(IIT) complexes
revolves around the follcms:.ng'oonsiderations: i) t}_1e O].[J?g]_*l of exéited— .
state reactivity with respect to gj:_o.Lmd—state syrmetxy, ii) the _relatiorn-

ship, between the nature of the ‘electronic excited state and the mode of

-

n

chemical reaction; iii) the mechanistic evaluation of the process (es)
which deactivates excited state(s); ' iv) the adequacy (or inadequacy) ;)f .
various theories to predict photochemical and photophysical behavio.r;

and v) the coqparison of the obsexlifed behavior of chromium(III) complexes .
with that of other traﬁsi’cién metal oonpiexes. ‘
Cfmbnﬁm(III) mlmﬁ&l complexes merit particular attention in

)
‘

this respect since ‘their metal-centered (MC) excited states exhibit
. \

: ' ' \
relatively long lifetimes which can be further prolonged by ligand modi- e

. ) !
fication, and by changes ‘in solution medium or ground-state substrats

concentration. These excited-state species._can thus engage in homoge-*

neous bimolecular energy and electron transfer reactions as a result of

»
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' favmrable/ energetics and redox propertles To some extent, the elec-

AN
tronic absorption spectra of these complexes overlap the solar emlSSlOl’l

- spectrum, thereby prompting mvestigatlons of such eonplexes as potep-

tial photosens1’clzers J_n solar energy conversion and storage prooesses.

'

Investlgatﬁgn of several Cr(NN) 3 cmplexes (NN = 2,2'—b1pyrldJ_ne,

*1,10-phenanthroline, or some substituted analogue) in aqueocus soltuion

reveals that photosubstitution by solvent is the dominant reaction mode,

- occurring principally from the doublet excited state w1th a small

" unquenchable fractlon originating dlrlctly fmm ‘the quartet exc1ted -

state. The nature of the,doublet excited state has been studied inten-

-sively in an effort to determine the efficiency With which it is formed,

and the various paramdters ﬁch affect its deactivation. Reactivity of

‘the lowest enerqy, short-lived quartet ‘excited state has also been probed.
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2.0. EXPERIMENTAL SECTION. . 5
2.1. PREPARATION OF CHROMIUM(III) POLYPYRIDYL C’OMP[,E’XE’S .
,‘2-1-0- Reagents and Solwents.
The\ following chemicals. were used as supplied, without fur-
ther purification: anhydrous chrorpimp(II) chlo;ide (98%) (Alfa or Fluka);
E.Siéhlom—l,lo—phenanmroline (G.F. Smith Cilelnical); 4,4'-diphenyl-2,2"'~
bipyridine (Chemical Procurement Laboratory) ; 4,7-dicmthyl-1,10-phenan-
thmiine (Chemical Procurement Laboratory or Anachemia); 4,7-diphenyl-
1,10-phenanthroline G.F. Smith Chemical); 2,2'-bipyridine (Anachemia) ;
‘l,lOJp',henaI;thmline-rronohydrate (Anachemia Reagent ACS or Alcjh;idl); and )<~
4 4'—di1remy1-2,é"-iaipyridir{e, 2,2',2"~terpyridine, S-methyl-1,10-
_phenanthrolme monohydrate, 5—nitro—l lO-phenanthroline, 5,6-dimethyl-
l,lO-—phenantt;rolme, S~bromo-1, lO—phenanthrollne, 5—p¥;¢nyl—1,10—phenan—
throlire (G.F. Smith Chemical); chlorine gas (Matheson). RS
Solvents were of redgent or spectmphotcme'{:ricq and used without
further purification, inclﬁding the following: tetrahydmfurar; (Fisher.
Scientific; Certified), absolute methanol (Anachemia, Reagent), 95% eth-
. anol (Anachemia, Jl;eagent) . Saturated sodium perchlorate solutions were
prepared from purified sodium perchlorate {Fisher Scientific).,
' 2.1. l Elemental Analysis. N
N ' All elemental analL)lses of the dxroxuiwn(III) polypyridyl
" complexes ‘'were performedsby Galbraith Laborator.ies,‘_ Inc., Knoxville,
Tennéssee. ) . : s
@ . ‘ .
2.1.2. Techniques. -
° In éhe syntheses of the chromium(IIT) polypyridyl complexes,
the préparations were carried out in a n;i.trogen—purgegl glove bag’ using

deoxygenated solvents to avoid premature oxidatidn of the chromous complex.
. r‘ - -

.
. i .
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+,Thus, a stream of nitrogen gas was bubbled through the solvents for <a.

45 min. immediately prior to use. All filtrations were performed using

sintered-glass funnels comnected to a water-aspirator. Oxidation with

- dﬁ.lorinel gas was carried out in a well ventilated fumehood. Tygon tubing

+

' I
L {€104) 5"251,0, [Cri4,4'~Phyppy) ,] (CL0,) 37280, Lcr(4,7-2hyphen) ;] (C10,) "

was connected between the lecture bottle and a sintered-glass dispersion

-

tube,\ﬁhe chlorine gas bubbled through the reaction mixture. Drying
of the product was carried out in air, followed by drying in vacwo.

- 2.1.3. Synthesis Procedure.

The preparation of [Cr(bpy) 3] (C10,) 5*1/2H,0, [Qr(phen) 3]—

!
41,0, [ cr(a,7-vephen) ] (c10,) “2H,0, " and {cr(5-Clphen) ] (C10)) 3*28,0

have beén ‘described pf:eviously.l 'For the other cumplexes, a solution of

5 mole of chromium(II) chloride, aissol d irf 100 ml deoxygenated, dis-

tilled water (made slightly acidic with hydrochloric acid) was slowly m

added to a solution of 15 mmole of free polypyridine dissolved in a mini-
mum of deoxygenated solvent. " The choice of solvent was dictated by the
ligand solubility. The resulting solution immedigtely turns a very dark
purple or dark green color, indicative of the formation of the chromous®
cation Cr(NN) 32+. This sc’)lution was stirred in a nitrogen atmosphere for
30 min. to ensure wnplete.xeact.;ion. S@sequently, lO‘ml of saturated
sodium perchlorate solution was adde,éi; and thei solution exposed to oxida-

tion by chlorine gas for ca. 10 min. at which time the solution turned

yellow, indicating the formation of Cr(NN) 33+. The crude product was fil-

tered, collected and tecrystallize'd from a minimum amount of warm water

acidified with hydmchlorié acid. In cases where the crude product was

ot soluble in this medlum, d;ssolutﬁ;ion was effected with a-few mls of

5cetonitrile, followed by the normal recrystallization procedure. The

¢
[ 4
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final product was obta_':med_ by addition of conoentratéd sodium perchlor%te
solution and cooling. The mixture was filtered, and the product coll‘ect“,ed
and dried in air and then in vacwo.
2.1.4. Elemental Analysis Result's.

a) [cr(s,6- mzphen)3](c104 "3/2H,0 .

C@lcu;.ated for CrC42H39N6013 5Cl3 C, 50.34; H, 3.92; N, 8.31;

1, 10.52; Cr)5.19; Fowd: C, 50.20; H, 3.56; N, 8.24; Cl,

10.80; Cr; 4.99.

L cr (5-Phphen) ,] (€10,) 5*5/21,0

Calculated for CxC_ ,H N O -C, 55.71; H, 3.'55; N, 7.22;

547416714. 5 3
Cl, 9.13; Cr, 4.46¢ Fownd: C, 55.52; H, 3.55; N, 7.36; C1,

9.31; Cr, 4.19. '

[Cr (5-Brphen) } (C10,) 5*7/21,0

Calculated for CrCy H,NO) o cBr.: C, 3%.31; H, 2.30; N, 7.06;
Cl, 8.93; Br, 20.13; Cr, 4.37; Found: C, 36.34; H, 2.24; N,
7.03; €1, 9.13; Br, 19.98; Cr, 4.55.

[cx (5-vephen) ) (C10,4) 21,0

Calculated for CrCygfy N0, Clyi C, 48.79; H, 3.46; N, 8.75;

39734614
Cl, 11.08; Cr, 5.42; Found: C, 48.68; H, 3.52; N, 8.65; 1,

10.89; Cr, 5.16 N
Ler4,4' e by, (C10,) y28,0 ,

 Calculated for CrC, H, N.C1.0,,: C, 46.24; H, 4.31; N, 8.99;
Cr, 5.56; Found: C, 46.33; H; 4:40; N, 8.90; Cr, 5.36.
[cr(3,4,7,8-Me,phen)'5 ] (C10,) 5 5/28,0 )
Calculated for CrC48H53N6 14 5CLL3 C, 52.23; H, 4.79; N, 7.§l’;
Cr, 4.71; Fownd: C, 52.25; H, 4 88; N, 7.59; Cr, 4.91.

—
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9) [Cr(terpy)zl(Cl04)3-5/2H20 / ‘ /
Calculated for CrCyH, N0, (Cly: c/ 41.80; H, 3.16; N, 9.75;

Fond: C, 41.88; H, 2.83; N, 9.97.

" 2.2 CHEMICALS AND SOLUTIONS. . ’
2.2.0. Solvents.' -

- Sodium hydroxide solutions were prepared by dilution of cbn*

; éentrates (Anachemia Acculute). Acid concentrations were prepared volu—
netrid‘al.ly from the _appropriate conceatrated acids: hydrochloric acid
gFisher Reagent ACS, 0.2 ppm Fe), perchloric acig, 70'% (Fisher Reagent
ACS, 0.001% Fe). Reagent grade sodium chloride (Fisher Scientific) was \
used to'nm:.ntain constant ionic strength. Boric acid (Fisher Scientific), .
reagent grade acetic acid (Fisher Scientific), and ortho-phosphoric acid,
85% w/w (Fisher Scientific) were used to prepare the Britton-Robinson.
buffers. épectroanalyzed hexanes and n-heptane (Fisher Scientific or
Photorex J.T. Baker) were used as supplied. - Si)ectroanalyzed acetonitrile
(M®B Chemicals) was used as supplied. N

Quenching experj_mer{ts were performed using sodium iodide (Fisher Sci-

3+

entific), Fe(NH,) . (SO "6H,0 (0.005% Fe™), sodium bromide (Mallinckrodt),

472(5%);
potassium nitrate (Maceo, reagent), sodimm thiocyanate (Fisher Scientific,
Certified Reagent), sulphuric acid (Fisher Scientific), and sodium sul-
g;ate (Fisher Scientific, reag:ent)‘. ' .

Deioni§ed, mono—distilled water was used in all solution preparations,
as well as in all experiments. ) »

2.2.1. Solvent Systems. |

a. Britton-Robinson Buffer Solutions:

The Britton-Robinson stock solution was prépama acoording

o

v
3

i
:
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to the proceflure of Mongay and Cerda.2 Dilution of a mixture of 11.5 ml

' of acetic acid, 7.5 ml of ortho-phosphoric acid, and 12.4 g of boric acid

to 1.00 liter with water gave a 0.20 M solution. A typical solvent con-
tained 0.008 M Britton-Robinson buffer, .00 M NaCl to maintain constant
ionic strength, and varying amounts of 0.1000 or 1.000 M sodium hydroxide
depend_lz_‘ng on tﬁe pH desired. In those experiments invo{ving the iodide

ion, the ionic strength was maintained constant at 1.00 using sodium chlo-

ride and sodium iodide. -
A \ b. Aoetonitrile/Water_Solutioﬁs.

The mixed solvent studies on Cr(bpy) 33+ vere perfo‘zimed using
a solventl system composed of spectrosocopic grade acetonitrile (BDH) and

mono~distilled water. 3 ' ‘

/
2.3. PHOTOCHEMICAL TECHNIQUES AND APPARATI. . ‘

2.3.0. ‘Continuous Photolyses.
Continuwus photolyses were carried out with a 1-KW Oriel
Hg-Xe lamp 'equipped with a Bausch and Lomb monochromator (2% nm band-
widt-;h)‘. The beam was passed through an 8~cm path of oooled, distilled
water to improve the spectral purity of the incident light. Constant L
‘temperature (+0.5°C) during irradiation‘was maintained with a jacketed
cell holder and a constant-temperature circulating water bath (Lauda,‘

S~ o

model K4R).

Oontinuous‘photx)lgrses experments were perfoﬁred by pipeting 3.0 ml:
of photolyte into a l-cm quartz cell fitted with a stopcock. When neces-
sary, deaeration of the photolyte was carried out by bubbling pre-puri-
- fied nitrogen or argon tk/lmuqh the ‘soli:tion for at least 20 min. at the

‘desired temperature prior to irradiation. Subsequently, irradiation was



' D=2 or d Perkin-Elmer 552 UWVIS spectrophotometer.

-
§

carried out forythe desired length of time at the appropriate wavelength,
followed by spectrophotometric or extracta;.on analysis to determine the

quantum yield of reaction. During irradiation of the photolyte, the

_solution was stirred by bubbling nitrogen or argon tl{rough it. For air-

equilibrated experirren'ts, compressed air was bubbled thmilgh the photo-
lyte during irradiation. The incident licht intensity was measured by
cherrical actinometry, énploying either the ferrioxalate or Reinecke ac-

tinometer, depending on the irradiatien wavelength.

Absorption measurerents were recorded on an Aminco—RBowman

2.3.1. Emission Lifeiimes. ' :

Emission 1ife:;ri1res for (:r(NN)33+ conplexes were determined

using a Phase-R N21-000 1~KW nitrogén laserr(4 nsec pmiseg at 337 nm) as
described by Demas and Flynn.4 Luminescence decay curves were photo-

graphed from a Tektronix 7633 oscillosoope equipped with a 7A15A ampli-

fier wmit and a T80 time base wnit. Experiments were| carried out-using

1400V input woltage and were performed with a 1-K0 load resistance. The -

" apparatus is schematically shown in Figure 2-1. :Oons t temperature
|

of the analyte was maintained with a constant terjperat circulating ,
. . \ /

water bath.

Solutions of the appfopriate Cr (NN) 33+ oono%_ntration were dissolved
s Ve

in the desired medium. Where deagrated solutiong were |required, pre- j

purified nitrogen oxr argon was bubbled through the solution for at leas

o i x
20 min. prior to analysis. ' ’ .

2.3.2. Flash Photolysis.

i

Flash photolysis experiments were pl{erfonned at Boston Uni-
1
versity; Boston, MA. .The apparatus consisted of a Xenon.Corp. Model 720

!



FIGURE 2-1 : Schematic Representation of N, Laser System for

Fmission Lifetime Measurements.
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urdt with xenon—filled flash lamps (5003; 1/e = 30usec) and an optical
cell 22 cm in length. Tha 150-W xenon analyzing lamp was operated off
a ocontrolled voltage power supoly. The output of the pﬁétormltiplier
tux was displayed on a Tektronix 564 storage oscilloscope.
2.3.3. Lwminescencz Iniznsity Measurements.
Luminescence spectra and intensities of *Cr(NN)‘33+ were

recorded on either zn Aminco-Bowman or a Perkin-Elmexr MPF-44B spectro-

o

florimeter; the latter was equipped with a R406 (R446) photomultiplier
tube, a 150-W xenon lap source and a DSCU-2 corrected spectra unit.
‘ a. Intensity reasurenments for Cr(bpy) 33+ in CH3O\I/H20.

Luminescence intensities of Cr (bpy) 33+ in various CH3CN/

H.0 mixtures were measurec at 22°C; oconcentration of Cr(bpy) 33+ was

2

1.54 x 10_4 M. / Excitation vwavelength was 400 nm, and the emission in-
tensity at 72'7 nm 'was obtained hy recording the emission spectrum in the
range 680-750 nm. Emission and excitation slits were 10 nm, ang an
emission cutoff filter (< 430m1,) vés employed to renmove ultraviolet
light and the harmonics of the exciting wavelength.
b. Intensity measurements for Cr(bpy) 33+ at various
egcit;ltion wavelengths.
Luminescence intensities at 727 nm of Cr (bpy) 33+ in acidic
_and basic media at 22°C as a fnction of excitation wavelength were deter-
mined as 'follows.‘ The emission spectrum of the xenon lamp source (400—
600 nm) was recorded in the ENERGY DC mode against Rhodamine B as a quan-—
tum counter. Emigsion intensities were reoordEed for Cr(bpy) 33+ in
Britton—Robinson buffered solutions (Q.008 M, 1.0 M NaCl, pH 9.53) having
an absoxrbance of l.0.043 at each excitat wavelength. Similarly, the
' )

emission intensities of solutions of Cr{bpy) 33+ in 1.0 MHCL having an
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abéorbanoe of 0.011 at the various excitation wavelengths were recorded

at 727 nm. Luminescence intensity at 727 nm, oorrected for the' variation

is the

R e e RSN

iri the lamp intensity, is given by I = I727nm /Ix’ where 1727nm

emission intensity of the Cr(bpy) 33’{' at 727 nm and I, is the emission in—
]

<

tensity of the xenon lamp source at a particular excitation wavelength

exc' Emlssmn 1nten51t1es we ‘determined at h oxC = 400, 420, 440,
460, 480, 505, 520, 540 and 565 nm All instrumental paraneters were

maintained oconstant for I and I measurements.
727nm x

f c. Intensity measurements at 77K.
J,’ The sample compartment of the spectro‘flLDringter was re-

b ‘ : placed with the Phosphorescence Accessory, which consists basically of
3+

RIS VRV AL T O g e g o,

a Dewar flask and a quartz appendage “as the cell holder. Cr(bpy) 3

was dissolved, qualitatively, in 4:1 methanol:water and browht to 77 K
by J.Irmersmg in liquid nitrogen. Luminescence spectra of Cr(bpy)33+ S

. / at 77 K were recorded in the 600 - 1100 nm range. Detection sensitivity

: in the 800 - 1100 nm range was increased using a red-sensitive R406 .

. )

photomultiplier tube.

2.4 y ACTINOMETRY . ) N

« .
2.4.0. Chemical Actinometric Systems.

-

‘Chemical actinometric systems have proven wery useful in
detemining the intensity of incident light, though they may be restricted
to some extent by their light/absorilning properties. The ferrioxalate

) actinometer was therefore uséld for excitation wavelengths ip the 313 -
450 nm range, vhile the Reinecke actinometer was used in the 300 - ca.

700 nm range to measure incident light intensity from the continuous pho—

tolysis apparatus.
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2.4.1.  Reingelz Aletiromatry.

Reinecke's salt is oormércially available (Fisher Certi-
fied ACS) as the amwnium salt, NH4[Cr(NH3)2(NCS) 4]. The armonium salt
vas converted to the potassium salt, K {cr ow,) , (vCs) 4], by dissolution
of ca. 20 g in 300 ml wamm, distilled water (40-50°C). The warm solution
-was filter'ied through a medium—porositiz sintered%_rlass frit (air-aspira-
tor} to give a clear, dark red solution. Approximately 100 ml of a
saturated solution of potassium chloride (at 35°C) was slowly added,
whereupon the crude pink crystalline product, K[Cr (NH3)2(N(B) 4], immedi-
ately precipitéted out. The solution was allowec’i to cool, filtered, and
tt‘xe crude product collected. Recrystallization of tfle crude product from
ca. 200 ml of waﬁ, distilled water containing 10 ml of the saturated
potassium chloride solution afforded the product, K[Cr(NH3)2(NCS) 4] , R,
vhich was collected, air-dried for 4 hrs. and then in vacuo for 16 hrs.
All procedures were carried out in dim, red light and the product was |
kept J_n_yai_c_x_g over P,0z. |

a. Actinometric procedure.,

The procedure followed was that reported by Wegner and Adam-
son.5 A solution of R inwater (pH 5.3-5.5) was prepa;red such that its
absorbance at the excitation wawvelength, )\ra & is greater than 2, that is,
for 100 % absorption of the incident light. A volume V g Of the R solu-
tion was irradiated for the desired length of time, with stirring during
irradiation. Then, 1.00 ml of the irradiatéd solution was pipetéd into ‘
a vial containing 4.00 mi of Fe>' ( 0.1M Fe (N0,) 5" 9,0 in 0.5 M HC10,).
At the saje time, 1.00 ml of non-irradised K solu’tion was pipeted into

a vial ocontaining 4.00 ml of Fe3+ solution, to acocount for the thermal
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ocomponent of the reaction. The two solutions were shaken, and absor—
4 ‘ o
bance at 450 rm recorded for each solution. 'The entire procedure was _

performed in dim, red light. . .

.

D

\ b. Calculations. lﬁ-‘
In a photochemical experirent, the number of photons rgiven
by a lamp must be known. Using the Reinecke system, the following reaction

occurs

\

Cr(NH),(NcS) , ~ + redt _MWW o pe™Tnes) 2 iproducts  (2-1)

&

where the optical density at 450 nm is that of the FeIII(NCS%‘,. species
formed during the reaction. The difference in optical density between the

irradiated and thermal component is given by (2-2), and the concentration

AOD450 = OD450(1rrac1) - OD450(therma_'L)‘ (2-2)
*»
of NCS~ released from Cr (NH;) , (NCS) , " is .
p
1.00 ml + 4.00 ml
~ (AOD450
[nes] = = 1.00 ml (2-3)
o J
€ 45p(Fe™)

where € 450(1‘&}") = 4.3 x 103. To ensure less than 10% deconmﬁosition of

the substrate, the percentage photolysis was calculated as in  (2-4) "

.~
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% photolysis = —— * 100 : e

) 0
N
3 - ’ . ’
where Ro is the initial R concentration. Then the number of einsteins,
I.t, is given by (2-5), where I, is the nuber of photons per second ‘and
. . '

-

} L™} * v a0

Q NS- . \ “

It (2-5)

£t

t is the irradiation time (in seconds) . 1¢NCS~ is the quantum yield for

NCS™ release and is taken as equal to 0.285 (¥ 0.015) in the wavelength

range 504 — 680 nm. The incident light intensity, éa’ can tﬁen bé “calou-

lated as I,= La%, in eihsteins/second. ' .
2.4.2. Ferriozqlate Aetinometry .

The ferrioxalate system is normally used as a chemical acti-

. nometer 10 measure indicent 1ight intensities in the 250 - 450 nm wave~

leng:th range. This systerr; is advantageous sinoe it possesses a constant
quantum efficiency and high absorption factor over a wide range of wave~
lengths, intensities and fcotal irradiation time; also, it possesses high
sensitivity and precision while being relatively simpié to use.

The procedures used herein are those given by Parker and Hatchard.G’ 7

In general, the photolyte consists of a solution of pota"gsimn ferriorala—

late, Kyfe (C,0,) ,"3H,0, in 0.1 N sulphuric acid. Upon ixradiation, reduc--

+
tion of Fe3+ occurs and the oxalate ion is oxidized. The ferrous ion
\
/

i
<

, I hv - 2+ -
Fe(C2042 —_ 5 Fe o+ (C204)

i

- . (2-6).

,

B e e Wy s+«
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- + 2+ 2-
(C2O4) + Fe(C204) .-—-——>'2C02 + Fe + (C204) (2-7)

formed in reactions (2-6, 2-7) sﬁbsequ(antly complexes with 1,10-phenan~

throline, and the concentration of this complex is determined absorpti-

4

metrically.

a. Preparation of actinometric solution.
K
Pure KjFe (C204) 3‘3H20 was prepared by recrystallizing (3

times) in total darkness reagent grade potassium ferric oxalate (Pfaltz
and Baver, In‘c.) from warm, distilled water. The pure crystals were
dried Ysing a stream of nitrogen gas. For irradiation wavelengths of
313 and 365 nm, a 0.006 M actinometric solution was prepared by dissol-

ving 2.947 g of K3Fe 2 4 3 “3H, 0 in ca. 800 ml of distilled water; 100 ml

of standardized 1.0 N sulphuric acid was added, and the solution diluted
to 1.0 liter with water. "The solution was stored in a brown plastic

bottle in the dark to awvoid photodecomposition.

b. Ferrous ion ealibraticon curve.

The following solutions were prepared: (A) 410 x 10~

—

+ . , e
Fet in 0.1 N HyS0,, (B) 0.1% (wt/tol) 1,10-phenanthroline Whydrate in
distilled water, (C) a buffer solution aanéisting of 600 ml of 1.0 E

.
sodium acetate and 360 ml of 1.0 N HZSO4 diluted to 1.0 litetr with distilled

water, and (D) 0.1 N sto4 Solutions (B) and (C) were also used in'the

actinometric procedure. ) -
' A
{ To a series of 25-rl volumetric flasks were added varying volumes of

solution (A), 2.0 mlL of soiution (B), 5.0 ml of solution (C), and varying

volumes of solution (D); the flasks were then diluted to 25 ml with
d

water. The volures of each solution (A-D) are given in Table 2-1." After

thorough mixing, ‘the solutions were allowed to stand forr-at least 30 min.
A I ’) . '
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. {
Subsequently, the absorbance at-T 510;m was recorded of each solution on
a spectrophotometer, using the solution without added re?? as the blank.
The absorbance valws reflect the concentration of Fe2*/1,10-phenantho-
line complex formed; these values and the calculated [Fe2+] values are
included Tab{e 2-1.

To congtruct the Fe2+ calibration curve, a plot of the absorbance
at 510 nm vs [Fe” | should be Linear and yield a slope = Abs./[Fe’*] =
£, apd mtgrcept =0. A typical calibration curve is sh‘own in Figu.)_:e
2-2, using the data of Table 2-1. The slope of the plot in Figure 2-2
is (1.11 % 0.05) x 10® = ¢ in excellent agreement with the l¥terature
value’ of ¢ = 1.11 x 10°. o

c.. Actinometric procedure. ‘ ) -

To determine the light intensity in a photoreaction cell

upon irradiation at 313 or 363 rm, 3.0 ml of 0.006 M KFe(Cy0,) 57 3H,0
solution (Vl) was pipeted into a l-cm quartz cell and irradiated for
the desired length of time (t). 2.0 ml of the irradiated solut;:Lon (V2)
was added m a 25-ml voluretric flask containing 1.0 ml of buffer solu-
tion (C) and 2.0 ml of 1,10-phenanthroline solgtion (B). The flask was
diluted to 25 ml (V3) with water and allowed to stand in the dark fgr!at
least 30 min. A blank solution was prepared similtaneously in a sirr'ﬁlar
manner using 2.0 ml of non-irradiated, ferrioxalate solution. The absor-

pance of the solutions oontaining irradiated ferrioxalate vs 'non-irradia-
. .

ted férrioxalate was recorded at 510 nm. 'I‘hls procedure was repeated for

various \\irradiation times. All procedures were carriéd out in a dimly-
1it room. Durlng irradiation, the photolyte was stirred by bubblmg com-

m——

pressed air through the solution.

’

Iy

P
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%:\mus Ion Calibration Curve for Ferrioxalate
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FIGURE 2-2

I

Actinometry.
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d. Calculations.
The number of Fe2+ ions formmed during phptolysis (77F82+) l
was calculated according to equation (2-8) from the data gl‘aained in the

previous’ procedure (see Table 2-1), where | is the pathlength of the

6.023 x 10°> * vy ¥V, *log Io/1
(-8).

~ -(’)T Fe2t =

-

V2 * Y *4 I3

. . 1 3
reaction cell and e (= 1.11 x 104) is the experimental value of the
molar extinction ocoefficient of the Fe2+ ion; all other quantities’ are -
defined above. The incident light inténsity, 1_, can then be calculated
from equation (2-9), knowing the quantum yield for Fez+ ( @%\82+) at the

.

-~ ’n Fe2+ . ’ ' , ' \ ¢
I = J, Y . '
. 2-9
a Ppelt & ¢ (2-9) /
f
P f
desired irradL\ation wavelength, and for t irradiation time. d>Fe2+ at ~

\

22°C was taken to be 1.22 at 365 mm and 1:24 at 313 nm.’  Dividing I_ by

Avogadro's Number yields tl:e incident li'ght intensity in einsteins/sec.

If the incident light intensity is maintained constant, then one can
assure that any reflection, scattering and/or absorp‘?ion\ of incident light
by the cell window will be identical whether tf@ll contains the acti-
nometric solution or some other analyte B. Under conditions of >99%
of light absorbed, constant ligi}t intensity assures identical numbers of
quanta absoﬂaed by any two analytes. If analyte B were irradiated for

»

tB seconds ‘gnd foxmed nB molecules of product B, and the actinometric

LY
4
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solution formed TlFe2+ molecules of its product when irradiated for tFe2+
. i 5

,seconds, then the quantum yield of B is given by equation (2-10) :

. * i
. nB tFez+ x ¥ Fez+
b = - ¥ + ¢ (2-10)
nFe2+ * tB ' '

2.5. QUANTUM YIELD DETERMINATION
2.5.0. Quantun Yield of Reaction by Extraction Procedurc .
For the first-order reaction (2-11), the rate law forévthe
appearance of reaction ﬁw_foduéts is given in (2-12), where [NN]‘is the

-

k .
Cr (NI) 33+ obs > Cr(W),(OH),  + (W), (2-11)

OH /H,0 '

”j‘q‘[m - kobsY_C:(NN) 33+}t = Kobs {Co B LNN]}) , Jg (?-12)

dt

concentration of free polypyridine released into solution and [_Cr (NN) 33+] t

is the complex concentration at time t during the reaction. (_Cr(NN) 33+]t
can be equated to the initial concentration of Cr(NN) 33+, C,s less the
concentration of free polypyridine released, Y_NN]

For the analogous photochemical reaction (2-13), the guantum yield of
3+ ¢I‘x + '

Cr(MN) , - > (), (0, + (N - (2-13) .

-OH /H,0 :

reaction for formation of (W), ¢ _, is-defined as in (2-14)< “'The

-
) A
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nunber of molecules of (NN) produced ' ‘
o - (2-14)

mmber of photons absorbed by Cr (NN) 334;

denominator of equation (2-14) was evaluated by measuring the incident

1

light intensity by ferrioxalate actirmnetxy;“ and the numerator determined

by the extraction procedure outlined below. Using equation (2-9), one

can write equation (2-15), where 7‘( or is the number of (NN) molecules

y = - ) (2-15)

produced, and tCr

is determined from equation 0(2—16) , where Vo (=300 ml) is the volume of

photolyte. o :

is the irradiation time for the Cr(NN) 33+ system. nCr

[NN] * 6.023 x 1023 v

Ne s 1000 m1/1 - '

~ . e v
U] * 6.023 % 2023 * 3,00 m

N -

1000 ml/1

a. Extractiop procedure ‘.

Exactly 3.00 ml of the desired concentration of Cr(N) ;>
dissolged in the appropriate medium was pipetea in a l-an quartz cell
fitted with a stopoock. The concentration must be such that > 99% of the

incedent light;'is absorbed by the sample. If neoeséaxy, deaeration was

i

(2-16)

.

f

A
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carried out for a minimum of 20 min. at the desired temperature prior to
irradiation. The photolyte was then irradiated at a specified tempera-
ture aﬁd irmdiation wa(zelength for a period of time ocorresponding to

less than 10 % substrate decomposition. Exactly 2.00 ml of the photolysed

solution was vigorously shaken with 5.00 ml of n-heptane (for Cr(bpy) 33+)

, or hexane (for Cr(phen) 33+) for 1.0 min. and allowed to stand for 2.0 min,

The absorbance spectrum of the upper layer (containing released polypyr-
idine) was recorded in w&e-ultxaviolet region., Standard calibration plots
of [NN] vs absorbance maxuna of free NN were subsequently employed to
determine [NN] A detailed procedure can be found in the MSc thesis of
the author.l The thermal component of the reaction was accounted for by

treating 2.00 ml of non-irradiated Cr (NN) 33+ solution in exactly the same

way .
2.5.1. Speftrovhotometrie Determination of Quantum YieZ‘ds of FReaction.
The quantum yield for loss of camplex, q’/pc’ may be defined
as the ratio of the rate of disappearance of the complex, Rate, to the
rate of photons absox:‘bed‘by the complex, I, as in (2-17). I, is the

¢ = — ' (2-17)

intensity of the light source at the excitation wavelength, A rad’ in
einsteins/sec, and is determined by ferrioxalate or Reinecke actinometry
(see Séction/;12.4.) . Then, equation (2~17) is the probability that absorp-
tion of a photon of light leads to chemical reaction. The rate is equal’

to the change in complex concentration as a function of irradiation time.
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Equation (2-17) can be used to measure the relative quantum yield

of any CJ;:(NN)33+ complex relative to Cr(bpy) 33+. 'For the Cr:(bpy)33+ )
cation, equations (2-17) becomes '
) 3+ /
(Rate) | -d/at [Cr(bpy)} 1
¢ 1) = @ — = .0 (2-18)
X .
I I
a a

and for the Cr(NN) 3+ cation, equation (2-19) may be written. If the

’ ' H-
(Rate) d/dt | Cr(NN) ’
b @) = ——2 = L il (2-19)

Ix I I
a a

intensity of the light source, I o¢ remains constant for both Cr(bpy) 33+

33+ and the concentration is such that the complexes absorb

and Cr (NN)
\ > 99% of the incident light, then equations (2-18) and (2-19) may be camn

bined to yield (2-20). Rearrangement of (2-20) yields (2-21), which is

, (Rate), - | (Rate) , .
—_— = I, & e— ’ (2-20)
(L) ¢ 2
8 = . ey (Pate)l \ o (2-21)

3 '

the quantug yield for loss pf Cr(NN) 33* relative to that for Cr(bpy) 33+.

a. Experimental procedure.

‘Solutions of Cr(bpy) 33+ and Cr (NN) :33+ were prepared such

Y
¥

|

e s i b e
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that there was > .99% absorption of light by the complex at the excita-

.
P
» Tk MG 3 o 3

.tion wavelength. 'Exactly 3.00 ml of the solution was pipeted into a l-cm
quartz cuvet, and irradiated at ;Eﬁ? desired ekxcitation wavelength X rad
: . to produce a 1% d1ange in absorbance in the quartet-quartet absorption res-
: gion (360-460 nm) . Sucoessivz? irradiatiorn * and absorbance measurements

3 were performed up to ca. 10% change in absorbance; beyond 10% loss of

reactant complex, product absorption may interfere. During irradiation,
the sample solution was stirred by bubbling gas (argon or compressed air)
through a long needle inserted in the cuvet and imrersed in the sample
solution.

The absorbamce was measured at the analysing wavelength Ag ., and L.
the [Cr (heV) 33+] determine\d from Beer's Law and equation (2-22), where

1

” Abs. (A anal)
¢ = [Cr(NN)3 ] = TR | (2-22)

1=1cmana e(\ anal) is the molar extinction coéffici(e“nt of Cr(NN)33+ at
the analysing wavelength A anal’

A plot of [ crom) 33+] vs total irradiation time {t,.q TOTAL) yielded
a slope equal to (Rate), and an intercept equal to ;.he initial r.eactant
concentration. This 'pmoedure was carried out for Cr(bpy)33+ at A vad =
33 and ), =400 m, at 22°C, pH ca. 9.8, in air-equilibrated
solutions, for which ¢ 1) = 0.11 *0.01; and for the Cr(NN) 33" oompiex
ion under the desired experimental conditions. | '

Thus, equation (2-21) was used to determine the quantum yield ¢ I_X(2)

of any Cr(MN) 33+ cation under any"‘oonditions, relative to that for
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Cr (bpy) 33+ under the above-specified conditions.Some typical plots of
[Cr(NN)33+] Vs t . gTOTAL are shown in Figure 2-3; the curvature at
|

~substrate decomposition of greater. than 10% is observed for the

"5-Brphen eomplex, and was attributed to pmduét absorption.

2.6. ZIMISSICY LIFETIVE DETERMINATI onNs.
- In the absence of secondary processes, the decay of the (2'1‘1/2E)

state follows first-order kingtics, expressed mathematically as:

2 , N
M = ‘Zkobs {2Tl/2E] ) | (2~-23) ‘

)

dt

v

where Zkobs and [le/ZE] are the decay constant and the oconcentration of
the species in the (ZTl/ZE) state, respectively. Integration Jf (2-23)
with respect to time, t, followed by rearrang‘enent, vields (2-24).

-

[le/Zz]t = Vrl/zz—_\o e’zkobst | , (2-24) ‘

PO

For an absorbing substrate Cr (NN) ‘3%, the qﬁantity [2‘1‘1/2}3‘.] is directly
related to the relative intensity of the phosphorescence signal, I Sub-
stitution of I for [Z'I‘I/ZE] in equation (2-24) and taking natural loga-
rithms of 'both sides yields (2-25). A plot of In I, vs time should yield . :
a stréight line with sl<.3pe equal to _zkobs and intercept 1ln I,. The reci-

2

procal of the slope gives the experimental lifetime, ™ 1 ..

2 .
In I = - kuet* In I (2-25)

o e
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FIGURE 2-3 :

-

\
Plots of’[Cr (NIN) 33+ ] vs Total Irradiation Times for

‘ Cr (bpy) 33+, (@), Cr(5-Brphen) 33+, (@), and

Cr (5-Phphen) 5™, (0) - |
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3.0. RESULTS AND DISCUSSION

3.1_. THE GROUND STATE OF Cr(III) COM”LEXE.,.

Irrespect‘:Lve of the octahedral field strength, the ground state of
a chmnumn(III_) conmplex possesses a tg electron gonfiguration; the first
two electromqally excited states have t2 L

25°g
spectively. As the ligand field stnength decreases, and interelectronic

and tzge configurations, re-

'repu151on effects become important, the degeneracy of thes’e states is

rerroved to some extent and the enerqgy level diagram shown in Figure 3-1

results for an octahedral d3 complex of average ligand field. The split-

tings shown in Figure 3-1 are those for Cr:LG3r+ conplexes, where L is a

strong-field ligand. The ground state,. 4A2, and the two lowest doublet

excited states, 2E and 2'1‘1, have the same formal electron configuration

3
29

tet states, on the other hand, result from the promotion of an electron

(t5_); the difference among them is due only to spin. The excited quar-

4 _.d. )

from a predominantly non-bonding orbital of n-symmetry (d w2’ Sz

xy
2 d 2 2). The splitting of the t2g and

to a o-antibonding orbital (dZ oy

eg orbitals, A , arises primarily from the antibonding character of the
e g orbitals, but may also be affected by m —bondJ_ng of the t, 29 orbitals
because the 4'1‘2 state has a t2 geg configuration. Thus, a large value of
A implies that a complex in the 4T2 state is expected to have consider- )
ably larger Cr-L separations than the 4A2 conmplex, due to a decrease i‘n
the overall bond character when a t2g electron is promoted to an anti-
bonding g orbital.-"_‘FurthernDre, the energies of the ghartet states are
sensiti‘ve to the Cr-L bond strengths, whereas the energies of the doublet

states are relatively insensitive.
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: Simplified Erergy Level biagram for CrL63.+ Complexes
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. 3.2. GROUND STATE ABSORPTION SPCETRA OF CI'(IVIV) COMPLE‘ o

Typical absorption spectta of chromlum(III) cx)nplexes revea.l three
weak absorption bands (quartet—quartet) in the ultraviolet and visible
regions, and two very weak, spin-forbidden bands (quartet-doublet) in the

red region. The quartet—quartet bands correspond to the spin-allowed

' transitions from the 4A2 ground state to the excited quartet states 4T?_,

. ' .
a4'I‘:L and b4Tl. The quartet-doublet bands correspond to spin- and symme-

try-forbidden transitions from the 4A2 ground state to the excited doub-

let states ZE and 2'1’1. \

-

Kbnig and Herz098 have thoroughly investigated the cn:oxmd—statfé
absorption spectrum of Cr(bpy) a.nd assuming octahedral microsymmetry,

have ass:.gned the three spin-allowed quartet bands at 23.4, 28.9 and 35 6

x 103 an ¥ (4270m; 346mm, and 281 nm, respectively) to the 4A2———>‘> i,

4A2—~—>a4Tl, and A2—-—> b4 l transitions, respectlvely The three unre-

solved shoulders centered'at 23.4 x 10° cm © (427 nm) were assigned® to

vibrational co—excitation involving the coupling of electronic d~d transi-
tions and vibrational transitions within the bipyridyl ligand. This
coxpiing then results in some electron delocalization within the excited
states. The bands at 32.7 x 10° cm * (306 rm) and 42.1 x 10° cm * . (238
nm) were interpreted8 as bipyridine ligand-centered transitions, A —>

- $

lBl and 1A1—7> lAl, respectively.

The ground state absdrption spectra of several chromium(III) poly-

- pyridyl complexes in agqueous<solution have been investigated in this work

| §

and are illustrated in Figures 3-2a and b. The spectra include those of

Cr(NN)3,3+ where NN = bpy, 4,4'-Mesbpy, 4,4'-Phybpy, phen, 5-Clphen,

S-Brphen, 5-Mephen, 5,6-Me,phen, 4,7-Me,phen, 3,4,7,8-Me,phen,

~



FIGURE' 3-2

32 / 

- .

K
-

a, Absorption Spectra (log € vs A) of Cr(bpy) 33+“,

Crlterpy) >, cr(4,4'-Me,bpy) >, Cr(4,4'-Phobpy) >,

Cr(phen) 33+, Cr(5-Clphen) 33+ and Cr(5-Brphen) 33+
in Aqueous Solution.
A

b. Absorption Spectra (log ¢ vs A) of Cr(4,7—bde2p11gn) 33+,

Cr(3,4 ,7,8-Me 4phen) 33+,‘ Cr (5-Mephen) 33+, Cr(5-Phphen) 33+

and Cr(5,6—Mezphen) 33+“ in Agueous Solution..

v

N i i i




-

33

Cr(phen)y *

10f Crid, 4-Megbpy) > T Cr{5-Clphen)s* 7
Of— ' ——t ——t }
40 i

L N
3.0F .
20+ -

- N ‘ ' e
10k Cri4,4-Phobpy)3>" 1 Cr{5-Brphen) > i

ol N SN U S S | | ENSPU S W RS S |
350" 430 510 . 590 350 - 430 510 580
Wavelength,nm

wo



LogE

34

Ol } ] | 4 )
7 + T t ) + (LI A o

= ———t — ettt

——

Cr(s-Mephen)f‘ §

¥ L

T b
L ' i 4
1ok Cr{d,7-Phyphen) 1 Cr{5-Phiphen)y>" B

e B S B T S NI B
401 'WL -1
30r -+ .
20+ -+ .
[ 3+ 3¢ ]
1.0 Ccr{34,7, 8~Me4phen)3 4 Cr{56-Mepphen)y .
! " 1 | " ) Y =2 I\ 1 { 1 P | L | RIS MUY YU ST TR R S A
0356 430 510 590 350 a0 "HG 560

Wavelength, nm
\.




4
5-Pnphen, and 4 » 1-Phyphen. Figures 3-2a and b show a marked decrelase
in absorption in the 350-400nm region. me;/réﬂportantly, the first
ligand-field (LF) band often appears as two/ 'or three unresolved shoul-
ders on the low-energy side of the very inte;'lse intfalit;;‘and band. This
makes it difficult to assess the fpositions and intensities of the
ligand-field band. Observat;ion of nore than two components is probably
the result of oo-excitatior‘xs of some apprbpr'rate vibrational modes of
the very conple;x structure of the Cr(NN) 33+ cations. Such interactions
suggest some degree of electr'on delocalization. That there does exist
some degree of back-r-bonding frofn the NN ligands to Cr(III) has also
been suggested by Josephsen and Schaffer” who sepafated the A parameter
imo its ¢ and 7 components (1 =2\0 - AW) . It was observed’ that Aobpy
¢ phen = 300 c:m-'l in conplexes of the typ? Cr (NH3)6~2a (NN) 3+, where

a=0, 1, 2or 3, and (NN) is b(py or phen. A compariscn oBZEhe centers

- L

of gravity of the lowest-energy band of Cr(bpy) 33+ and Cr(phen) 33+ indi-

cates that & bpy ] Aphen (see Table 3-1).

The band maxima of the ground-state absorption spectra of Cr(NN) 33+

—

are summarized in Table 3-1. For all of the spectra, the lowest—enerqgy

multicomponent band is assigned to the 4A2 —> 4

T, transition (denoted by
an asterisk in Table'3-1); this band yields the value of the ligand field
splitting parameter, & , which for the‘bipyridine complexes varies in the
order 4,4'-Mejbpy 2 4,4'-Ph,bpy 2 bpy, and for the phenanthroline com-

"plexéé, A varies as 4 + 7-Ph,phen 2 5-Mephen 2 S;Brphe.n ¥ 5—Clphen 2 phenz2
3,4,7,8-Me phen > 5,6-Me phen */4,7-4ephen 2 5-Phphen. It is evident
from® the spectral results that methyl or phenyl substitution at 4,4'-
positions o‘f the bpy ligand causes a slight biua shift in the bands ;:or—

4 4

responding to the A, —> T, transition. Methyl substitution on the

LR
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meﬁ ligand blue-shifts this low-energy transition, while phenyl- and
halo-substitution cause a red shift. Additionally, the values of the
molar extinction coefficient (e¢) are significantly increased upon phen-

yl substitution on both bpy and phen frameworks (values in parentheses

S TN R ST A e
-~

in Table 3-1).
, 3 )

3.3. GROUND STATE REACTIVITY OF Cr(phen) 35”‘ AND Cr(bpy) 55+ IN SOLUTION.
Knowledde of the reactivity of grownd-state (4K2)Cr (NN) 33+ complexes

aJ.ds in elucidating the photochémical behavior of these camplexes. To

, ' this extent, previous investigations by this a.uthorl and otherslo. have
show; that the thermal aquation of Cr(bpy) 33+ in the pH range 0 - 10.7
occurs via pH-dependent, first-order kinetics. Mmm, were p]:esentedl

. against dissociative, ion-pair interchange, and Gillard—{iypgll ocovalent~
hydrate mechanisms for the aguation reaction (3-1). An associative inter-
change mechanism was' proposecil in which the rate-determining step‘involved
formation of a seven-coordinate intermediate via hucleophilic attack of a
water nmolecule at the" chromium(IIwI) centér. The Jthermal aquation was

later extended to include the pH range 10.7 - 14.0 for Cx(bpy) 33+ and

Cr phen)33+ in thepHrangeO—M.:L -
For both C‘{(bpy) 33+ and Cr(phen) 33+, the stoichiometry of the sol-

volysis reaction in aqueous solution is described by reaction (3-1),
| 3 +
Cr(NN)z(HZO)z + (NNH )

(3-1)

Cr(m) , (0 ," + o)
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where NN refers to bpy or phen. At pH £ 6, Rops is very small and inde-
penden‘t of solution pH. This was ra'cionailizedl in tems of rei'alxation |
of the initially-formed Cr (W) 4(H,0)” intermediate back to Cr(W) ;>
via acid-dependent and acid-independent pathways for the bpy complex

(reaction 3-2). The seven—coordinate intermediate, Cr(iN) 3(H20)3'+,

' 3+ : —— N 3+ i
Cr (V) 3 + H20 < H+ Cr (NN) 3 (HZO) | (3-2)

1

swbsecuently underques deprotonation to form the short-lived Cr(NN) 3(OH)2+

Species. This step is revealed by the inflection point at pH 6 ~ 9 in
plots of k .. vs pH (Figures 3-3a and b) fopCr(bby) 33+ and Cr(pheh) 33+;,
respectively. The hydroxy intermediate subsequently undergoes ring-

opening and, ultimately and irreversibly, loss of monodentate NN,

- ernn) om) 2 > criw), aw-) (o) 2 (3-3)
Cr () 5 (00-) (O8) 2 5 cxiw y0m," 4w (3-4)
OH .t ' :

1

The existence of complexes ocontaining monodentate bpy 2 and phen13 ligands

has been suggested. The pH region 9 - 10.5 reflects the camplete titra-

tion of Cr(\) 3(H20)3.+' SO tﬁat kobs répnesents the rate constant for the
-

rate~determining attack of H,0 on Cr (i) 33"'. '

. Above pHt 10.7, k! was observed” to be linearly dependent on [OH"]
in the range 10.7 < pH £ 12.2; the slope of the line was identified with
the rate constant for direct nucleopﬁilic 'attack\ of OH on Cr (M) 3%,
followed by reactidns (3-3) and (3-4). Where [0} =0.0 - 1.0M k_

svaries linearly with Y_OH"]z.l A plausible mechanism involves formation

- -
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"4
FIGURE 3-3 : Dependence’ of the Observed Rate Constant of the Thermal
. Aquation Reactions on pH for (a) Cr(bpy) 33+ oat ~1l°gf, and

(b) Cr(phén) 33+ at 31.1°C. From reference 1.

1
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3+

of ion-pairs between Cr(WN),~ , and OH , followed by attack on the ion-
pair by another OH +to ~form some seven—~coordinate intermediate whidh,
also, ‘ultimately and irreversibly leads to polypyridine release. ' The

rate constants, k

obs * in the various pH regimes (Figures‘3-3a and b) and

the activation parameters at pH ~ 10 are reproduced here (Table 3-2) frﬁm
earlier workl for the thermal agquations of Cr(bpy)33*" and Cr(phen) 33+
under the experirental conditions cited. The similarity in the activation
parameters for the two chromium(III) conplexes in the pH regimes > 6

supports a ocomon mechanism for the two mmplexes. l

3.4. EXCITED-STATE CHARACTERIZATION OF Cr(NN) 33+ COMPLEXES.,
3.4.0. Previous Work of Related Cr(IIT) Complexes.
Absorption of, 1ight into the first ligand—field (LF) band of
a chromium(III) camplex yields a vibrationally—-excited Franck-Condon quar-

tet state, 4EC, which subsequently relaxes (vibrational and orientational)

to a thermally-equilibrated ( "thexi")14 quartet state, 4'1‘20. The 4FC
state initially produced may be a mixed state of doubletl‘ and quartet char-
acter as Kirk suggzests,15 al though there is no definitive evidence to sug-
gest that such is the case for Cr(NN) 33+ complex ion.s. Clearly, the 4T2c>
state is expected to be'severely distorted with respect to the 4A2 ground
state as a result of ei;ectron promotion from a p;redjminantly non-bonding
orbital t:o. an antibonding orbital. The distortion is revealed by incréased

Cr-L bond lengths in the 4

o
T2 state .

The energy of such distorted states should be sensitive to the nature
of the coordinated ligand and the chromiurligand bond strenghts. In the
solid state, fluoxescence (4T2—r 4A2) is expected to be broad and red-

shi_fted with respect to the corresponding absorption band (4A2 — 4'1‘2) .

;

i e e = s i

L
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Although flwrescence has been observed for som- chromium(III) complexes

at low teneprature,lG'only a few-exhibit bpth room-temperature f£luorescence

and phosphorescence. iC’r(urea) 63+ exhibits both flwrescence and ‘phosphor—

" escence at room-temperature, with the fluorescence emission being strongly

red-shifted to lower energy than that of the phosphorescence emission,”’

18 which implies that the 4T2o state is at lower energy than the lowest

doublet excited state Also, trans— Cr(en) e:&nblts a weak but effl-

cient (2 2 x 10 ) emission Wlth‘a large Stokes shlft and broad spec-

19 15

" tral band width, and a 1.9 usec 11fet1me which would be characteris-

\

-

tic of delayed flwrescence. .
Adam;on2 o‘_a:lgnnally proposed that the 4T2 excited state wag the
direct precurspr to the photochemical reactivity in c:hrcxnmn(III) oom-

plexes on the basis of correlation of product yield with ligand field

‘strength. Since then, the 4‘1‘2 state has been implicated as the irgredi-

ate precursor to pho{:ochemistry with the 2E state being chemlcally inert

except via the T2 state attalned through back intersystem crossn_ng 20

;‘urther, Adamson 21 suggested that stereochemlcally ant.l—themal—type
4

photosubstltutwn occu.rg/ from T , while thermal~type photosubstitution
{

oocurs from the doublet states and controls doublet-stite lifetimes.

The lowest-energy doublet states, 2E and Tl' axr's not expected o
be distorted with respect to the A2 ground state since the A2 _‘>Tl/
% transitions do not inwolve electron prorro’clon to an antibonding orbi-

tal; rather, electron spm—palrmg or Spln—fllp oocurs w1th1n the t2 g

o.?:bz,talsS The bond lengtis are thus expected to be vexy similar for the

e

and %p /°E states. % , the nuclear equilibriim geometries ofThe
S L nded,

'4A2 and 2Tl/zf.‘.,spec;'i.es 'are essentially identical inasmuch as the a:bso
i . B

tion (Z;A2 —_ 2'1‘1/25;) and emission (ZTi/zE — 4A2) maxime are

Ry

[P
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ooincident, there being no Stokes shift. 16

.

L

Deflrutlva identification of the exc;ted state (s) - respoU for
chromium(III) photoreactivity rema;ms somewhat elusive. Two principal

pathways have been proposed to account for the“photomemistxy of Cr(III)

complexes. Both the lowest spin-forbidden doublet state, 2E,22 =25 and

the lowest spin-allowed quartet states, 4T2 or 4T20,20 have been impli-

" cated. In support of photoreaction ariginating from the quartet excited

state, Chen and Porter26 have noted that: only 50% of the photolysis re-

action of trans—Cr(NH3) 2(NC:S) 4_ can be quenched by the doublet-quenching

reagent Cr(CN) 63_" this was b_akJen as evidence that 50% of the thiocyanate

loss occurs from the quartet excited state prior to intersystem crossing

to the doublet excited ranifold. Photolysis of Cr (NH3)63+, on the other
27

hand, must arise from the 4T2 statja inasmuch as the phosphorescence

is oorrpietely quenched by t'he addition of dowlet—quenching hydroxide

. - - +
ions, wvhile thelquantw.n yield of reaction is barely affected by this
treatment.: Furthemmore, 40% of the photoreact?ion of Cr(en) 33+ in aque-
ous solution origmébes from the quartet state prior to interéystem

crossing to the doublet state; the remaining 60% is quenched and this

is believed to result from molecules passing through the doublet state.28

Balla_rdnu 28 has suggested that the quenchable portion Qf the photo-

reaction also ocmes from }:he quartet\state, subsequept to back inter-

system crossing from the doublet state (ZE '\M»4T2 . Cimolino ancLmek29

contend that the 4'1'2 state is the sole precursor to reaction, based on
the invarianoe to excitaticn wavelength of the isorrgric distribution of

photoproducts formed fiom Cr(en) 3:%. On the other hand, Fukuda et al. 30

o
2

directly with _,_cg_ . 70% efficiency from the initially-—pop,ylated Franck-

have suggested that the thermally-—equlllbrated 4 state is produced



Condoil state, and then undergoes photoagquation; the thermmally-equili-
brated 2E state is produced with ca. 30% efficiency via prompt inter-
system crossing and subsequent photoaguation from 2E Quantum yields

for photoaquation from the (4'1‘2) Cr (en) 33+ and (ZE‘.) Cr(en) 33+ species
were reported3o to be 0.17 and 0.8, respectively, using a pulsed laser -

technique. Kutal and oowo:jcexs3l have recently evélgated the quantum
. | N
yvield of reaction for Cr(en) 33+ by selective population of the 2E state.

el

An incréase in the quantum yield was cbserve upon direct 2E popula- '

tion relative to 4'1‘2 populatlon, this was interpreted in terms of sig-

mflcant reactJ.v:Lty occurring from the 2E: state.

> The T2 state 1is responsn_ble for the photoagquation of Cr (CN) 3- as

the reactlon is sensitized by the triplet states of pyrazine and xanthone,

but not by, the triplet states of Michler's ketone or Ru{bpy) 32+.32 The

triplet energies of pyrazine and xanthone lie above the energy of (4T2)—

63 vhile /ﬂuose of Mlchler s ketone and Ru(bpy) * 1ie below the

3

Cr(Qv)
quartet energy level.” Also, Ru(bpy) does sensu:lze the Cr(CN)6

phosphorescence, which inplies that efficient sensitization of the doub-

let excited state is insufficient for chemical reaction to occur.32

Photoracemi zation studies -of (+)—Cr(en) 3+ 1€ and (+)~Cr(phen) 33+ 33,
4 have shown that both the quartet and doublet excited states are impli-

cated in the phétochemical reactivity of these oomplexgs. Investigations
33,34 of (+)-Cr (phen) 33+ have demonstrated that photoracemization is par-
tially quenched by molecular oxygen and iodide ion, with an wnguenched

residual yield which was attrjbuted33 to a prompt reaction from the 4T2

state prior to intersystem crossing to the quenchable Z.E: state. Fourteer;
N ]
(14) percent of the total photoracemization is not quenched by iodide ion,
while 86% of the reaction occurs from excited—state species which have
1

L4

Can ’ oy

il s et
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passed through eguilibrated doublet states. Intersystem crbssing (4T2

o ’V"‘*?‘E) appears to be a very rapid process in chromium(III) complexes,
probably in the range of 1010 - lOll sec..35 Further, intersystem cros-

" sing hasl been shown34l’ Bito be wavelength—dependgnt, indicating that this
process and vibrat;ional relaxation probably ooccur within sililar time
frames. Sassevi'lyle and Langford observed>* that the non—quenchable re-
sidual (14%) of the photoracemization reaction is wawvelength dependent,
and thé quantum yields of racemization increase (to same extent) with
increasing initial viimonic excitation across the low-energy side of the
first quartet barfd The parallel between the intersystem crossing and
non—-quenchable photoracemization in the 4T2 state seems credible since
the efficiency Qf"both processes increases with increasing vibroni; exci\—

, tation to an upper limit. Also, there appears to be a significant contr'i—

bution from the ‘{zibrationally~equilibf%ted 4’1‘20 state to the non—quench-

able reaction.

22-24,37

Several early workers suggested that the 2E state was solely

‘responsible for Cr(III) photosubstitution progesses, because of the rela- -

tively long-lived 2E state 1n contrast to the absence of flwrescence,
the 2E state possessing sufficient energy to pn:mote' such reaction, and
based on the premise that the 2}2 electronic configuration (t;g) promotes
substitutional chemistry. At this point in chromium(III) photochemistry,
it is generally believed that the 2E: state serves as a source of
subsequent quarte—t" excited/ states via back intersystem crossing or merely
as an ele?tronlc "sink" for energy dissipation, although thene is growing
evidence for d.lreé: ZE reaction in sone complexes.

In 1ight of these observations on the role(s) of the various excited

states of Cr(IIT) complexes, and our investigation of the thermal behavior

W
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of Cr(bpy) 3 and Cr(phen) 33+, investigations into the photochemistry and

3
photophysics of chromium(III) polypyridyl complexes have been undertaken

in an effort to elucidate the nature and role(s) played by the excited
states of these ¢complexes.
3.4.1. Ezcited-state Absor'ptvion of Cr(NN) 35+ Complexes.
Flash ph?tolysis of acidic, neutral or alkaline solutions

of Cr(bpy) 33+ reveals a primary transient aBsorption spectrum reproduced

from reference 38 and shown in Figure 3-4. The entire spectrum decays

via first-order kipetics, with a rate constant k = (1.6 + 0.3) x 104 sec_'l

38

0
at 22 C. Below pH 2, the entire spectrum returns to exactly the absorp-

+

tion level that existed before the flash; at pH > 2, the decay of the &
primary transient results in a solution of less absorbance in the 360 -
400 nm range than eﬁsted before the flash. This nega{:ive absérptié:n
effect (bleaching) represents the depletion of ground-state Cr(bpy) 33+
and formation of a secondary transient. The extent of bleaching as well
as the rate of ground-state recovery from the secondary transient are pH-
dependent. In the range 2.35 < pH < 5.35, naooveryﬁf‘[ Jthe ground-state

absorbance occurs via flrst-order kinetics, for th_ch k = k + k [Hq
L sec 1.38 Whereas the primary transient

is quenched by molecular oxygen (k, = 1.7 x 107 M’l sec ), joqice

ion (kq =1.2 x lO9 M'-l seC l) 38 hydroxide ion (k ¥ 2 % ZLO.4 M_l seC_l) ,38

and iron(II) (k= 108 Mt sec™ly, 38

ko-<- lOseclrandka=4xlO M

the rate of decay of the secondary

transient is wnaffected by the presence of T~ or 0y, though the amount of

, , 2
this transient is reduced under such mnditions.38 In the range 45 pH £

6, the return of the signal to the original basgelx_ne is incomplete and
a permanent change in solutlon absorptlon occurs. At pH> 6, no return
of the s:.gnal was observed after the decay of the primary transient for

L3
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FIGURE 3-4 : Absorption Spectrum of the Primary Transient Measured

’ 150 msec After the Flash Photolysis of Cr(bpy) 33+ in
'

0.93 M HC10, and 1.0 MNacl. [Cr(bpy);> ] : 1.3 x

10 MyB=1.7x10" M C=6.7x107° m.
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at least 20 msec, implying that the bleaching of the solution occurs in

the decay of the primary transient. At pH 9.6, no further change at 360

rm was observed for up to 10 sec after the flash.38

Inasmuch as the decay of the primary transient matches the decay of
the phosphorescence emission, the primary transient was 3'_dentified3 8 as
the 2}':: excited state. Such an assigmment is supported by the temperature

dependences of the transient decay and phosphorescence decay, as well as

by the oxygen and iodide ion quenching data.38

»

The absorption spectrum of (ZE)Cr(bpy) 33+ reveals bands at. 3}90 nm,

445 nm, and 590 nm ( 25.6 x 10° am ¥, 22.5 x 105 cm T ‘and 16.9 x 10° an ¥,

3 cm—l and
S . 38 . ) . A3 -1
, respectively). Since the “E state is 13.7 x 10° omr

respectively), with shoulders at ca. 475 and 650 nm (21.0 x 10
15.4 x 10> cp *
above the 4A2 ground state, the excited states attained by 2E absz)rption

1

are (30-40) x 10° cm T above the ground state. ¢

Flash photolysis of an acidic solution (pH 2.4, HCl) of Cr(phen) 33+

also produces a primary transient absorption spectrun;, shp§m in Figure
h

3-5, which decays via first-order kinetics with k = (2.8 0.4) x 103

- 0 *
sec 1 at 22 C.39 The excited-state decay process is accelerated at pH

1114 (k = 6.6 x 10% séc 1) and retarded in 11.7 M KC1O, (k = 1.5 x 10° |

sec—l) .39 In contrast to what is observed for Cr(bpy) 3,3+, no transignt

bleaching bf the solution cccurs for Cr (pflen) 33+. The primary transient

1_ sec’!

is, however, quenched by molecular oxygen (kq = 3.5l X 107 M at

PH 2.2 in HC10,) and by SOV (kg = 1.0 x 108 M1 sec?
39 Inasmuch as the décay of the primary transient matches the inherent

at pH 2.7 in HC1).

decay of the phosphorescence amission, the primary transient is identi-
fled as the 2E: excited state. Further support for thls 3551grment‘ derives

from the similar temperature dependences of the decays of the trans:Lent

T

s St
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FIGURE 3-5 : Absorption Spectrum of the Primary Transient from the
: Flash' Photolysis of Cr(phen),™ (1 x 107> M) at pH 2.4 »

\ and 22°C. -



?.}!{; it e s i . soe e i o

!
1
|
.

- ] T A oo e e €y o

NOQO.

140)6)

b
900 >
. o

800

oo

e (ANOE

& w ¢ EC § K )
OrS 009 09S 02 08V Obr 00V O9E
T | D RSN IECEN R T T 7 | Y ¥ | B | Y
o N T e
- X % , \““ R Ix )
i V.x..xdﬂ\ﬂ . \
< . ‘ /xx
o ®
4 g
ysers Hmuwm‘,omwﬁ ‘0 .x ,
B ysell I1sqje oasuw z°Q0 @
R VU NN N SN NN SN S N R 1 T T 1



\ | . 53

absorption (E; = 8.2 kcal/mole at pH 3, HC1O,) and phosphorescence (Ea

= 9.1 kcal/mole at pH O, HCl), as well as from quenching results b}{ the
selective doublet quenchers O, and sav~. 3
Cr(phen) ;¥ shown in Figure 3-5 reveals bands at 368, 520 and 600 mm,
with a shoulder at ca. 395 nm.

Flash photolysisrof nitrogen-purged acidic solutions (1 M HC1) of

several Cr(NN)<33+ conplexes produced transients which decayed via first-

. order kinetics at 23°%C. The absorption spectra () > 350 nm) of the pri-

mary transient species (?‘E)Cr (N\N) 33+ are depicted by the solid lines
and points in Figure 3-6 for NN = bpy, phen, 4,7—Mezphen, 4,7—§h2phen,

3,4,7,8—Nka4phan, 5-Clphen, 4,4'-l~b2bpy and 4,4'-Ph2bpy. The Figure re-

-veals-that the ‘abs'oxptioﬁdspectra;of the- (izE)f states of the bpy and sub-

stituted bpy complexes show overall similarity. Methyl substitution at
the 4,4'-positions results in a red shift of the 390-nm band of (2}3)—

Cr (bpy) 33+ to 420 nm; phenyl substitution at these positions red shifts
both the 390- and 445-nm bands to 480 and 525 nm, respectively. The band
ét 590 nm in (ZE)Cr(bpy) 33+’does n.ot appear to be very sensitive toward
ligand substitution. Inasmuch as the ?‘E excited\state_s lie ca. 13.7 x

3 cm_l above the 4A2 ground states, the excited states reached by the

1

10

L _ .
2E absorption process are ca. (30-40) x 103 cm ~ above the ground state,

as expected from energy level diagrams.‘,m"n Such diagrams predict the

existence of five metal-centered doublet transitions in the (20-32) x l-()3

42

crn.-l (500 - 313 nm) region. Ohno and Kato noted that the energy levels

of the doublet states of Cr(acac)3 are not far removed from the correspon-

ding quartet states. On this basis, the upper doublet state corresponding

1

to the a4T:L state, which is 28.9 x lO3 cm — above the ground state for

. crlopy) ;7,8 should ocour at 15.2 x 10% e (ca. 660 nm) above the ’E.

The doublet absorption of . =
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FIGURE 3-6 : Absorption Spectra of the: Ground-state Cr(NN) 33+ Complexes
b (da;shed lines), and of the Primary Transient Species
(%E)Cr () ;> (solid lires and points) Obtained by Flash
Photolysis Absorption in N,-purged 1 M HCl. Spectra ’
measured 40 psec after the flash, except for the bpy and,
‘phen complexes, - for which spectra were taken 150 psec
after the fl;sh. Concentration of Cr(NN) 33+ ca. 1074 -

: 1078 M.
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level. A band corresponding to such a tr:ansition (ZE —> szl) is ob~
served at 16.9 x 103 cm L (590‘nm) . The relative inéensitivity of this
transition to ligand substitution seems to indicate that the doublet

+ mani.fold (bZTl) is predominantly metal-centered. The remaining two
‘higher-energy bands, red-shifted by the presence of ligand substituentsl,
probably correspond to electronic transitions to doublet states contain-
ing some ligand charactef, and could be described as 2E —> 2 (IMCT) tran-
sitions. Furthermmre, analogous to 'éhe ground-state absorption spectra,
some of the observed features in the 2IE: excited-state spectra could cor-
\re;pond to vibrational components of @e same electronic transition.

The 520-nm band of the (ZE)Cr {(phen) 33+ absorption spectrum is insen-
sitive to methyl substitution at the 4,7- ankdq3 ,4,7,8-positions of the
.pben ligand framework; however, phenyl groups' on the 4,7-positions and
the 5Cl substit.:uent red—shi;f‘t this band by ca. 20 nm. As for the bpy
systems, this band is ascribed to the 2E —> b2T1 transition with the

1

corresponding a4’l‘l state situated ca. 32 x 103 cm — above the ground

3 at (308 ) is observed in the ground-state

state. A band at 32.6 x 10
(spectrum of Cr(4,7-Ph,yphen) 33+ which is absent in the free ligand mono-
cation absorption spectrum. The band at 35.2 x i03 cm_'l (283 rm), which
is also present in the free ligand monocation spectrum, is attributed to’
a ligand-centered electronic transition. " >
3.4.2. Luminesce;tce From Cr'(IJN)33+ Complexes. |

| The lumninescence spectrum of Cr(bpy) 33+ in aqueous solution

at C is shown in Figure 3-7. The two bands at 695 nm and 727 nm (14.4

3 l, respectively) have been previously assignec'i43

x.10% and 13.8 x'10%
* to the 2Tl “and 2l’:: states, respectively. The emission bands represent the
0-0O transitions 1> 4A2 and 2E ——)-41\2 electronic transitions. The

-
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, (
lummesoence spectra of several other Cr(\N) 3‘% conmplexes in aqueous sel—
g utlon have been recorded and are shown to be very similar to that of Cr-
(bpy) 5 ; the phosphoxescence maxima are noted in Table 3-3. The datd
reveal that the emission bands are only slightly sensitive to the nature
«0f the ligand ’substituents, such that the energy of the low—enetgy trans-
ition (%E -—>4A2) varies in the order bpy > 4,4'-M'_eszy > 4,4'-Ph,bpy
for, the)bi.pyridyl camnplexes N For the phenanthroline complexes, the ener-
v of the, %E state decreasexs in the order phen = 5-Clphen 2 5-Brphen 2
) 'S—Mephené 5-Php e 25 6-Me2phen 4,7-¥e phen > 3,4,7,8-Me phen > 4,7-
thphen. Phenyl suWbstitution on elther the bpy or phen framework red-
shifts the 2E maxima by.ca. 14 nm. Inasmch as the lifetimes of the “r,
.and ZE enfcited states are identical, wthéy are cons:.dered to be in thermal
equlllbnum, a{ld may thus be denoted as (2T /ZE) in the abse;we of envimnl

mental gffects. Moreover, Maestri and coworker"‘s38 have found that the 1

v, 3

{ relative yield of 2E‘. p}‘osp}nrescenoe at 727 nm from Cr (bpy) 3 is the same |
o v, for both ligand-centered (312 nm} and metal-Gentered (450 nm) .excitation;

, - " this indicates that relaxation to the Az ground state occurs w1th unitary -

' <7

t.Lon, as ttx‘e 2E lum.nescenoe mtens:Lty yemains constant ‘over the excitata.on -

4 -

wavelengths 313 - 480 nm. )

2+ 3+

5
plexes reveals that the energies of the emlssn.on bands frdi the Ru(II) oo~

A comparlson of the eIWmn spectra of Ru(NN) 3 -and Cr(NN) oo

plexes in fluid media (formally CI‘) are rot rgarkedly dependent on the
nature of the ligand substituent;“
-at the 4,7—po§sitions of the phen ligand of Ru(II). complexes.do red-shift

the emission maximmum

5
“« J . .
3 . N .
,. . « /

t [

R . .

f
. ‘ N

» .

eff1c1ency\ The results presented later in this thesis oonflrm tlus asser—

s > o
however, methyl and phenyl substitution .
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3.5. EXCITED-STATE LIFZTI}ZS OF Cr(NN) 33+ “QOMPLEXES .
) [ )
For any excited state "i" which decays chemically or physically
via "n" first-order (or pseudo-first-order) proocesses, the actual life-

time T of that excited state is given by
1. / \ " . (3-5)
Ti = mm—ee— ) . ‘ "
R ki,n ,
vhere ki " represents the sum of all the rate constants corresponding to
the decay processes. The actual lifetime represents the time it takes to
/ . reduce the number of molecules in that excited state to 1/e of its initial
value. The inherent lifetinme, on the other hand, represents the life-
\
time of an excited state where that excited state \decays via only one de-

‘activation pathway "a" (e.qg., radiaitive decay), as defined in (3;-6) .

, i,a = l/ki,a . , ' (3-6)
l‘b . )

. v
f The actual and inherent lifetimes of excited states are related by equa-

8 |

tion (3-7), which reduces to (3-8) whenIDI kj 3 equals unity. A um.ta’try L
. Yy . L
o 2 faTi,a _ : | NS0
i _— ~
I, k. T
393 C
» “ ‘
. 1T = .4 7. (3—8)
1 a i,a .
{ , f ’ a . =



v

value of the dengminator in (3-7) is attained when the excited state "i"

‘is the only one directly reached by absorption, or when the conversion of

that state directly reached by absorption to the excited state "i" occurs
. with witary efficiency. In equations (3-7) and (3-8), ¢ , represents the

quantum yield of luminescence for the particular deactivation protess "a".

Figure 3-8 gks a sché:ratic representation of the chemical and plrlxys-

igal processes which are of interest in the photodmenﬁ.st;cy of Cr(III)
ocomplexes, including non-;cadiative (nr), radiative (rad) , reactive (x),
intersystem (isc) and back-intersystem (bisc) Crossing processes.

' 3.5.0. Quartet State L'zifetimes '

The actual lifetime of the lcmest quartet excited state,

4‘1'2, of -Cr (NN) 3 carplex ions is defined by

' 4 4. 4 | '
¢ krad&'," kn.r + kisc + er e

Presently, direct measurement of 41 for Cr (NN) 33+ complexes has not been
Obtained directly, although fluorescence from some Cr(III) species in rigid
and room-temperature media has been observed. Recent investigaﬁox_;xs‘is +46
have assigned a 10 psec lifetime to the (4T2)Cr(bpy) 33+ spdcies, estimated
by populating the Ir, state with a 3,2 nsec pulsed. tunable laser Raman
spectrmeter, and subse@entl)l analysmg the Raman shifts assigned to the
A2 ’E and 4'1- states.. - o '
3.5.1. DoubZet State b{fef’imes and Substituent Effects.

"I‘he actual (or oéseri)ed) lifetime of the %E excited state,

\ zTrobs' of the Cr(NNif"' complex ion in the absence of quenching is t.he

reciprocal of the sum of all the rate constants k; which depopulate the
! s < Sy

° j,{lvfiﬁ»;k’ - b

”

o

] s s . e
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FIGURE 3-8 : Schematic Energy-level Diagram of Chemlcal and Physical

’

, Proeesnses. Important to Chromium(IIT) Complexes.

i
Ay
) " . L .-
. N
.
- .
.
'\ K s .
v,
R [
.
. 0
.
% . ‘ .
.
.
y
\ AY
.
‘ ~ /
(S > - ’ !
v
: 2
.
1 <
\‘ ~
. - L
.
. -
—
.

. , -
— KU
i)
v - o :
t
) B °
1
L4 -
- ‘\ f
g , o .
, .
¢ a
. N .
/
e
. N4

N



64

R

VT w r mcagpy

SLoNA0Yd €é—xr—

-

e

A - - - - ~ - - — e L T — —-
be
\7 N<: ( m..:
pea 4u o
"2 "2 o
peu AU
1 L 1y oy
.JN a )
RED i )
mmu b_bz
Am ) ,\m; (27
. A,
S12ndoud .
T
vz
¥ = hU b
: : H:N_., gl
. o1y
v
. N< o
A v T,-. .,b.bz
lpa e 33
. c N
N i

e ara——————



™~

' Lin et al.

65

p ‘ : ' ‘

%E state (from equation 3-5), as given by eqation (3-10), (cf. Figure
3-8.
\ . " \&
L’b‘ . 1 .
2 _ : , ' i
Tohs = .2 .2 +2kb G0,
- ' nr X rad isc

The B excited-state lifetimes, extrapolated to infinite substrate

dilution, have been determined for Cr (NN) 33+ species in oxygen-free 1'M

. HC1 at 22°C and are summrized in Table 3-4, The lifetimes reported were

Obtained by excited—state emission and absorption decay t%chnlques Also
included in Table 3-4 are the CT exciéed—state 1ifetimes of some analo-
gous Ru(NN) 32 complexes in oxygen—free water at 25°C, as; ‘detenn:med by
4 . The (ZE)Cr(NN) 3 species are strikingly 1ong~11ved in
fluid media at room temperature when oorrpared to the analogous Ru (II)
complexes. For both Ru(II) 'a'nd Cr(\III.) complexes, emission lifetimes are
longer for the phen sysltems than for the bpy systems; furthemo;:e, nem};l

and phenyl substitution on the phen rings causes an increase in the emis-

sion lifetime for both Cr(IIT) and Ru(II) complexes. On the other hand,

whereas methyl substitution 01:1 the ’pr ligand in Ru(II) complexes decrea-
ses the 7 value, an increase ip L o 1s dbserved for the corresponding
Cr(III) complex. A significani;gecrease in 1 for the Cr(III) ‘coxrplexes
occurs for halo-substii%utionoptthe phen f;anework, while T remains
es;endally constant for the Ru(II) analogues when' campared to the unsub—
stituted M(phen) ;™ complex.

The vanat_lon of T for the Cr(NN)3 complexes can be rationalized
in terms of ‘the llgand acting as both an- osclllat.mg perturbation dlpole

[N

4 - . \
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and an energy acceptor. The more vibrationally-rigid phen complexes
would be expected to show a decrease in r;on—radiative deeay (2kr:;r) in
oomparison with analogous bpy complexes, with a consequential increase
in the 2E lifetimes. Indeed, this is observed (see ,;I‘able 3-4), excebt
in the cases where NN = 5-Clphen, 5-Brphen and 5-Phphén where the 1 o
value decreases with respect to NN = phen. The halo substituents pro-
v1de an increased dipole perturbation wh;.ch would increase Zk
necessarily decrease the 2E: llfemne. Phenyl and methyl substitution
on the polypyridyl ligand decrease the pertuxbation dipole, p:éobably
throuch their effect on the critical ligand vibrational modes. The 28
lifetime of the S-Phphen is expected to be, greater than that of the phen

conplex. '1
At first glance, the variance in behav10r between the lifetimes of

the (2E)Cr(T\IN) 33+ and ( CI‘)Ru(NN)3 complexes might be attributed to the

different orbital parentages of the respective excited states; that is,
i

\MLCT for Ru(II) and MC for the Cr(III} complexes. However, it would be

. { premature to attribute the differences solely #o this feature. In addi-

L 4

tion to the comparison of the Ru{II) and C:c(III":) polypyridyl complexes,

f
are significantly longer than.

the phosphorescence lifetimes of Cr(NN). 33+ ]

% those of other chromiun(III) complexes; some illustrative examples are

given in Table 3-5. The shorter %5 lifetimes 'of Cr(III) complexes con-_

taining ligands such as NH, or (en) may be atltributed to their capability

3

of forming hydmgen bonds in aqueous solutlon, thereby enhancmg VJ.bra—

tlona.l coupling between the complex and bu]_l;{ solvent. Such is not the’
case for Cr(III) polypyridyl complexes, for which the ligar}ds provide a

pseudo-hydrophobic environment. The lack of an isotope effect on the life-

3+ 47

tines of Cr{bpy) 3>* and Cr (phen) indicate the absence of wirect
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L

vibrational coupling between the complex and bulk solvent. Also, the

’

_ dipole perturbation pnasenf in complexes oontaining the (CN) and (8AN)

ligands would certainly predict short lifetines. .
The ’E state reacts, in aqueous solution, with water (2}{:;{) in com-
petition with radiative (?‘kra 9 and ron-radiative (% ) decay back to °
tbé 4A2 grond-state species. Depopulation via back—intefsyste:h crossing
to the 4'I‘zstat\eappears to us to be unimportant inasmuich as the energy
' - ' 31,38
gap between the 2Eand 4'1‘2 states (ca. 22 kcal, 7.7 x 10°cm ©)”° is large.

Additionally, the luminescence quantum yield, 2 d
3 °

, has been deter-
rad' .

nined>®/4® to pe less than 107> for crbpy) ¥, so that zkrad is insig-

nificant when compared to the non—radiat-_i_ﬁe and reactive decay modes.

2 L 3 . 2 2 Coe
orad is given by equation (3—11); for sm'_:\ll /\za;]_xnes of U krad
2 _ 4 2krad g _
?rad = Misc N : (3-10)
o

will alssbe small if 47, = 1 ad %, =% _ + ’k_. Therefore, since
2 2 2 e :
kbisc and krad << (2}%_r + er), the 2Ji‘. lifetime ‘can more aptly be de-

fined by equation (3-12) in the absence of quenching species.

To' = . ) T (3-12)

X

a

Inastmxch as the efficiency of the reactiwve mode, 2 o is;_c_a_. 0.13 (see

Section 3.8.) and the efficiency of the non-radiative pathway (ZTznr =
2 . 2

1- "7 is ca. 0.87, then 2Knr > (Zkrad+ kblSC+2er) Thus, the

non-radiative deactivation pathway % ny) from the % state is the

- "
;
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predominant factor responsible for the lifetime of that state in the
absence of environmental effects.

3.5.2. Pressure Effects on Doublet-state Lifetimes of Cr(bpy)33+

Kirk and Porter62 have recently investigated the effect of

pressure gn the luminescence lifetimes of Cr(bpy) 33+. Their results in-

2

dicate that * T, decreases slightly from 7L * 2 isec at 1.013 x 10‘3

kbar (= latm) to 64 * 2 usec at 2.3 kbar ( = 2270 atm) in aqueous solu- .

tion at 16 - 18°C. 52

Errploymg equation (3-13), where T g and TP are
the ?‘E lifetimes at atmospheric pressure and applied pressure (p), re-

spectively, gives

4

—

. . RD
Av = —
pP-1

In (3-13)

-

o o
-

o .
‘ Ay -
-~
4

the apparent activation volure of :6‘%9 f. 0.2 ml/mole for degassed solu-—

tions at 16 - ].SQC.62 This value, being negative is diagnostic of an as-

sociative mechanism of a water nucleophile with & cationic oorrrplex.63

A

N Although these results support an a55001at1ve mechanism for the photo—

l

aquation of Cr(bpy) 3 the ‘sensitivity of thJ.s tedmlque as a test of
mechanism ey be questioned. First of .all, one mlght questlon the varia- .

tion in 24 obs (71 vs 64 sec) determined at pressuxes of 1 and 2270 atm.,

3]
resoectLvely, as to vhether this constitutes a s:Lonlflcant dacrease with

62 do not report

whether or not the compressibility coefficient of activation,. AB+, is taken

such a large increase in pressure. Also, the authors

into acoount in using equation (3-13). The magnitudé of A8+for the Cr-

(bpy) 3 don could be substantial, and the use of equation (3-14)°%'%4

62

is therefore required. Lastly, it was not dqternu'.ned y

whether AV itself

'g
/

et A e g S

S
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71

is pressure-dependent. - :
| v P + t.2
-RT 1n — AV P+ AR'P/2 . . (3-14)
. < P . ‘
o

3.6. SOLUTION MEDIUM EFFECTS ON DOUBLET-STATE LIFETIMES OF Cr(NN) 33+
As the investigation into the nature of the (ZE)Cr (MN) 3-3+

species progressed, it was discovered that the 2F lifetimes are signifi-

cantly affected by the surrounding medium. The results indicate that

. the 2}3 lifetime is found to be sensitive to the nature of the solvent,

the pH, the substrate concentration, and the presence of added anions:

3.6.0. Solvent Zffects.

49

Earlier studies”” on the lifetimes of (ZE)Cr(bpy) 33+ land

! - .
(ZE)Cr(phen) 33+ in various neat solvents reported the insensitivity of

2

Tops R Cchanges in solvent. More recent investkigations in this labor-

"atory have showm that this is not the case. Henryso reported that there

was no alteration of the (ZE)Cr {boy) 33+ lifetime upon  changés in solvent

" polarity. That the lifetime rerained constant in water, acetonitrile, -

methanol , djjrlethylfomwamide and ethylene glycol would \\indicate that chan-
ges in s‘olve;xt polarity do not effect sufficient pertul:bation to alter
the rate of (PO mon-radiative decay, within expen.mental error. However, Van
= noted the (ZV')Cr(bpy) lifetime in neaf:s, oxygen— .

’ N ‘ 5
free dimethylforméamide to be 3 11 usec‘a (vs 63 usec in H,0). Our results

show that the (ZEYCr(bny) 3t lifetime is 1Musec in neat air-equilibrated

acetonltnle, as oornpared with ca. 55 usec in alr-eqm_llbrated water.
The effect of chang.mg solvent (H 0 vs D;0) on dnsphorescence mten51ty

and llfet.me of (ZE)CI("IN)3 has been mvestn.gated by Sriram et a1.47

f !

-
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- luminescernce was attributéd™’ to a decrease in 47]_

A T - - 72

— - — - - RS USSR - L 4

\;‘\7 . g

A diminution in the 1uminescence I from (ZE)Cr(bpy).33+ was observed upon

.. ' .
- altering the solvent from H,0 to D,0, while the g emission-lifetime. re-.

'\v’"

mainéd wchanged. In contrast, both the luminescence intensity and life-

time of (ZE)GD(phe.n)' 3§P\remain oonétant in'DZO andezio;" These observa-

tions led to the study ‘of Cr(bpy) and’Cr(phen) 33+ in several HZO/DZO

4
~

The luminescence intensity I reflect$ the population of the (2E/2Tl)

manifold, and is pmportidnal\to the quantum yield \_gf 1wninesoe,1'i'ée fram

that manifold, 2 de. The lifetime of (2E)Cr(NN) 33+ reflects the com-

peting modes of deactivation of the 2E state, as in'equation (3—10) . The
constancy of 2 Tobs for both ocﬁplexes ‘was attri_buted47 to the indepen-

t

~dency of the rpn—radlat_we deactlvatlon pathway with changes in solvent

4

isotopic composition. The observed d_lmlnutlon in I, and thus in 2 o.

rad‘. -

for the bpy conplex as the mole fraction D0 ( xD) increased. suggested
. -

that . the T, state ( the precursor of 2E) may be sensitive to the isotopic

nature of the solvent. The observed decrease in the ‘quantum yield of
47 T
isc with increasing xi
for the bpy oomplex,' with 7?isc remaining constant with changing Xp
for the phen oonplex, as revealed in Flgu.re 3— If 3k q Were respo ‘

”

sible for the change in 2y rad’ one expects, a dependenoe of kr a one® e

nefractlve mdex of the medium; since ngo for H,0 and D are VJ.rtually

47 to have negligible effect on 2 d

the relative values. of 47‘( «c Will be equal to 2<I>rad(rel'), inasmuch as

52

2 o
the sane, krad was }Jelleved rad" Thus,

4 ~
nlsc = 1 for Cr(bpy) in H2

The ‘I'2 M ‘intersystem crossing eff1c1ency, 4nisc" is given in
4 4

yvequation (3-83) ; in Hy0, “kin > _km:, but in D,0 el <K Thus,

1sC 1SC nr-

the're}ati\‘ze values of 4kisc and 4knr are albered as XD is increased.

2{ )
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FIGURE 3-9 : Values of *7,__ (relative to X} = 0.0) vs X}
co for .Cr(bpy)‘33+ (0) and Cr (phen) 33+ ) at 22°C.2
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‘ Ana1y51s of the data gave k k. ‘= 4 in pure DO, and 4k k. <
. . 2 isc

isc

- 0.1 in pur.e HZO; furthermre{ the ratio of 4knr(D20) /4kr;f(H26) ranges

from ca. 10 to 100. Thus, the effect isdeuterium-favored and affects
t?ue?mn—radiative deactivation pathway from the 4T2 state, 4knr" This

%
was ra’t:J.onalJ.zed47 in terms of D20 being more structm:ed than H20 the

4

T, state being highly dlstorted and thereby able to accomodate solvent

x}rolecm__es in the interligand pockets with the result that non-radiative

¢

deactivation of 4T2 is egtropically nore famréd in D40 than in HZO’

The invariance in I, and 7z wu:h changing . 'Xp . for the Cr-

rad
(phen) 33+ oorrplex\-ion suggests that 4k is less sen51t1ve toward 501Vent

isotope composition than iﬁ the bpy complex, presumably due to the great-
er rigidity of the phen ligand framework which would argue for less

tightly bound solvent molecules in’the interligand pockets and conse- -
' ot ‘

quential decrease in the entropic effect. p .
- ‘ . ey

3.6.1. Effect of Added Anions. g

Whereas quenching causes the 2E lifetimes of Cr (N\N) 33.* to

decrease upon addition of increasing amounts of quencher, prolongation of ‘
the 2E: lifetime can be observed in the presence of high concentrations of
added anions. For such studies, the anions do not quench the 2E states,

or, if they do, any quenching effect is overwhelmed by thq’prolongation .
, 50 :

.effect. Early studies on (2}3) Cr(bpy) i revealed  that high concentra~

tj,oné (>1 M of Clo, , €1~ HSO4 and NO3 caused a significant increase

in the ZE hfetme while the emlsswn band maxima and intensity remain
TN
tmchanged Furthemore, addeﬁ Cl(B was  found 50 to decrease the quantum

3+4+2

yield of photoaquation of Cr(bpy)3 ’ fb . The effect on 2 Tobs - in

the - presence of added ClO was ratlonallzed >0 in terms of a decrease in

2
both anr and an, with a,g:eater leffect‘ on er. The effect on knr



reveals a slope of 2.3 x10° M
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would then arise from extensise ior'{-—pairing and-placement of ions in the T,

Cr(bpy) lnterligand pockets, thereby decreasing the‘vjbrational free—

dom of the llgands and the eff1c1ency of electionlc—to—v:t.bratlonal energy

transfer prooegses . The presenoe of anions in the interligand pc?ckets

as well ‘as in the solvation sphere will‘ulti:rately curb access ‘to the
d1romiui'n(I£i) core by water nolec:lle (s), Iesulting in -a reduction in the
value of zk and k . Addltlonally, the VJ_bratJ_onal freedom is expected

to be further reduced on gomg from the Cr(bpy) 33+ cation to the more

vibrationally-rigid Cr(phen) 3 catlon, an expectation borne 6ut by Hehxyso
and in this wWork. N . ~

. , 8. .
.3.6.2., Anion-induced Ground-state Quenching.
It has become critically important to investigate solu‘éion

mechum effects on excited-state lifetimes. Pmlongatlon of the 2E life-

times of t::r(l\IN)33+ conplexes is an :mterestmg phenomenon masmuch as lt

enhances ‘the potehtxal reactunty of these excited states.

One of the earlier observatioms made during the course of this in—
. ' ' . X
vestigation was that the g lifetimes of Cr(NN) 33+ is dependent on sub—

strate concentration in the presence of 1 M hydrochldric acid and l'yl_

sodium chloride. In fact, the data in Table 3-6 reveal that !21 obs ide—

* creases by an order of magnitude as [Cr(phen) 33+] is inqreaseé from 1 X

~5.

10 "Mto 1 x 1072 M; the data are plotted in Figure 3—10 From equation

(3-15 and the data in Table 3-6, a linear plot of 2k vs [Cr (phen)3 ]

1 JEREN

Hops = S S ' f (3-15)
2 Tobs : ' c

o

l am?/an ;Lnteroept of 3.0 x 10 sec l,

N -, V

6 l

-
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’FIGUI.'\‘E 3-10 :.Lifetima of ( ZE)Cr(phen) 3-3+ as a Function.of [Substratel
in Argon-purged Aqueous Solutions at 22°Cc: — , 1.0 M
HC1;. each point represents the average of 3-10 individual

expérimahts; -, neat H2O; the line represents ‘ti"xe N

- ‘ a{{erage of 10 individual emerj.uénts perfomed at .
different’ [s_:ubstrate]. / . ‘ o PR
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as shdwn in Figure 3-11.. In the absence of KCl, the awverage value (from

ten,individua'l determinations) of 21 is 0.25 (* 0.03) msec in the

-3

cbs
range 1.2.x _10"5 M < [Cr(i)hen) 3’*] <1.2x 10

to determine 2 Tops for [Cr(phen) 3 ] M in neat H,0, owing
Nrtgemore,

this phenonehon' was

M. Itwas not poséible -

o substraf;e solublllty restrictions.

observe\jqr Or(phen) 33%' in both 1M NaCl ahd 1 M HC1, and to the same

extent in both media. In contrast, 21 obs values for the 2E: lifetire of

) 3 3t were virtually indistinguishable in 1 M HC1 and neat HZO:
'ZT obs = 0.073 (0. 008) msec in 1 M HCl and 0.068 (+0. 008) msec in neat
-3

H,0 over the range 1 x 10~ M<[Cr(bpy 3+_] <25 x 107 M. However,

2
this quenching phenorenon can be observed for Cr(bpy) 3 ina 5 _@HCl,,-

medium, for which{the data in Table 3-7 are obtained, and plotted in

Figyre 3-12. The linear quenching plot, similar to that in Figqure 3-11

« for Cr(phen) 3} in 1 MHC1, is given in Figure 3-13. fThe p}ot_ yields a

slope of 1.3 x 10% ¥ sec! and anlintercept of 1.0 x 104 sec—,l. To in-

4 sure that the observed pheromenon was indeed réal, and not due to some
adventi tious impurities, different samles of recrystallized Cr(III) com-

plex ions, analytical reagent grade acid, and purified water were employed;

these alterations had no effect on the cbserved results. Also, the sug-
gestion that excess free ligand present in the Cr (NN) 33+ samples was re-

sponsible for the observed quenching was eliminated in two ways: i) the

~excellent elemental analyses of the [Cr(NN) 3] (c104) 3'tzO samples (see

Section 2.1.4.) do mot indicate excess ligand present; 11) the addition

‘of ~1 x 2073 M 1,10-phenanthroline to 5 x 107> M Cx (phen) ,>* in 1 M HCI,

and ~5'x 1073 M 2,2'-bipyrfdine to 5 x 107°

M Cr(bpy) 33* in 5 MHC1, did
not quench the 2f:: luinescence.
The quenthing phenomenon eriébed in Tables 3-6 and 3-7 and Figureé

8

e
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FIGURE 3-11 :Quenching Plot of the Data for (E)Cr(phen),” in
Argon—-purged 1 M HCl Solutions at 22°; points at.
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s )

', FIGURE 3~12 : Lifetime of (?‘E)Cr(bpy) 33+ as. a Function of \'_Substrate] )

. in Argon-purged Solutions at 22°%C;: — » 5 MHCl; each
point .represents the average of 3-10 individual experi-
ments; -'- -, neat H,0; the line represents the average

'S

of 10 individual experiments performed at different

h . [substrate] .
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3-11 and 3-13 may be desc’ribed by equation (3-16), where 2ko'is the

1 / *ops = s T Ko zkgsq[cr(NN) 3] -7 (318
\
first-order rate constant for the decay of the % state at J'.nfinité (;rt
() 33+ dilution, and %k 959 is the second—order ra\te constant for the
quenching of the %E state by the\z ground-state Gr(NN) 3 -species. Thus,
the plots of %___ vs [cr@w) ;] (Figurés 3-10 and 3-12) yield a slope

= 2k and an intercept = 2ko. Since this oonoentratlon quenching pher-

gsq
nomenon was not observed in the absenoe of C1, it beoomes clear that

this phemrrrf,nori is mediated by the Cl™ anion. However, it is noteworthy

that the presence of this anion changed neithgr the absorption spectra of -
L3

&

(4A2) Cr(NN)3 nor the wavelength profiles of the (ZE)Cr(NN) 33+ emission

spectra( At constant [Cr (NN);A], the presence of CL~ dig. cause a change

in 2E: emission intensitx commensurate with the change in 2 Tobs* T

It has been established > that ion-pairing between Fe (bpy) 32+ or -
‘Fe ('phen) 32+ and C1{ is quite extensive. It would be éxpected that ion-

¥ or (2E)Cr(NN) 33+ and C1~ would be even nore

palrmg between ( Az)Cr(NN)3
extensive 9wmg to the hlgher charge on the chmrm.wn(ill) center, ‘though
it is ot neoessary condition that the presenoe of ion-pairing cause a
shift in Absorption or emission spectrum. In fact it has previously been
shown by us and otheg:sso that ion-pairing results in (ZE)Cr(NN) 33+ life-

time pm};ongation. . If one compares the 2 1 g values in the limit of in-

Wole:
finite [Crow . ailution (.e., 2t =1/%), in the presence and ab-
sence of Cl~, this lifetime prolongation phernﬁenon is clearly evident.
Table 3-8 gives the; rate oonstants 2ko and zkgsq' andvzr o for the ground-
state‘:' quepching pkgmneron observed for Cr(bpy) 33"' in 5 M HCl and

~
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Cr (phen) 3}* in 1 MHCL. The fact that this phenomenon was not cbserved
for Cr(bpy) in 1 MHC1 can be attributed to the failure of th.lS medium
to decrease %{ sufflcféﬁtly for the quenching to be Observed out51de the
experimental error envelope ( ca. 10-15%). s

In view of the fact that ion—bai::/ing causes a reduction in the over-

all positive charges of the ground~ and excited-state camplexes with con-

‘comitant reduction of the mutual. electrostatic szepulsion',.53 it appears

that the 2kgsq values reflect the encounter of ion-paired ground-state

‘.C\I’(NN) ;3+" ‘Cl_] and ion-paired excited-state {_*Cr (NN) 33+- - -Cl"}species.

Furthermore, the 2kgsq values are virtually the same in the presence of
Gl (see Table 3-8) for Cr(bpy) >t in 5 M HCL and Cr (phen) ;> in 1 MBI
in the absence of C17, ?‘k may well be many orders of magnitude lower
such that no quenching is observable\. Then, the quenéu'.ng reaction pro-
ceeds via cnllision—induced, ‘non—radi\étive deactivation of the excited-
state [ Cr(\W) 4 "'Cl ] spe01es. An electron: transfer quenching path-
way is energetlcally unfavorable. Scheme 3-1 illustrates an "ion-bridged
excimer" result_mg from the encnunﬁer between [*Cr (i\]N) 33+ .- .Cl'—} and
[Cr(NN) 33+...C1:_]; that is, the formation of the excited-state species
*[ér(bm) 33+...Ci_...Cr(I\11\I) 33+] . Excimer formation is not an uncommon
phenomenon for aromatic nolecules, and is manifested in lowered excited-
state lifetimes with increasing growhd-state substrate cr.;noentration‘.54
No emission was observed that could be assigned to the "ion-bridged exci-
mer", and thereby we do not know its excited-state lifetime; however, it
is expected to be very short due to rapid non-radiative deactlvatlon
-~

through ﬂ'le coupln.ng of the v1brat10nal modes of the aggregate spec1es

Since the uuqal observation of ground-state- quenchlng for the bpy

and phen conplex ions in C1™ media, the investigation was extended to
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kWt e e s e e vt o



2 T e £
. NN) L S
ESCNEE
. A . )
o
)] » “;
e
€ . , € - Ova Ay
, c oy L H
Tm ﬁ,zz?u. R () 1]
. ) B 3 '
i =T ES] BN S
. . . < ™ Uv
ﬁmuﬁo. : .+mm () \.Gu = =
- .. T-£ WS .
B -~ | ) ,_ / )




several Cr(NN) 33+ complexes and it was found that this phenomenon is" in~
. _ . T 2. ., 2
Geed present. Figure 3-14 depicts the variation in 1/471 obs (= kobs)
with Cr(NN) 33+ concentration in 1 M HC1 for (MN) = 5<Phphen, 5-Clphen,
and phen for comparative purposes. Similar plots were obtained for (NN)
= 5-Brphen, 5-Mephen, 5,6-Me,phen, 4,7-Me,phen, 4,7-Ph,phen and
. * ’ ¥
3,4,7],8-Nk=.4g1en in 1 M HCL, arx{ for (NN) = 4,4'-Nk32bpy and 4,4‘-Ph2bpy
in 5’_1LQHC1. Values of 2k

959 and ?‘ko obtained from these plots'are given
in Tat&le 3-9. "I‘he data show that ground-state. ching in the presence
of 1 g Cl™ is observed for A1 the phen complexes, while 5 M Cl™ is re-
quired for observation of this phenomenon in-the bpy complexes. The low-

est values of ?kgs are those for the unsubstituted bpy. and phen complex

q
ions; an increase of substituents on the ligand framework increases the
’ gsq valle. It would appear that substitu-ents on the ligand increase the
size of’the reacting species, which, in turn, enhances collisional inter-
action betwéen the anion-associated ground- and excited-state species.
It may well be that this ground-state quenching of excited-state quench-
ing of excited-state cationic coordihation caplexes mediated by anions
in fluid media at room temperature is a general phenomenon, and that its
observability depends on low values of 2k and high values of % gaq-
Two consequences of this investigation are noteworthy. First; it
becomes imperative that all e}{p;ﬁmntal conditions (i.e., substrate con-
centration, solution meSium, tengerature, etc.) be reportedracplicitl.y.
Secondly, concerning Cr (NN) 33'+ in particular, now that ‘we are e’lware of
this pheromenon, it will be necessary to account lfor it and, where re- -
quired, subtract its contribution from the overall phot(;chanistry.
Previous results of anion effects on the 2E lifetimes 'of Cr (NN) 33+ ‘

complex icns prampted further studies of this phenomenon. Henry and
I

= . et b it ALhrm s
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FIGURE 3-14 : Plot of 1/ ?T for Cr(NN) 3t asa Function of [Substrate] ‘
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- - in Argon-purged 1 M\HC1"Solution at 22°C:' (0), 5-Phphen
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TABIE 3-9 : Ground-state Quenching Parameters for Cr(NN) > at 22 °c.’

In deaerated 1 M HCl solutions
5.0 M HC1.
€ solution contains 4% v/ CI-I3O\I .

a
b

NN o S Zkgsq’ M1 sec™! 2 o TSec '
. by 1.3 x 10% ° 0.10° ‘
4,4'-¥e bpy ‘ 2.0 x 10° b'°“ 0.311:‘,% . .
: . 0.20 P

4,4'-Ph,bpy S~ 1.4x108°€ T 07
1.0 x 108 ¢ 0.19>'€

phen 3.0 x 10° P 0.3 - -
2.3 x 10° 0.33

5-Clphen 1.7 x 107 0.18

5-Brphen | 5.4x10 © 0.18°

5-Mephen 5.0 x 10° 0.42

5-Phphen 5.7 x 10’ © 0.22° t

5,6-Me phen 7.5 x 10° © 0.42°

4,7-¥e phen 1.0x 10’ € « 0.57°

4,7-Ph,phen 7.4 x 10’ © 0.57°

3,4,7,8-Me jphen 1.5 x 10’ © 0.64°

at 22°C, unless otherwise noted.
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(phen) 33* and Cr(bpy) 33+ . Results for 1 M F were not obtained due to

49

Hoffiman"~ reported an increase in 2 for .Cx (bpy) 33+ in aqueous solution

,in the ‘presence of high oo'noent';rations of morgamc salts.. The prolonga-

- tion was ob%ewad for c104°, 4 Y Cl and NO3 by flash photolysis stu-

2

dies. This llfet.ure prolongation was attrlbuted to a decrease in k

and anr In light of these observations and the necessity to cite spec—-‘

ific experimental conditions in order to obtain the magnitude of the
a . : ' . . _
ground-state quenching phenomenon observed in the presence of Cl1 , fur-

ther studies were carried out to determine ﬂmelg'e.neral applicability of

this phencmenon for Cr (bpy) 3}* and Cr (phen) 33+ in aqueous , ai‘gon—purged .
: v ' . ‘

solutions at 22°C. Thus, effects of various anions X, including Br.,

- - - - - - .2 : L '
Br03 ’ NO3 SN, I, HSO4 and F , on Tobs a5 @ function of [Cr(NN)3}}j

were investigated. The results obtained in 1 M Br , NO3-, Br03_, HSO4*
and 0.5 ¥ F parallel those found in 1 M CL; that is, 2 ¢, decreases
with increasihg [Clj(phen)‘;ﬂ and mnams éssentially oconstant for vary-
ing [Cr (bpy) 3+] Further, the -behavior may be described by equation

(3-16) where 2k and zk are smularly defmed » These rate oconstants

for Cr(phen) 3 and Cr (bpy) 3 in the various medla are onllected in

‘TJable 3-10. The results obtained for X = I_ and sgg‘.xeveal that these

two anions completely quench the (2'1‘1/2}3) phosphorescence from both Cr-

solubility limitations of NaF in water. o . a
The results presented in Table 3-10 ‘:uggest that it is not necessary

to inwoke a quenching mechanism different from that in Scheme 3-1 for the

Cl -mediated grownd-state quenching effect. Thus, Scheme 3-2 presents

the general mechanism for the anion-mediated ground-state quenctu'rfg phe-

. romenon for X = Q°, Br, F~, BrO; , No3_ and HSO, . The lack of obser-

4
vable gmund-state quenching for Cr(bpy) J.n the vanous iM X media’

t
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. . ] v
is similarly attributed to the failure of the medium to sufficiently de-

orease zko:
. »~0h(:e the ganoomterzcmplex [(z'l'l/zE)Cr(NN) 33/“‘}(1@ is formed,

the possibility that excited-state electron—trar{s%er and/or energy-trans-

~ fer quenching occurs must be entertained. Examination of the appropri-

3/2+

. ate redox potentials for (Zrl/‘E)CrgNN)3. and X /X' couples presen-

ted in Table 3-11 eliminates the assignment of an excited-state electron
transfer mechanism for all X speciées except I and SN, inasmuch as the

energetics are unfavorable. An excited-s#ate reductive 4lect.ron transfer .

. mechanism is assigned ( see Section 3.8.) to the quenching of (2'1‘1/2E:):-

Cr(bm) 33+ conplexes by I, for which 2l(q =1.4%x 109 M1 sec_l

1

for NN =

LS
bpy and qu =2.1x10° M 5

reported the quenching of phosphorescence intensity and /p'h toracemization

sec T for NN = phen. Ka.ne-Maguine5 have

, quantum yield (quenchable component) of Cr(phen) 33+ by SN, as have Bol- .

letta and cov_mrkers39 for the g absorption decay of the phen camplex.

An excited-state energy transfer quenching mechanism is also deemed un-
likely if a comparison of the ’éransii;ion energies of thé Cr(NN) 33+ and X
species involved is made; these energies are presented in Table 3-i2 for
this purpose. Inasmuch as there is :msn.gmflcant overl?p between the ab-
sorption or emission spectra qf Cr (NN) 33+ and the absorption spectra o‘f
the X species, an energy transfer mechanism is not favored.

It is therefore believed that the ground-state quenching phencmendn

is a general one observed for Cr(NN)-33+ complex ions, and that this phe-

romenon is mediated by the presence of anions, X .

)

-
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TABLE 3-11 :" Redox Potentials (vs NHE) of Cr(N), and X/X * |
\ Q_ouples in Fluid Media. ‘ V
D .
B 7 & ' . B
s _
* 3+ 2+ a
cr (bpy) 5™/ cr (opy) 4 +1.44 "
* * .
cr (phen) ,**/ cr (phen) . 1142 I
/ F/FT L +3.6°
afa” . “ X +2.6°
Br [Br ) +2.0°
- 2= o d
s0,” [ s0, +3.4
e - c
N0, /NO, +1.9
sov / son” wa +1.62%
1/1” _t +1.42° ,
- \‘ I)
é ‘From Table 3-14 of this work. b B.M. Berdinikov an;i.N M. Bazhim,

'Zh. Fiz. Khim., 44, 712 (1970).. © cReference 57. 9 Reference 58.
€ G. Nord, B. Pedersen, and O. Farver, Inorg. Chem., 17, 2233 (1978).
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TABIE 3-12 : Absorption SpectralsProperties of Cr(phen) 33* '

Cr (bpy) 33+ and X / X -Couples.

< .
;?a "_“ ~ b -

s : v
i | ' N a
Species | A , m
\ _ max
o \ J( ) -
af = “rcrow) £ v oa00®
4 . 3+ ' anC
(‘a, = *r)/ErCrOm) 5 ‘ 695, 727
clo,” " : . _ 180
a ’ - 175.
Br. o 189
HSO, . : . 200
2~ _ . ,
50, ‘ ‘ 175
Noy~ . 303
SCN~ . o ' ©o222
1 B - 227
BrO,~ s . 200

‘

From reference 61, unless otherwise pdted. From Table 3-1.
From Table 3-3. Y ‘ .
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3.7.. EXCITED-STATE BIMOLECULAR QUENCHING REACTIONS OF Cr(NN) ..3+
. 3

Excited-state quenching provides a unique method for obtaining pho-
tochemical and photophysicafl information, and for eluwidating the roles
of the various e}'ccited-state deactivation pafhways Insofar as chromium-

" (TII) polypyridyl complexes are conoemed the object is t® ascertain:

the relative importance of the 4T2 and 2Tl/zli'. excited stAtes, as well as

the importance of each deactivation pathway within each of these excited-

65

state configurations. Balzani et al.”” have thoroughly reviewed the

available data up to 1975 on exc1ted—state quenchmg processes and more

neoently56 have J.ncluded a detalled kinetic analysis of the quenchlng

.

- processes of excited-state t.ransition metal complexes.
When spin and energy J:equa.remen% are satlsfled exc:lted—state

quenching processes between orgamc species are usually dlff)JSmn-oon-

65-68

trolled. However, this generallty is not applicabde to transition

© metal complexes, for which the quenching 1ffidiency in the oollision en- m

‘counter is greatly affected by the nature of the ligands,'69_73 and by

the charge and geometry’of the cr.mplex.69'74_7u8

ching _processes of excited-state transition metal polypyridyle provide

insight into the excited-state reactivities of se conplexes; '
Several distinct mechanisms e‘;éis@: for excited-state bimolecular

54,66,67 ¢ whlch " most rélevant to transition metal com-

S

quenching,

plexes includ_e the following: -€lectronic-energy transfer, electron trans- .

fer, spin—catalysed_ deac\gi’vation, excimer or\,exciplex. formation, and the
extermal heavy-atom effect . These quenching processes are illustrated in

Scheme 3-3. The participation of each of these pathways in the quenching

' 'procese has been discu&sed65 with particular emphasis }in' the various fac-

tors which determine their occurrence and re]iativ‘g importance. The most
N ° *

¢

Investigations of quen; ,

I

Ot Rami st = . 5
¢
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e . ¢ .
oormmon quénching pathways for transition metal polypyridyl complexes are
the energy t.ransfer and electron transfer paths

3. 7 0. Bimolecular Electron Transfer. : '_

'Transition metal complexes can undergo redox react:i.oné via
“either outer-sphere or iImer;-sphere pathways. Since excited-state li'fe—
times of these complexes in fluid .media are usu:ally small, bimlecular
proé:esses inwlving these. excited states must be near *he diffusion-con-
trolled limit so that they can oon{aete with intra-molecular deactivation
processes. It seems unlike‘ly that an innep—sphem redox pathway could
dccur at a rate mnpeﬁtive with the deactivation of the excited state,
inasmuch as ligand substitution pmcesse's are relatively slow. On the
contraxy an outer—sphere redox pathway forms an activated complex in \
th.ch the number and type of ligands on the two reactants remaln unchanged.
This pathway may be very fast, and.can thereby compete with excited-
. state deacﬁwﬁon. The rates of electmﬁ transfer quenching processes
are governed by both “int(.rinsic'" (self-exchange rates of the reactants) )
and "elxtrinsiﬂc" (overall free energy change of the reactiqn) 65 factors.
The nature of the complex will undoubtedly have an effect on the quenching
process. With respect to chromlum(III) polypyridyl complex ions, the
shielding of the chmmlum(III) oore by the hydrophoblc ligand sphere, for
example, should affeqt the interaction between the metal~centered excited
states and quencher sﬁecies. Furthermore, since the energy of the 2JEI |
‘state véri’es only slightly with changes in the ligand field strength, the
effect of structljlre on the quenching process can be examined by vaxying-‘
the iigand sphere. \

w ‘
An electron transfer quenching process for the transition metal com—

.plex M is depicted in Scheme 3-4. The electronically-excited species *M

\‘

DI s i = S NWEINLVI AL
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is expected to(’: both a better reductant and a better oxidant than its -

a:rresporid.i_ng und-state species M, since excitation of an electmn N
from a low-enerqy (bond:.ng) orbital to a hlgher-energy (antibonding) or-
bital reduces the :Lszatlon potential and increases the electron affi-

nity of a molecule. The rate constant for the electron—transfer quench—

q

ing process in Scheme 3-4, , 1s given by equations (3-18) and (3-19) ,65

: kg , _— .
k = ] o ) \. (3'18)
k! . k--d k-clk—e ' , . .
d ky Ke ¢
kg . .
kg = k_g AGT - a6 .. (3-19)
1+ exp | € + , '
Z s RT RT

' where ‘the latter eq’_uation relates kq to the free enetgy of activation,

AG, ", for the electron transfer step. For equations (3- 18) and (3-19),

-

k —-g k when the pathway is negligible; as well, when the k g path is
negligible, (k + ks) = ls( 65 Equation (3-19) may be used to est:.mate
the dependence of k on the overall free energy change, AG°, if the
free energy of act1.vat10n for the electron tmnsfer step can be related
to the overall free encrgy "change.

To relate 4G, " to AGeO, two relationships have been developed:
l'la.:v.'c11579’80 has provided the classical relationship (3;-20) , while Relm
o ' .

and Wc—*‘.ll_erm'82 have proposed the empirical relationship (3-21), where

A

P N

.
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/l + A Geo 2 i ’ - .
b¢, ',\=( A)l + . (3-20)
-\ " :
. - X .
; AGeO 2 2§ 12 ‘
re =l _¢ + (_)\__) (3-21)
7 ) ‘

b

A is a reorganizational parameter. A detailed kinetic analysis and cri-
tical review of these two relationships has been presented by Balzani

and coworkers .56 65

The dependence of the quenching rate ‘constant kq on the _overal} free
energy b Geo (equation 3-19) as predicted by the Marcus and Retm-Weller
theories is illustrated in Figure 3-15; it is clela'r that for positive and
slightly negative values of 4 G_°, the dependence of log k on b G .- is
mrttnlly’)ldentlcal However, in the region where A Geo becones increa-
singly negative, the Marcus theory (equation 3-20) reveals a dramatic de-
Crease in kq (comonly referred to as the Marcus dinverted region); in
contraét, the RehmWeller theory (equation 3-21) predicts that kq reaches

a plateau value wnder these conditions. Evidence for adherence to the

Marcus behavior has only been found in the quenching of (CT)Ru(bpy),**

for which there is a small decrease in kq with increasing endoergic char-
acter of the quenching reaction (i.e., with increasing negativity of
o, 83
AG‘?— Y. oo, ,
Often an electron transfer process does not yield products different
from the reactants; this is usually indicative of a rapid, reverse ther-

mal electron-transfer reaction to yield reactants. In such a case, the

* electron transfer quenching rate constant in eguation (3-18) is described

as equation (3-22). One method utilized to oconfim the existence of an
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4
FIGURE 3-15 : Dependence of log kq on AGeO Calculated From
Equa}ion {(3-19) (see text) where AGeO is Given
) e "/ﬁ the Marcus and RehmWeller Relationships.
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[4
. kg ,
) ‘ ,
' k = - \ (3-22)
d 1+ kg + ke -
k . '
e —qke
f 4
electron transfer <juenching pathway emanétes~ from the relationship (3-23)
‘ LR
= - 1/2 ~
kq = ky, = (kll‘ k9o K5 f1g23 “ (3-23)

84,85

given by Marcus for electron transfer ;eactions, where log le =

(log Klz)2 /[4 log (kll k22/Z2)], and k]_1 anq k,, are the rate constants

-

for the self-exchange reactions (3-24) and (3-25), respectively.

- < - .
B + BT — B + B (3-24)
\ 11 ' :
* . . *
cr o) 5>+ cr o) 32”’——}(—-‘—-, cram) 2+ Cerow 3 (3-25)
22

1

Ko is the equilibrium constant for the cross-reaction (3-26), and 2 is

* ¢ '
C#(NN{33+ + B —ﬁ__z_—_—_—\ c:::(1\11\1)32’r + B ' (3-26)
. " ‘\

the ollision nuber usually taken as 10]"l ML secl. Also,
. . ‘
‘where @ =  (log K )/4 log (kqqk /ZZ) 85 A linear plot of log k
12 11722 q

(= logkyp) vs (1+ ®)log K, 5 suggests electron transfer quenching. If

-
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ykll is,km; then the value of ky, can be estimated by fitting the ex-
perimental data assuming v‘arious k22 valwes. Log K,, is a measure of the
driving force for electron transfer, and varies as A EC. Creutz ahd
Sutin® have predicted ifat electrog transfer rates should beg"ln to de-
crease at 'sufficient]:y high driving forces; however, concrete evidence
“for this prediction is still lacking.

Turming now to the actual investigations of excited-state electron
transfer quenching reactions, it is evident t:tlat transition metal poly-
pyridyl complexes are suitable candidates as they provide a wide range of
excited-state properties. Tl!ese properties can be varied by altering the
metal center, altering the type of ligand, or sinply by the addition of
substituents to the polypyridyl ligand fraework. It is this "excited-
state tuning" which allows the excited-state complex to serve as both a
better oxidant and reductant, an attribute not possible for the metal ion
or the free mlMdyl molecule alone. These properties are illustrated
in Téble 3-13 for some well-known transition metal polypyridyl complexes.

Where the Stokes sh‘ift between the grclamd—state absorption and the
excitedfstate emission is very small, and the changes in shape, size and
solv'ation between the two states are also small; the entropic differerices
between the ground and excited states may be neglecteci. Assuming such
negligible differences, and ﬁuat the excited-state energy is all avéilable
as free erergy for the excited-state redox processes, the excited-state
redox potentials are obtained from the redox potentials of the correspon-.

56 For the

ding ground state and the spectroscopic excited-state energy
chromium(III) polypyridyl complex ions, excited—state redox potentials

are esti.n?ted acoording to equations (3-28) and (3-29), where

'
[

et —

[y
S = bt o b e s 8

.
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" Os(II) complexes.

. 111 s N

et/ o) = P - POt oth (3-28)

. »

Pt cr?ty. - ettty (3-29)

E°( *or¥t /c:rz‘c)

4

p-o I 3+, : . .
EY “(Cr” / Cr™") is the one-electron potential corresponding to the zero—

zero spectroscopic energy of the %E excited state. The reduction poten—~

tials of the 2E states of seweral Cr(NN)33+. camplexes £rom the excitation
* > ) —
erergy ( AG ~ 1.7 eV) and ground-state reduction potentia_Ls86 20 have

been evaluated and are sumarized in Table 3-14, along with the corres-

ponding ground-state potentials. The validity of this procedure has been

verified in the case of the MLCT state of Ru(bp,fz) 32+,9,l for which the es—
)4 is in accord with the talue
34 * o4 & 92 . .
of -0.81 V for the Ru(bpy) ;™" / Rulbpy) 3~ couple in acetonitrile;”" this

was t:aken91 as good evidence that the entropiq difference between the

timated value of -0.89 V for EC (Rt / Ru?

ground state and the luminescent state of Ru(bpy) 32+ is small. For some
of the Cr(w) >t complexes cited in Table 3-14, Ballardini and coworkers®3
have éxperﬁreritally verified the estimatiocn of the redox potentials of

the various polypyridyl complexes using a series of amine and methoxy
benzene quenchers of graded potential. A camparison ofﬂ the ground-state
and excited-state redox potentials in Table 3-14 reveals that the excited-
state species are indeed better oxidants than their respective ground-
state species. Furthermore, the (ZIE:)C:L‘(NI\I):,,B‘rF conplex ions are also‘nore
po&;erful oxidants than are the MT stat‘:es. of the analogous~l§u(11) ;nci

44'93'9,4 The reduction potentidls of the chramium(III)

/
ocomplexes parallel those of the corresponding Ru(II) canple:’ces,44 Wlt_l’_l:j

the chroiniun potentials approximately k.5 V more negative. The reduction

. potentials for the 2E excited states of Cr(NN) 5o are also about 1.7V

. S

b gt
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more positive than the ocorresponding ground-state reduction potqnti'.als.
o . This uniform shift of the excited-state reduction potential is due to {:he

sirﬁilarity in the wavelengths for maximumh emission in the Cr(W) 33+

’

Chromium (IIT) polypyri;iyl complexeS are thus good candidates for
studies in bim)lecu.lar excite'd—;\‘tate redox reactions inasmuch as the 2E
states are sufficiently long-lived (see Table 3-4) to be capable of k-)im)-
le\cular reaction, théy are photostable 1.n acidic media,-and they exhibit
+an efficient egm'_ssion‘,13 which.is easily ﬁonitored.

a. The Cr(bpy) ;> /Rubpy) 3™ system..

. The first eviciiahoe,of electron transfer quenching of (%E)-

. Cr (NN) 33+ involved the Cr (bpy) 33+/Ru(bpy) 32+'oouple. Quenching via en-

ergy transfer is unfavorable :Lnasmuch as the energies of (2E)Cr(bpy) 33+

1

and (3CI‘)R1(bpy) 32+ are 13800 and 17100 cm -, respectj:vely.95 Flash

photolysis experiments on the Cr3+/Ru2+ system in acidic solution have
s'thQS tl"gat ér(bpy) 32+ is oijserved as a transient product. However,
Cr (bpy) ot is alsoknown to be an efficient quencher of (3criku(bpy) 32+.
<7 .' Addition of iodide ion, a selective 2E'que.ncher, to the ®reaction resul-
ted in partial di/sappearanoe of Cr(b_py') 32+ «— Since completé scavenging E
of (%E)Cr(bpy) ,>" yielded partial disappearance of Cr(bpy) ;%, it was

concluded95 that the following reactions occur for this couple.

-

Cr (bpy) 5 By > (ECrlopy) 3 - (3-30)
‘. i - R *
' Ra(bpy) B > Cenruke) ,* (3-31)

&
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h
3 2+ 3+ kq | 2+ '
("CTYRulbpy) 5~ + Cr(bpy) 4 —-—+Ru(bpy) *+ cr o), (3-32)
' \)
3+ 2+ kq 2+ 3+
(ZE)_Cr(bpy)3 + Ru(bpy) 37 —=— Cr(bpy); + Ru(bpy), (3-33)

The electron transfer rate copstants have been evaluated at kq = 3.3

x 107 ML sect and 4.0 x 108 ML sec! for reactions (3-32) and (3-33),

1:1espectively.95 From the second—order decay of the Cr(bpy) 32+ transient

absorptioﬁ, thi rafe constant for the reverse thermal reaction between -

% Cr(bpy) 52+ and Ru(bpy) > (equation 3-3) is 2.6 x 10° M secl.?

cribpy) 32+ Rulbpy) 50— 5 Crlbpy) Pt + Rulbpy) 2T (3-34)
. /

b. The C.r('bpy) 33+ /organic molecules Systerms.
Quenching of (ZE)Cr(bpy) S by a series of aliphat-_id‘
and aromatic amines and nethoxy benzenes has been studied by flash pho-
tOlYSlS techniques; these studles have shown that the quenching process
results in the formation of a one-electron oxidation product of the quen-
cher species.9'3 Those quenchers examined and the corresponding kq values
are given in Table 3-15. Plots of lo_g kq Xs_ A Géad show no decrease 1n
k_as A Ge0 beoones increasingly nec;;ative,93 as pnediéted by the Marcus

q

relationship. However, a comparisoﬁ of the relationships between kq and

AGeO for.the aliphatic and aramatic amine quenchers reveals that the re-

A .
organizational energy A 1is greater for the aliphatic amines since the

s

electron to be transferred is more localized in . the aliphatic species
\ ! '

than in the . tic species, thus reqliiring a greater geometrical per-
aroma 1 ,

\
turbation upon oxldauon 93 Also, owing to this greater electron locali—

!

zation, steric factors should cause a decrease in the quench_mg rate __ .
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constant of the aliphatic amines as crmpaxed to that for the aromatic
amines, as was experimentally Ql\zserved
c. The C‘.r(NN)3 /1odlde ion Systems.

Flash photolysis experiments carried out in the presence

of iodide ion, which selectively quenches the 2'1‘1/2’E state of Cr(bpy) 33+

uneqxﬁ.vocally dem:mstx:ates95 that reductive electron transfer occurs ii_;a_ .

cr (bpy) >+ o > (BCrlopy) ;> (3-35)
& , . .
w
3+ = kg 2+
CE)Cr(bpy) 7 4.1 5 Crlopy) 2+ T (3-36)

| | - |
(CE)Cr(bpy) 3+ Rafbpy) 7 2T crivpy) 2 Ru(bpy) 5 -
. ‘ -37) -

: k ) '
Ra(bpy) ;7 + Crloey) T 2 5 Rulbpy) 2t + crppy)ySt (3-38)
}

* (SR - R Y
1 .Sﬂec__l_,_*_k37\"—: 4.0 x 108 ML Sec_l,96 and k

- 9
wherek36—l4xlo M

2.6 x 10° ML sec 1.9

38 ©
The products of reaction (3-37) are not observed

because of the rapid thermal back electron tranfer reaction (3—38J) . Reac-

, ,
tions (3-36) and (3-37) denonstrate that the 2E: state/ of Cr{bpy) 33+ is a

. / .
strong oxidizing agent. Table 3-15 shows the rate constants for reduc-

tive electron transfer quenching (réaétion 3-36) by the iodide ion for
several Cr(NN) ;%' complex ions, as determined by 1ifetime quenching ex-
periments in 1 yﬂnm at 25°C. The data reveal that the rate constant ky
varies from 4 x 107 M1 sec™t for (%E)Cr(4,4'-Mejbpy) ;7 and (PE)Cr(3,4,7,8-

9 ML sec? for (ZE)Cr(S-Clphen)3 under these .
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. experimental conditions. ‘Tt should be noted that the reduction potential

‘for the I-/I  couwple in aqueous solution has been estimated57

as 1.40 V. «
Thus, the reac':tiqn of (ZE)Cr(NN) 33" with I can be viewed as occurring
via reactions (3-39) to (3-43). In the flash photolysis of Cx(bpy) 33+ /
. - ) ' . /
in the presence of I , the ZE absorption is(‘rapidly quenched but absorp-
. 2+ g -
tions dve to C:r(bpy)3 (> max 560 nm) or 12 (A'max 380 nm) were not

detected. Evidently, I atoms never escape the solvent cages and k4l>> k43.

5
3

"(ZE)Cr(NN)33+ + T (ZE)Cr(NN)ﬁ‘ I (3-39)
(?E)cf(bm? o — e s ©(3-40)
crom) 2| 1 E—— crean | 1 | (3-41)

'\.Cr(I\IN)33+’ T > Cr(NN)33+ + I B (3-42)
crow 27 1 — > crau) 2+ T | (3-43) .

d, The Cr(bpy) ;> M@ ™ systens.

Iuminescence quenching of (%E)Cr (bpy) 33+ by various transi-
| tion metal cyanide obnpl’exfes has been studied by Juris et al .97 It was
concluded that quénching of (ZE)Cr(bpy) 33+ occursv via reductive elec-
tron transfer with Mo(QN) o, Fe(@) &) ra@) 64‘, and Ni (QN) 42“;‘ via
oxidative electron transfer with Fe (CN) 63— and Co(CN) 63—; and via energy
transfer with Cr(CN‘)63_. Discrimination between the possible quenching
pathways méy not be based solel;z on experimental observation of reduced .

or oxidized products, since a thermal reverse electron transfer reaction L

i}

/l S TS o el A iR z%

e

o
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sé often occurs (vide _i_n_fg)(; nor can it 'be solely based on the exper-
imentally-cbtained kq values. But, inferences on the operable mechanism
may be obtained from relationshipse between kq and thermodynamic quanti-
ties which determine the driving force for the lreaction, including the
excited-state energy fof energy transfer processes,. and the redox poten-
' tials of the excited-state and quencher species for oxidative and reduc-
tive electron.transfer pmcesses |
e. The Cr(NN) 33+/Fe2*‘(aq) Systems .

. Cr (bpy) * has been used for many years as a reducmg agent
~in 1norgan1c ground-state electron transfer reactions. Interest in the
pmpertles of chmmlum(II) polypyridyl complexes has increased in reoent

86,95 that CI(NN)3/canbe

years due to the observatlon by us and others
generated bhotochemically from the reductive quenching of (2E ) Cr (NN) 3 .
As part of the systematic understanding of the corrpetltlve modes of ener-
ay part.ltmm_ng in excited states, this study focused on the fOITl’B.thI‘l of
Cr(NN)3 by the reductive quendu.ng&&f (ZE)Cr(NN)3 with Fe?' (ag) and
by direct reduction of Crl(NN) 33+ with ra&aﬂonfgengmted free radicals.
2" (a) is an efficient quencher of (’E)Cr(bpy)s” - Catop 3, flash

photolysis 65 a solution containing Cr (bpy) 33+ and FeSO, produced a tran-

sient absorption (maxima at 470 and 560 nm) 8.6'95 closely resembling the .
d ¢ N

. . [N .

spectrum of Cr(bpy) 32+.8 The formatlon of Cr(bpy) c:learly indicates

a reductive electron transfer nechanlsm for the quenching of "(ZE)Cr (bpy) 33+

86 have advanced the pos-

by re?t (ag) . Additionally, Brimschwig and Sutin
sibility that the obserwed electron transfer products could be produced

-if an energy transfer step occurred prior to the electron transfer step,

CCmccow 4 reftan 3 'R [ crow M (3-44)




o

123

*ee?* | e e y r | crom 2 (3-45)

The availability of low-lying excited states of Fe2+(aq) at 10.4 x lO3

-1 5 3 -1 60 1
cm — | ng) and ca. 14.4 x 10”7 cm ° (probably 3Tlg) above the Al.g

aghf:ol.md state renders direct energy transfer energetically feasible.
Furthermpre, reaction (3-45) is thermodynamically allowed insofar as the

reduction potentials of the 5T2 g and 3Tlg Fe2+ excited states are ~

-0.5 and ~ +1.0 V, respectively. For such a pathway to be feasible,

reaction (3-45) would necessarily have to be faster than an glectron '

transfer process inwolving the encounter complex from reaction (3-44);

i.e., faster than reaction (3-46). The involvement of an energy transfer

re?t | *cr om) 33+

Y

re " |or oun) 2 (3-46)

was thus thought® to be improbable inasmuch as reaction (3-45) Yould
}1’.keiy require nore reorganizational energy than reaction (3-46); ;'and
also, the orbital symmetry for reaction (3-45) would be less favorable
than for reaction (3-46). In reaction (3-46) , an electron is transferred

from a t2g (bonding} orbital on the Fe2+ to a t2g (bonding orbital on

Cr}F; whereas in reaction (3-45), the electron is transferred from an

& to a bonding orbital on d3+. ;

The rate constants (kq) for the quenching of several Ch:(NN)33+ COrr

Tk
anti-bonding orbital of Fe

plex ions by (Fe2+(aq) in air-equilibrated, aqueous solution (1.0 M HC1)
at 25°C have been measured by the luminescence intensity quenching tech-
nique and by flash photolysis. Linear Stem-Volmer plots of IO/I vs
[Ee2+J were obtained in all cases. The kq values obtained are included
'in Table 3-15. Additional support for an electron transfer quenching

R s e 7 kA o B B A

e PR R gt

4 R cata v o o
¢
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pathway is the observed dependence of kq on Cr:%/CJ:ZJr ‘reduction po%en—

tials. Thus, the plot of log kg vs & B shown in Figure 3-16, where a&’

= gf (Cr (NN) 334:/ 2+) - Ef(Cr(phen) 33+/ 2+) or Ef (Cr (NN) 33+/ 2+) -
f 3+/2+ . . . o
E (Cr(bpy)3 ), is linear; and the strongest oxidants (5-Clphen and

5-Brphen complexes) give the highest rate constants. Such a dependence
"
has been previously taken as ividence for an electron transfer pathway

2+ py Ba(rrn* ana -

' in the quenching of the MICT states of Ru(NN)3
Eu(1n.’®  Futhemmore, the excited-state redox potentials, 2 (Cexty
Crz+) , also reveal that the‘ strongest oxidant has the highe;st kq value
(cf. Table 3-14). o

Having established a reductive electron transfer quenching mechan-
ism, the quenching data cbtained for the (%E) states of the closely re-
lated Cr(dN) 33+ complexes can now be applied to the Marcus theory of

electron transfer Iveactions.gq”85

Application of the Marcus theory for
outer-sphere electffon transfer processes in the form of equations (3-23)
and (3-27) has afforéed the es;:imation of tlbe self-exchange rate oonsténﬁ
k22 for reaction (3=25). Further, 1:_he detefmination of k22 for this re-
action allows the comparison between the excited-state reaction (reaction

3-25) and the gmimd*—state reaction (3-47), inasmuch as the ground and

Cr (bpy) 33f- +. Cr(bpy) 32+ : Cr (bpy) 32.+ + Cr(bpy) 33+ (3-47)

excited states may differ in Shape, size and/or dipole moment. Ti.2 dif- *
ference between the two should be reflected in the reorganizational energy
parameter A (see equations 3-20 and 3-21). Since the Stokes shift be-

tween the ground-state absorption and excited-state emission is glated

to the nuclear coordinates of these states, it is also expected that the

R
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FIGURE 3-16 : Plot of log k Vs AET (see text) forr Reductive
»
' Electron Transfer Quenching of (ZTJW/ZE)C {NN) 3
by Fe?! (ag) ;

1 5-Clphen!:

2 S-Brphen .
3 5-Phphen
5-Mephen
- ‘ - s s,e-wezéhen

6 4, 7—Ph2phen

- 7 4, 7—M32phen

) . . _,j,-
: - 8 3,4,7,8-Mgphen  —

9 phen \
" f
10 b :
Y p

11 4,4'-Mebpy
\ .12 4,4'-Phbpy ‘

H+

-

T



Wi

126

LN

A




P

»

) Cr(NN)3 .

127

.l
/
)

3 s

Stokes shift is related to the difference in A between the-ground and

excited states. Hence, an observed Stokes shift of zero, as is the case

L

for Cr (NN) 33*' complex ions, would necessArily imply similar reorganiza-
) ,
tional energies for the two states. N
86,99,100 . L s
Several groups ’ncluding ours have recently estimated the

self-exchange rate constant for reaction (3-25), based on Marcus theory.

86

Both Brunschwig and Sutin ™ and our group have determined the self-ex-

change rate using Fe2+(aq) .as the quencher species, as per reaction (3-48).

2+

mermm > ¢ re?t ag) —> ccow Pt + @ | (-8

kq 3

The oorresponding self—exchange reacti%ns are hoted in reactions (3-2%)

and (3-49), with k22 énd kll as -the self—exchange fate constants, respec-

tively. Taking kjy = 4.0 Mt sec-l,101 an "apparent" k,, of -~ 10° ML

24, ¢ i
Fe (ag) + Fe* (aq) = 2,

> (ag)  (3-49)

Fe3+ (ag) + Fe

1)

-— ( A\ '
sec L was obtained from the intercept of the log k12 vs log Kio plot

shown in Figure 3-17. Our previous estimation of k,, ~ 107 M"l sec™t
did not ihcorporate the ©® temrm in equation (3-27). The l{near relation-

ship between log klZ 'and log‘Kl2 further supports the formulation of an -

.electron transfer quenching process. In a related study, Bnmschwig and

SutinB® estimated Ky ~1x 108 M1 sec™d

3t

in 1 M HyS0, at 25°C for the
/Fe_2+ (aq) system. Some controversy arose surrounding this value,

- *
Jowing to the experimental evaluation of an intercepy = 1.7 from the log

’klz 1 sec 1. he six orders of

magnitude discrepancy between the experimental and theoretically estimated

vs log K;, plot, which yields} Koy © GOO‘M-

-
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FIGURE 3-17 : Loch vs log K12 Plot (#) for the Quenching of (le/ZE)"

l

Cr(NN) 3+ by F\e (aq) in Alr-equlllbrated 1 M HCl Agueous

Solut_lons,_ (0) log k12 vs log K12 Plot for the Peductwn

a Fe3t (aq) by Cr(NN) 32-; ,Pransients.
The dashed line is calculated curve for k22 = 08 .
-1 - -1 . . : )

M © sec ~ and the/solid line is the calculated curve for

kyy = 10° M7 sect. ‘Ihe nuers indicate the follow:.ng

(1) bpy, (2) 4)\-—Ph2bpy ~(3) 4 4'-M32bpy (4) 5—c1—
_pheni, (5) 5-Brphen, (6) 5-Phphen, (7) 'S—Mephen, (8) phen,

E

(9) 5,6-Me,phen, (10) 4,7-Phjphen, and (11) 4,7-Mejphen.

*

™
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6

values was e:»cpla.i_ned8 in termms of the rnon-adiabaticity of reaction Y3-

48), while the self—emﬁange reactions (3-25) and (3-49) are probably
R 1
adiabatic. Thus, the Marcus relationship in equation (3-23) was modi-

fied to include a term for the probability of electron transfer in the
102

1

.~ activated oomplex;

S

/2

o - ' 7 1 '
k2 = plZ(kllkzlezf]_z/ P11P52) (3-50)

'where p are the respective probabilities of electron transfer in the ac-
tivated complexes. Equation (3-50) reduces to equation (3-23) when all

reactions arel,a,d%abatlc;- that is, when P13 = Py 5Py = l. If, as is

believed to be the case here, reaction (3-48) is non~-adiabatic, ﬂ'xe:} P13

=p,,=landp), <<1, and a p{ot.of log k12 vs 1og'K12 yie]_és-an inter—
cept from which kzzplzz, (rather than k22) , is evaluated. Thus, the un-

corrected intercept will yield a k,, value that is plz2 lower than expec-

8 9 -1 86

C- ted. Under these assumptions, k22 ~ 10" - 10 M—l sec” " seems plausible.

Endicott and Ferraudi'®° have estimated k,, for the (%E)Cr(bpy);>/

Cr(bpy) 3°* couple to be ~ 3 x 10° M1 sec™), based on data for the

Ru (bpy) 32+/ (ZE:)Cr (bpy)33+ cross-reaction (3-51), and self-exchange reac—

tions (3-52) and (3-53) for which k,, = 4 x 10° M+ sect 44/83

11 for (3-53).

i

(E)Cr (bopy) 3 + Rulbpy) 3°F == Cr(bpy) ;2 + Ralbpy) >t (3-51)

4
Cercetmy) 2 + cribey) 2 == crtopy) ;7 + (PR Criopy) 3

t

(3-52)

L . . .
- Ru(bpy) y>* .+ Rulbpy) 32” = Rulbpy) 32+ + Rulbpy) 377 (3-53)
R / ’ [
;-

/

o
J




on the other hand, Brunschwig and Sutin®® 8yl

1

estimated k22 ~1x10

. sec — from a series of Ru(i) 32+/(2E:) Cr (NN) 33+ reactions in which. the"

ligands MN &n both Cr(IIl) and Ru(II)- were varied.
& 4

was estimated by sutin®® to be ca. 108

and Emdicatt99

9. M—l sect

1

- 10 ; whereas Ferraudi

have reported kex ¥ 4 x 109 M sec'l for reaction 4{3-54)

. )
(*a)cx (bpy) 33* + C;(bpy)\f+ == cribpy) + (4A2LCr(bpy) 33+ (3-54)
. from flash photolysis: studies of CI..“ (bpy) 33+ in.the presence of Cr(4,7-Me,
pi“uen’) 33+ in methanolic solutioné at 25°C. These results on the evalua-
tion Of. self—exchange’ reaction rate constants are J'.mport;‘mt in that they
demonstrate the similarities in the ground-state and excited-state self-
exc}iange,.,reactio;xs. This is not un‘expected in view of the fact that the
reactants in both reaction (3-25) and (3-54) have the same size and char-
ges, and the 41&2 and %E states are virtually undistorted with respect to
each other, thereby indicating that the work texms and solvent reorgani~
zation barriers for the ‘two reactions ‘wil‘l be the same. these ‘similari-
tiés then appear to suggest that the ground- and excited-state reactions
"can only differ with respect to their inner—sPhem barrie'rs\to electxon‘,
T 86

transfer, AG, For metal-centered states, the differences in these

_barriers have been app::t»ci.n’ated86 by equation (3—55) , where f is a

_ The self-exchange rate constant for the ground-state reaction (3-47)

. %, % 4
3f ’ E. a, +a,+2 '
, : +a a 4
SN 7 S S RPYC I i QO S (3-55) .
(f2+f3) , 6 a3 + - a3

e e
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but a, < Al/2(a3* + a
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/

breathing force constant, "a" is the Cr-N bog‘ld lexf;-th, and subscripts 2
and 3 denote the charge on the complex. The 3f /(f2+f3) termm is expec—
d1°3 to be small inastuch as the ‘A, and %E ;{fates of Cr() ;> have
the same electron configuration. The second tem in equation (3-55) has
five possible fates. These inclucle- (1) Bg = 0; that is, (a -ay =0;

* *
(ii) a, > ag and a, > l/2(a +a3), (lll) ra, > a3'.but a, <

3 3
* Tk i * *
Y2(a3 +ag; (iy) ay <ajanday >1/2(ay +ag)i and (V) a3 < a,

.f.

Fate (i) implies that A ( AG; ) = 0 and the

) 3
inner-sphere barriers for the ground- and excited-state self-exchange

’ . : *
reactions are the same. Fates (ii) and. (v) imply that AGin+ < AGin'f ;
' t T

vhile fates (iii) and (iv) indicate that = AG, ' > 4G, '. The fate cb-

served depends on whether the excited-state Cr-N bonds expand or conpress,

. cmpared'to the ground-state Cr-N bonds. For the Cr (NN) 33+/Cr (NN) 32+

system, it is expected that only the nutber of t, g electrons changes, and

thus the Cr-N bond lengths do not change appreciably. Thus, £ (1) is
, 1_”)

tlbught most likely; that is, (a *oay = 0, and therefore A( AG.ln

3)
0 and 1nner—sphere ‘barriers are the same.for the ground- and exc:.ted—
state reactlons This .reasoning then leads to the suggestlon that the ex-
change rate for the two reactions should be the same, as was observed.
lzanent of the 4‘1‘2 state in the excited—stete exchange reaction
has‘ been sug;eéted.‘gg However, the lifetime of the (4T2)Cr(bpy) 33+ has
been estimated to be of the order of 1071t sec;45 thus, this state cannot
be involved in redion (3-25) since a3* > ay and bécause its lifetime

is too short to be' involved in bimolecular reactions. The other possibil~

Aty is the 2Tl excited state, in thermal equilibrium with the % state.

Although the 2':[' and ZE states have the same owrall tgg orbital configura-

t:Lon, the 2‘1‘ state differs in that the spin density of one of the tZg .'

:/’
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orbitals is drastically reduced; ( o, a, B) for the 2E: state and ( a,08 , ) /’

for the 2Tl state. In our studies of the ligand labilization of (ZE)- Lo

Cr(bpy‘),‘33+ s it was concluded that the 2Tl state was the reactive entity
due to the vacant t2g orbital situated in the vicinity of the interligand

pockets. Howawver, if the 2‘1‘ state were the sole contributor to reacti;)n

1
(3~-25), and to the extent that the overall rate constant for this reaction
is ~ 19? - 107 M1 sec, taking into account the population of the 2T1

. state, kéx is expected to be ™ 1‘09 - lO10 M_l sec_l. Unfortunately; the

presently available data and-the uncertaintiés inherent in the Marcus

< ) . . <
ré;atiénships for electron transfer processes preclude '?. delineation aé;
to the réacti§e state in the self-exchange reaction (3—-25)\involving the
: 42'1‘1/2}3 pair. . .
It is interesting to note tl’xa,t‘: the 2E excited state does not appear

to be implicated in the reductive quenching of *Cr(bpy)'33+ in alcéholic

maadia,99 reaction (3-56). This suggestion was attributed to observations .
. ‘{;& \
ko 3 2+ ot
Cr(bPY) 3 + ROH ‘*'*} Cr(bpy) 3 + ROH (3-56)

that both the (%E)Cr(bpy)y>  transient and Cx(bpy) ;' were detected in
aqueous alkaline and alooholic gedia, and that the (ZE)‘Cr (bpy) 3>+ Life-.
time was relatively indepéndent :of solution medium while the yield of
(2E)Cr(bpy) 33+ was nedimﬁrdependent. It was further swg;gested,99 that
the solvent—dependent prbcess leadin® to the chromium({IX) species is a
prowpt, upper-state process that occurs in competition with excifed~
state relaxation to form the (2E)Cr (bpy) 33+ transient species. Thus,

99

Ferraudi and Endicott”” implicate the involvement of either 4'1‘2 or 2‘1'2 '

or some higher excited state in reaction (3-56) . It is worth noting at

[

L P

e %
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| this point that %, 1ifetimes are not independent of solution medium.

As mentioned previously, net electron transfer products are not al-
ways oObserved owing to the rapid thermal reverse electron transfer pro-
cess. To this extent, it is important to determine the rate of this back

~ reaction and compare it to the foxrward excited-state electron tlr.ansfer
procéss. The rate constants, kq and .kbet’ have been determined for the
Cr (NN) 33+/Fe2+(aq) system, as depictéd in reactions (3-48) and (3—57) .

\ , v

\3+ 2+

Cr(NN)_32+ + Fe Rt > Cr(NN)33+'.+ Fe . (3-57)

{

The quenching mechanism in (3-48) has previously been assigned to reduc-

‘ A =
tive electron transfer, and the rate constants kq are given in-Table 3-16
~

3+ AN

for the -various Cr (I\IN):j3 complex ions investigated. The rate constants

for the back electron transfer reaction (3-57), kbe o were obtained by

flash photolysis experiments from the second-order decay of Cr (i) 32+ :

o acoording to reaction (3-57); Cr (NN) 32+ and Fe3+ (ag) are generated in

equimolar amounts in ;eaction (3—48). For the 4,7-Mezphen and’ 3,4,7,8~

Me,phen complexces, the low k_ values ( ~108 ML sec™l) for reaction (3-48)

q
reqxnre/a rather large Fé2+ {ag) quencher concentrations in order to com-

; tely quench (ZE)Gir(NN) 33+.’ Unfortunately, the concentration of Fé3+

aie

,‘Q urity in the Fe(NH,), (S‘O;I)é used showed pseudo-first-order kinetics,
rapid to®Be followed within the time resolution of the flash photoly-

s%is apparatus ( ~30 usec). In order to study the back reaction for these
] .

conmplex ions, J.twas necessary to generate Cr(NN) 32+ via the reduction
Cr (NN) 33{. by the o-(CH,) Z(EDH radical at pi ~ 1. The pulse radiolysis

aqueous acidic solutions of 2-propanol results in the decomposition of

14 i .
nl?ie solvent according to the following stoichiometry.
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N

i

Hy0 'W'eaq --+ OH + H' L , (3-58)

°

e ekl + s

In the presence of acid, 'ea(; is efficiently scavenged by H+,'yieldj.ng H

atoms. The presence of 2-propancl allows for reaction between H and OB S

. . . N ’ !
to form o -(CH3) ,00H and  B-(CHy) ,00H radicals. The o -radical is a _ ‘
rather good reducing agent (X = -1.2 V ENHE)S.7 and can reduce Cr (NN) 33+ f

r

to Cr () ,”* via reaction (3-59) . Also, thee,  species is capable

Cr’(NN)33+ + a—,(CH3)2c'JOH —_—> Cr(NN)32+ + ((}13)206 +H (3-59)

of J:educingl(:r (NN) 33+ to Cr(NN) 32+, as per reaction ('3—60) . The rate

crom) o+ el > crw®t L (3-60)
oconstants kbet for the back electron transfer reaction (3-57) are inclu- ' “‘\

dd in Table 3-16 for various Cr (NN) 32+ complex ions. It is observed in
| 1

’

Table 3-16 that the values of k¢ Span the range of 108 - 1010 Mt sec”
with the slowest rate afforded by the S—Clphén coplex and the 'faétest by
the 3,4,7,8-bb4phen camplex. . /

The data for kbe ¢ can also be treated by the Marcus relationships

At Ve it 5 b

(3-18) tO (3-20), (3-_-23) and (3-27). The plot of log k‘bet vs log KlZ'
shown in Figure 3-17 by the closed circles, vields an "apparent" self-

- . {
exchange rate constant for reaction (3-54) of ~ 10° n1 sec—l, with the '

1 1

actual wvalue of lO8 - 109 M~ sec -. Ferraudi and ‘E:ndicoti*;‘i—s99 value

of - 4 x10° M ' sec™t for Cribpy) ;™ in 908 methanol at 25°C may reflect
the different solution media used and the errors intrinsic in the tech-

niques employed. It must be noted that for very similar conditions of :

Mkt e re g e

g
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solution medium, temperature and ionic strength, the rate of excited-

state self-excdhange reaction (3-25) is'identical with the corresponding

rate of the ground-state self-exchangé reaction (3-54). )

The kinetics of formation of Cr (NN) 32+ via reactions (3-59) or (3-
60) have been evaluated; the walues of the rate constants k for these

macﬁons are included in Table 3-17 along with the wavelength at which

formation of Cr(NN) 32+ was monitored. The 3,4}7,8—Me4phen complex was

\ —
too insoluble in aqueous and methanolic media to afford the Cx (II) spec-

trum. From the fact that esgl v and (CH3) 2(:.'OH were scavenged quantita—

tiwely and rapidly, the values of the extinction coefficients ( ¢ ) of

the absorption bands of Cr (NN) 32+ were obtainable as a function of wave—

length. The absorption spectra (300 - 750 nm) of the Cr(NN) 32+ ocomplex—

es obtained from the reduction of Cr(NN)33+ by es:)l v

or a-(CH3)2C.DH are
presented in Figures 3-18a - j. Additionally, Cr(NN) 32+ can be generated

Y
by the reductive quenching of (E)Cr(w),”" by Fe’*(aq) in flash proto-

- lysis experirents. The 2 (NN) 32+ spectra recorded 50 usec aftersthe

‘flash won oomplete quenching of (ZE)Cr(NN) 33+ by Fe2+ (aq) are also in-—

cluded in F;Lgures 3-18a - j. A ocomparison of the Cr (INN) 32+ spectra ob—
tained-by the two techniques shows reasbnable ooincidence. The Cr(My) 32+
absbrption band maxima and € values are summarized in Table 3-18.

The absorption spectrum of Cr (bpy) 32+ has been reported by Konig

8 their spectrum is reproduced in Figure 3-18a and is compared

and Herzog;
with that obtained here. At A >310 nm, the bands have been assigned as

= ing from ligand—bo—nétal charge—transfer (IMCT) transitions on the

" basis of intensity, while at A < 310 nm, the spectrum was thought to

8 Interestingly, despite the

arise from intra-ligand (IL) transitions.
band intensities (log € * 3 ~ 4), the band maxima at 310 - 830 nm could

-
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p
| FIGURE 3-8 a : Absoxption Spectra of Cr(bpy) 32+ (reference 102),
‘ ) dashed line, O, (this work), 'and of the Cr(4,4'-
MezbE;Y) 32+ ( &———8) Transient Obtained by Reduc-
tion of the Corresponding Cr(III) Complex (53 uM)
with (CI~13) 2C.DH at pH ca. 1 in Argon-purged

-Solutions Containing 0.26 M 2-propanol and 0.05 M
IT

oL H,S0,. Dose/pulse = 1.30 krad; G(Cr'") = 5.5.
N - L J N \ }‘ 4
\ »
-
z
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. | o
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FIGURE 3-18 b :

b
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4

Absorption Spectra of the Cr(4,4'Phybpy) ;> Transient:
O———0 by Flash Photolysis Methods in N,-purged 1 M
HCl Aqueous Solutions Containing 5% v/v MeCH ; @=———=9
by Pulse Radiolysis Methods in Which the Cr(III) Species
(45uM) were Reduced by es;lv at Natural pH in Argon-
purged Methanolic Solutions. Dose/pulse 1.47 krad;
cler™ly = 1.5, !
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v \ i r . r ‘ ) .
FIGJRE 3-18 ¢ : Absorption Spectra of Cr(phen),;>: Om——0 by Flash
Photolysis in N,-purged 1 M HCl Aqueous Solutions;
@¢———=@ by Pulse Radiolysis Methods by Reduction of
the Cr(III) Species (52 uM) with (CH,),00H at pH ca.
2 in Argon-purged Aqueous Solutions Containing 0.26 M
2-propanol and 0.01 M HC104. Dose/pulse = 1.27 krad;

I1
G(Cr ) = 4.6.

L]
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\
&
FIGURE 3-'718 d: 'Absorption Spectra of the Cr(5-Clphen) 32+ Iofi: Ow——O
by Flash Photoly®s in N,-purged 1 M HC1 us

- Solutions; @-=————@ by Pulse Radiolysis by Reductiorn
of Cr(ITI) Species (50 M) with (CH,) ,O00H at pH ca. 1
in Argon-purged Solutions Containing 0.9 M 2-propancl
and 0.1 M HC10,. Dose/pulse = 1.8 krad; G(cr™) = 4.8..

a ) N
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Absorptlon Spectra ,of Cr(S-Bxphen) ions: Ommme=sd by
Flash Photolysis in Nz—purged Aqueous 1 M HC1 Solutions:
&——8 Ly Pulse Radmlys:.s by Reduction of Cr(III)

: Spec1es (39 M) with (CH3)200H at pH ca. 1 in Argon-
_ purged Aqueous Solutions Oonta_mlng 0.52 M 2-propanol

and 0.05 M H,50,. Dose/pulse = 0.54 krad; G(Cr ) = 5.,1.
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FIGURE 3-18 f :
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Absorptlon Spectra of CI'(S-Maphe.n) : O——0 by Flash
Pl'ntolysn.s Techniques in Nz-purged Agqueous 1 M HCl
Solutions; @——-—@ by Pulse Radiolysis Techniques by
Reduction of Cr(1m) Species (52 uM) with (ca3> c’:on

0 .26 M 2—pmpanol and 0.05 M sto4 Dose/pulse = 0.57

“krad; G(Cr )—52
n

-
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FIGURE‘. 3-18 g Absorption Spectra of the Cr(S—Phphen)3 Species:
: OO by Flash Photolys:.s in Nz-purged 1 M HC1 Agueous
l Solutions Containing 1% v/v MeOH; @————=@® by Pulse
Fadiolysis Methods by Reduction of the Cr(III) Species
(49 uM with e solv in Argon-purged Methanolic Solutions
at Natural pH. Dose/pulse 1.20 krad; ccehy = 2.
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FIGURE 3-18 h :
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A3

Absorption Spectra of the Cr(5,6-Me,phen) ;' Ion:”
Ow——=0 by Flash Photolysis in N2—purged Aqueous 1 M.
HCL Solutions; @———@® by Pulse Radiolysis Methods by
Reduction of Cr(III) Specnes (53 UM with (CH3) ZCDH

at pH ca. 1 in Argon—puxged Aq\:eous ‘Solutions Contain- °

ing 0.26 M 2—-pmpanol, and 0.05 M. HZSO4 Dose/pulse =
1.37 krad; cer™) = 4.9. N
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. FIGURE 3-18 i : Absorptioh Spectrum of Cr(4,7-Me,phen) 32+ Species
_ ' . Obtained by Pulse Radiolysis TEchniques by Reduction of the
of the Correspon ing Cr(TII) Species (54 M) with

'l,res;lvtin Argon-p Methanolic Solutions at Natural
pH. D6§Z'/pulse = 1.67 krad; G(CrY) ='1.8.
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£ 4'%,’: ¢
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i
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Absorptlon Spectra of the Cr(4, 7—Ph2phen) 3 Transient ‘
, Ome——0 by Flash Photolys:.s :Ln Nz—purged 1 M HC1 Aqueous -

Solutions Oonta:nmng 5% v/v Mecx{ &————=8 by Pulse
Rad:.olys:.g; Methods by Reduct.'xons of the Cr(IEI) Species
(48 upM with e__ ... in Argon—purged Mat-hanollc Solutions
at Natural pH Dose/pulse 1.67 krad; G(Cr ) =1.9.
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‘I'ABLE 3-18 : Absorption Spectra of Cr(NN) 32+‘ Transients.

T

-3

Complex Ion A% nm 10 ¢ ‘Tentative b
(M'ICm'?) . Assignments—
Cribpy) ;272 287 25.0 NN - NNE
" 308 30.5 .. CONN o+ NN
N 326 7.2 3 1524+ tzzez('?)
& 339 - 5.2 T, + »31:2(b)+CT
, 360 ' 4.7 > T](b)’rCT
463(4652 . 4.2(3.9)% + SE(b)+CT
- - (4902 -(3.4)2 s G
B '562 4.9(4.6) 2 . > ‘3A2+CT
‘\}‘ - 1690 | 2.3 SN (a)+ T,(a)sT
T I o > 3E(a)+CT
Cr(4,4" Me,bpy) 27 05", .. 20.0 NN+ NN*
%0 7 80 AN NS T (b)HCT |
470 4.6 - E(b)+GT
495 - 4.2 > 3R
560 4.5 5 IpLacT
w 60 - - 20 s 3 amer
660 1.8 | N 3T (a)eCT /
Cr(4,4'-Ph2bDS')32+ d - 270 87.5 ! NN -+ NN* ‘
330 | 73.1 -~ NN + NN* ‘
410 6.4 - 371 + ?T](b)+372(b)+c7f4)-
. 470 4.6 S b
— ' 4gs 4.9 + SE(b)eT ‘
515 4.0 - s JApH o
575 a4 » ppHr
595 4.4
620 / 48"
. | 650 . 4.5 ' - Tz(a)+CT
IR S 670 44 + %(a)+ 3y




" TABLE 3-18,

Cr_( phen)?’2+ 3

Cr(5-Cl bﬁen )32+ g

e

T oA

h
cr( 5--Brphen)32+ -

\

Cr(5-Mephen) 32+ A

continued

335(330) %

360

a00(415)%
430

470(475)£ ,

550(850)=

620

700
370

10

. 480

550

" 610

650

680 ' .
3170.

410
430
485
560
610
630
660
695

' 360

400 .-

430

485
550

g3
660

680

¥,

16l
8.9
6.7
4.6

% 3.6
3.2
0.73

0.88
2.5

5.8
4.5
3.3
0.95
0.74
1.1
1.1

4.9

¥+ + + + 4+ ¢+

-

v+ ¥+ + + ¥

+

+

3}72(b)+CT
(b)+CT

3e(b)+CT
3A]
3
Ay

3.

(a)+ T (a)+CT

Tz(b)+CT
T](b)+CT
E(b)+CT

3

A,
31

Aé+CT

'312(a Y4CT

Tz(b)+CT
T](b)+CT

3e(b)+CT

&
*

M e e SN e b S SALIASIN o bk FO md s

e oo Bwy




:

162
Table 3-18, continued

Cr(s-Phphen)®* & w360 (64) 37 3
1 ) 390 (4.4) ‘ * 3T] (b)+CT
- “430 (2.7)
é | . ~480 (2.6) s 3g (b)stT
S o - - E00 (0.99) |
{ B e (1.1) R R
| 640 (1.2) :
L 650 1.4) > Ip T
) ©ngoD - (1.8) 30, )t
Cr(5,6-Me,phen) 2 370 5.9 31, 1> 31,y
K 420 4.3 R Oy
) , 445 ’ 3.4 . | |
S 470 3.2 L
' | 485 X R () i
’ 545 . .88 " -
. > 570 0.70 :
50 . ., 0.4 > 3a,
\ 660 6 * 3 ur
or(a,7-Mephen) S 370 e8 3 3
a0 3.9. | + 37 (b)cT
440 W | - \
- 480 30 + 3g(p)wer,
565 0.75 * 3a
. 600 X ) T
640 0.83 *31,(a)
. | 690 . 1.5 * 31 per
cr(a,7-Phyphen) 2+ < 30 81.9 F NN = NN*
S 380 17.3 1 3,mmr
. 40 68 > 37, (b)ser
470 5.6 ‘ '
Q 890 s 5.4 s SE(b)r
50 - 2.1 )
570 e L . |
" 610 1.5 /+’ 3A 4T
660 1.4 / * 3,41
I - J/ i
N o
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Table 3-18, continued ‘ S,

'Ihi/s, work. i Y

e

o

See text and equation (3-61).

€ mo.05 %}12504' 1 M 2-propanol, a:ogorﬁ—puiged solutions; 70y sec
after the pulse. ) '
— In methanol, natural pH, argon-purged sQlutions; 1 psec after the
pulse. .
£ mo.01 I_VI_\HC104, 0.26 M 2-propanol, argon—-purged solutions; 20 usec g 2
after the pulse. '
£ From references 104 and 105,
2 1n0.01 MHCI0,, 0.9 M 2-propanol , argon-purged solutions; 40 usec - : |

after the pulse. . ‘ o7

b In0.05 M HC1O, , 0.52 M 2-propanol, argon-purged solutions; 25
* usec after the pulse.
R




<5

164

be reasonably accomted for in tems of simple ligand field theory by .
enployiné octahedral microsymmetry yielding A = 17,370 <;;m—'l and the

' Racah parameter B = 604 an L. Altematively, the Cr(bpy) 32+ spectrum has
also been described in terms of "ai)sorption to exxcited states possessing
a configuration adnixture of metal-fo-ligand charge-transfer. (MI-CI‘)\ char-

dcter, coupled with m-n" excited states of the three bidentate NN 1i-
ands (104,105 :

The spectrum of cx(4,4'-Me2bp}) 32+ is nearly identical with that of
Cr (bpy) 32+, with the prominant band at 470 nm slightly red sh'ift'ed by
10 nm upon methyl substitution; the intréiigand 'TT" n* transition in the |
4,4"—Me,bpy complex occurs at 300 nm Cmplexa;d.on of the 4,4' Ph,bpy
-'ligand with Cx (II) red-shifts the fnternal ligand transitions by ca. 15- .
20 nm, nearly the same shift obserwed in the spectrum of Cr(4,4'—P1;2bpy_) 33+.
'Ihé visible spectrun c?\f Cr(4,4'—thbpy);z+ is unlike that of*the bpy ana-
logue in ﬁiat several narrow bands are evident at) > 450 nm.
To the extént that Cr(NN) 32+ are low-sp1in d4 conplexes (3’1‘1 ground
\ state in O, microsymetry)'% the spin-afloved band meximamay be esti-
mated by second-order perturbation theory using the equatiocns (3-61) given

8

by KSnig and Herzog.© With the assTmption that C ~ 4B, the energy maxi-

ma for the transitions are as follows:

3r) —38_(a), - B+ 648%/1 - 5.33; ). * /

B, —3r (@), 8 +.52/ A - 4.708; P

3'r1’—> @), A+ B+ 5282/1 - 6.258;
. 3 : -y

3r,— 3, _p+6a82/ s ;

3 3, 4 +3-808% 0
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r, i), b +um- 1282 /2 + 6y

"3'1"1 —3E®MD), "~ A +B+ 468 foa+sam . (3-61)

31"1 — 1ri(}'p), A+ 168 - 36B2/A + 4.70B.

L
5 0

In the case of the analogous Cr (NN) 33* catpléxes, it was previously in-
dicated that the ligand field parameter A was nearly the same.for the

three bpy complexes ( ca..23.6 x 10° cm-l) . Using .the empirical rela-

tionship™"’ in (3-62), where Gion = 174 x 10° an 1, a value of foy
b= fligan'd Yion (3-62)
A =

1.36 is obtained, in good agreement with the value of 1.33 given by Jor-

107 1

gensen . A A value = 16.9 x 10° an ! for the Cr (II) bipyridine com-

3 an-l

plexes "is predicted if a value of Iion = 12.4 %10

for low-spin
Cr('II)60 is employed. “ |

Tentative assignments for these bipyridyl complexes aré presented
in Table 3-18, and were based on a comparison between experimental band
maxima and calculated energies by using the above relationships (3-61),
with the assumption that the Racah parameter B is constant in this series..
The assigments for Cr(bpy) 3%+ are based on those by Konig and Herzog,8
exoept that the 3I‘l —> 3I‘l(b) and“:xl‘l —>3T2 (b) transitions are assigned
to the bands at 360 and 339 m, respectively. In the Cr(4,4'-Mebpy) 32+
spectrum, these two transitions' occur at ca. 360 nm and are not resolved,
de to the very intense intraligand transition at 305 mm. It is inter--

esting, however, that the 3I‘l—-——} 31"1(a) and 3T1 —->‘3jr2(a) transitions

—_—
el

o i
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are resolved in this spect"run, but are not resolved in the bpy ‘analogue.
In the Cr(4,4'-Ph,bpy) 32+ spectrum, the very intense bands at 270 and
330 mm are ascribed to intraligand ¢ - n* transitionz on the b;asis of in-
tensity and by comparison with the spectrum of the protonated form of

08

the free' ligand which has bands at 260 and 312 m.'%% The much richer

spectnm of the diphenyl camplex is probably due I'cxo vibrational conl;o—

nents or to transitions predomlnantly charge-transfer in nature. The ‘
low-energy 3Tl > 3}E:(a) ‘transition is expected to occur at ) > 700‘ rm

in the Cr(4,4'-¥ebpy) ,*" and cr(4,4"-Phytpy) ,°* spectra. - ‘

Unlike the spectra of the bpy complexes, those of the Cr(II) phen
canplexes reveal relé.tiveiy weak, barely discernable bands at ca. 520 -
650 im. It is likely that transitions in this region have little dr no
charge-transfer character. At *< 520 mand A > 650 nm, intense bands
were observed, and, ﬂiexefo‘;e, st be, to a 1ar§e-extent, charge trans-
fer in nature. '

From the absorption spectra of the various Cr(III) phen complexes,
the wrlwe of A may be estimated; and assuming a value of g(Cr(III)) =

17.4 x lO3 c:n":-L,lo—7 values for fli may be calculated from equation

gand
values thus obtained are ollected in Table 3-19.

4

ligand o
The f value of 1.34 for the phen, 4,7—Me2phen, and 3,4,7,8—1:1e4phen oort-

plexes is in excellent agreement with the value of 1.34 reported for phen

by Jorgensen.lo? Employing a value for g(Cr(II)) = 12.4 x 103

crn—l,60"

the values of 4 for Cx(WN) ;2% were calculated and tabulated in Table 3-19. )
To estimate the energy maxima on the basis of ligand field ;considerations;
(using 3-61), the assumption has been made that the value of the Racah
parameter B ( ~600 am 1) for these phen complexes is nearly the same as

'tbat of the bpy complexes. This assumption is not unxeasonable since the

%
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B values for Ni (bpy) 32+ and Nifphen) 32+ are nearly identical (898 908

cm_l, respectively) .9 The tentative assignments.in Table 3-18 have

based on such estl,mates. ’ ’
The anaJ_ySJ.s indicates that the 3I' ——> 3’1‘ (b) and 3’1‘ — 3'1‘ (b)

tran51t10ns 'should be degenerate in all /of the spectra of the phen com-
plexes. This is not generally obserwved (cf. Table 3-18) . Furthermore, the
transitions to the 3E(a) excited states are not seen in the Cr (phen) 32+
spectrum, which may be attributed to the band maxima lying at X >700 nm.
The 3Tl — 3'I‘l(a) and 31‘1 —_—> 3E:(a) transitions are expected at A > 700
rﬁ in the spectra. of thg 5-Clphen, 5-Brphen and 5-Phphen complexes; the

extra bands at ™ 400 - 560 nm have not been assigned. “In general, sub-

+ stitwents at the 5-phen position red-shift the corresponding transitions

in the parent phen complex by ca. 20 - 40 nm; the 5-Brphen and 5-Phphen
substituents éffect a large’; red shift.

Methyl and phenyl substituents at the 5,6— and 4 / 7-positions on 1\:he
phen ring system also red shift; the transitions ﬂof Cr(phen) 32+. Phenyl
substituents at the 4,7-positions and 5,6-dimethyl substituenté are par-
ticilarly effective, to the extent that the T, —> 3z, (), 1, — 31, (a)
and 3I'l _ 3E(a51 trapsitions occur at A > 700 rm. Additional unassigned
bands are also e&frident in the spectra of these disubstituted phen com-
plexes It is 1likely that these bands also possess d-d character-and the
nch spectra probably orlgmate from transitions between states of the
tngona.l syrmetry, 3, of the ccmplex&s

This comprehens:.ve exanu.natlon of the (:r(NN}3 /Fe sysbem and the

cha.racmnzatlon of the Cr(NN) 3 spemes produced contributes to the

* overall ,}cnwledge of chn:mJ.um(III) polypyridyl photochemistry in several

ways. First of all, it has beeh shown that the excited-state *Cr(NN) 33""

| /

s
I
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species is quenched by, Fe2+(aq) via a reductive electron transfer pro-

~ - s

-, s )
cess for which the quenching constants vary over two orders of magnitude
(¢f. Table 3-16). Furthenmre, insofar as reaction (3-48) or-its anal-

ogue J_nvolv:mg other\reductlve quenchers is of potential unportanoe in
solar energy convers:.on schenes knowledge of the 'rate constants for the
themal back electron transfer reaction as a fxmctlon of 11gand structure

and kinetic pq;’aneters i necessary and mportant. Also, the absorption  f
spectra of Cr (NN) 32+, genei‘g by flash ;ﬁoﬁqlzlsis in the preser”lce of

queﬁchef or by pulse radiolysis, hawe been rect;rded and characterized.

Fmally, examination of the Cr(NN)3 /Fe syst':em has affor@ed rate ocon-

stants’ for both the gmund-state (3-54) and excited-state (3-25) self- .
exchange regct:.ons of Cr(NN) 3 . g0 a. first approximation, the work

terms and solvent reorganization barriers for reactions (3-25) and.(3-54)

are expected to be the same for the following reasons: i) the Cr(NN) 33+

and (4A2)Cr(NN) 33+ complexes involved in these reactions both have the
same charge, +3; ii) *cr o) 3% and (4A2)Cr(NN) 33+ are isogeometric' inas- L
much as ‘the Stokes shift between the 2E t—§4A2 emission\34 and absorp— N

8 . . c . - . s . 3

tion” bands is Zero and their orbital population is 1dgnt10al, t2g’ al-(—

though different in spin. (bnsequently,f if both the ground-state and
]
excited-state self-exchange reactions ayxe adiabatic, they can only differ

in their inner-sphere barriers, AGinJr', for which it has been shown that
% 17 . ,
AGin ~ AGin P and the rates for x?actlons (3—25.) and (3-54) are thus

»
.

~.

the same. =
\ » » f. ,Otljnér Cr (NN) 33+/q1:encr\xer Systens. ‘ l | ' .

. Quenching of Cr(NN) 33+ excited states b{ quencher spgcies
~ Q capable of oxidizing chromium(III) to chromium(IV) , as in reaction ,

(3-63), has revealed some inconclusive results regarding the operable



*

'anupperlimit(kq<lxlb

" Fe(@) > and co(@),”” as potential oxidative quenchers of. (2E)Cr(bpy)~- .
6 5 & (bpy) 3

_in the identification of products of the process,. the identity and char-

\ . 170 « , : ?

- ]
cj.~(Nt~r)33fr + 0 poo Cr(NN)32+ + Q . (3-63)

. quenching mechanism. The strong oxidants Ru(NN) 33+ and Os (NN) 33+, have  *

been utilized86 to effect oxidative quenching of *Cr(NN) 33+_. Os (bpy) 33+
was found to be an extxenely irefficient quencher species, such that‘only

6 Mdl secj}j could be assigned86

6

for the re- ' .

action (3-64) .- However, Ru(bpy);°" was’ found"" to be an efficient '

‘g:*cubi:y) 3+ Oslbpy) 3T —— Cribpy),S + sty (3-64)
: . q ’ o

VA

quencher of “Cr(bpy),”, with kg = 6 % 10° M1 sec™ in 1 M H,80, at 25°C.

If electron transfer quenching occurs With the Ru(IIT) and Os(III) poly-
pyridyl camplexes, it is anticipated that Ru(ppy),>' will be the more ef-

fective quencher owing to the more faworable driving force for reaction

6

(3-65), compared to reaction (3-64), +1.25 V vs +0.82 V2% respectively.

An energy transfer quenching patlway (see Ségﬁ’ion 3.8.1.) should not be

discounted for these two M (NN) 33+ quencher camplexes inasmuch as the Ru-

2 which is in close proxi-

(III) complex has an‘absorption band. 4t 674 nm9
mity to the emission band at 695 mm of Cr(bpy);>'; and both the Ru(ITI)
and Os (.III)‘ ‘ocx@lems have spin-forbidden bands at longer wavelengthg
(low;er energy) which may be close to, or overlap with, the 727-mm emission

‘band of Cr(bpy) 33+. Inconclusive results were also obta.i.ned]'01 using '

The importance of eléctron transfer quenching studies lies therefore

acterization of the excited state which gives rise to the oxidized or re-

duced products M and the caipa.rison of the corresponding ground-state ‘and
I3 \ °

~

,
I Y

o A M e b

—
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excited-state self-exchange reactions.
3.7.1. Bimolecular Energy Trans fer. S

' - .
Bimolecular energy transfer que.nching is an intermolecular

. B‘an@r of electnonlc ‘energy from a donor Spec:Les M to an .acceptor spe—

~ .

cies A, Thls mtemolecular transfer of energy allows for selective pop—
ulation and depopulatlon of" spemflc excited states. Schene 3-5 depicts

such an energy t.ransfer pathway for M and A. The. energy transfer pro-

cess may occur via two types of mteractlons (1) a dlpole-dlpole inter-

v

acticn which takes place over an lntemnleaﬂar distance much greater
than the molecular diameter. - This type of interaction is mportant only
for spin- and symmetry-allowed tfansitions in the donor“and acoeptor spe-

cies. _Thus, in transition metal complexes, the dipole-dipole inte:action

" will ot make a significant contribution to excited-state energy transfer.

(1i) An exchange interaction, on the other hand, reqélires a collisional
* - ’
encounter between M and A, and thus, is depéndent on\the erexgy of the

— - . '* N . . 1]
excited-state species M. Scheme 3-5 depicts such a oollisional energy

transfer process.

Using Scheme 3-5 and analogous assumptions in deriving expréssion

(3-18) for electron transfer quenching pmcésseg, Ealzani and Bollettalo9

‘have shown that the rate constarit'for energy transfer quenching, kq,’ is

kg = kg kKo - ' ~ . (365)

-
1

where l/r(*A) >> k_s[MJ, and k_ and k—e are the rate constants for the

erergy transfer step, and k—d = ks. Furthermore, kq is related to the

. l‘\\‘\
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: . . ' (
overall free energy changes and free energy of activation of the energy
transfer step by the equlvalent of equation (.3—19.) . The owerall free

énergy change for the energy tr?-Efer process is given by equation (3-66)

* * . ’
AGeO = E°%MmMm + E2°(AA) + constant (3-66)

3 -

' \\
Y

wherein E°° refers to the zero-zero excited-state energy, and the con-

‘stant term accounts for differences in partition functions and in ‘the

entropies of the ground and excited states. ' This constant is usually

109

small, and considered negligible in most cases. When a homogeneous

- , * . o
series of donors M is quenched by a single quencher A, equation (3-66)
réduced to (3-67) . At*low values of EX°("M,M), equations (3-19) and

1 ' L

*
AGeO = B2 °(M,M + constant ) " (3-67)
] . * . x

V . . . * *'
(3-67) predict that log k will increase linearly with E O("M,M) with
a slope of 1/2.303RT; at high values of E°°("M,M), log k, becomes equal
to log ky (plateau) as depicted in Figure 3-15. k4 s the rate constant

for diffysion, and it is expected that the upper limit for kq for an ener-

gy transfer process-should be that of a'diffusion:ooni;r_ol_leQIheiéi’.i_Qn;_
|

w«

. To ascertain that.excited-state quenching occurs via ‘an energy trans-
fer process from the donor to the acceptor species, there must be some

4
experimental and/or theoretical evidence to support such a contention.

N .
Luminescence from the excited-state acceptor species A is the experimen-

~ tal evidence required for an energy transfer assignment; however, if the

acceptor species undergoes a sensitized chemical reaction, it cannot be
assured automatically that energy transfer has occurred, as the observed
| | f

>
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A

phendmenon may well be due.to chemical interaction between the excitid-

‘state donor species and the gxolmd-stéte acceptor Species. A‘lternatively,

a camlytlc effect on the :ceactlvn:y of the gmund—state acoeptor spec1es

may take plaoe. Clear—cut evidence (1 e, sensitized emlssmn) for an

_energy transfer pathway is seldom enoomtered with transitiqn metal .com:

' plegfes. However, such a pathway.has been proposed on the ‘basis of vari-

ous tenets, including: i) the magnitude of k values Ielatlve to the dif-

fusion-controlled rate constant K ; " q
the energies ef the egcited—-stat:é species; iii) ocomparison of analogous
(.g'mmd—state reactiens; iv) the‘ sensitivity of kq towards excited-state
fedox potentials; End V) compazison of" the spec%rosoopic enerdies and
redox potent.la.Ls of ‘the donor and acceptor species. | ‘
Turn.mg then to expermental mvestlgatlons o!f Cr(III) energy trans-
fer que.nclung, ‘it must be noted that a donox: spe01es having excited-state

energies greater than the lowest excited-state (ZE for Cr(NN)3 ) of  the

~donor, but less than the energles of the r excited states, can populate

A

J . v
the (ZE/ZT ) ( and perhaps 2Tz);-excited states of Cr(III) . Similarly, if

an acceptor spec:Les possesses exc1ted—state energ1§ léss than the energy

of ‘the % state of Crw), 3+

tragnger from the 2E sta.te to 'the

1i) correlation of the k_ values w1th ,

acceptor species is possible.

a. The Cr(NN) 33+/Cr((‘N) 63— Systems . ‘ R

Sensitized emission has been observed for the *Cr(bpy) 33+/

- x . _ Lo . . :
Cr(Cl\I)(__.)3 and Cr(phen)33+/Cr((1\1)63 donor/acceptor couples in HZO/DMF

solutions .‘52

An electron transfer quenching pathway is thermodynamically
‘unfavorable for these two couples, while an energy'transfef pathway is

both spin- and themodynamically—allowed. A moré recent investigation of

" "the Cr(bpy) 33*/0:((1;) 63— cou?le by .Juris and omroﬁ(ers?7 in #&jbeous
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solutlorr at 20°C conflnns an energy transfer path A comparison of the
quendung rate oonstants k for M(bpy) /Cr CN) 6 oouples (where M =
Ru(II), Os(II) and Cr(III)) revealed that k mcreases ‘in the order

q .
Ru(II) < Os(FI) < Cr(IrI). 37 an energy transfer mechanism should be J

more favorable for the Cr(bpy) conplex ion owing to 1ts hlgher ioni
d'xaxge and to the absence of e}cc:.ted-state d.‘LStOI'thIl relative to the X

Os(bpy) and Ru(bpy) ions. On the other. hand, the metal-dentered

nature of Cr(bpy) 3 does not favor an energy transfer pat'hway *masmuch '
as there /is expected to be less jfavorable overlap between the (.‘J.’(bpy)3

and Cr'(CN)6 orbltals 10 Howe\;enq, the greater value of kq for the

- Cr(III) camplex suggests that’' ionic charge and/or excited-state distor-

tion play major roles in energy transfer processes.
b. The: Cr(NN)3 /02 Systems .

Quenching of exc1ted trlplet states of organlc molecules
111-114

by molecular oxygen has beéen extenswely investiqated; in oontrast,

only recently have there been studies focused on the interaction between

44,66,91,115- .

exc:xted—state transition metal cauplexes and molecular oxygen

17 Ass:Lgmng a mechanistic pathway to oxyeen quendung has been the sub-

]ect of much dlscussmn.44 117 ; *

., The quenching of several Cr (NN)3 conplex ions by molecular oxygeﬁ
ip 1 M HC1 has been investigated in this wor}&by the lifetime quenching
technique and by Brunschwig and Sut;i.r'1,86 and an’ energy transfer quepc:hing
pathway has been assigned. Em and Sutin91 have suggested that oxygen
quenching of *Ru (bpy) '32f and “0s (bpy) 32+ 'takes place via an oxidative

electron transfer mechanism as per reactions (3-68) to (3-70). Direct
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M(bpy?32+ + 0, = 'M(bpy)32+|02 -——-—>M(bpy)33+ ’02 (3-68) .
’M(bgy)f* Ioz‘ ——> M{bpy) 32+,102 — M(bpy)32;+ + o, (3-69)
MEp 0, — mbpy) 0, — mpey 2 + o, @i

' ..
y s . . 5

’ ~ T '
. ‘,

_’evic‘ience for the electron transfei; products has been gcj;ivef'x by’ Winterle

17 It is ant_Lc:Lpated that kq should be sen51t1ve to the reductlon

potentlal of M(bpy) for an. electron transfer process; hwever, . this

etal

was not observed. Moreover, smcz; the kq values for oxygen que_nchmg

of "Ru(bpy) ;°* are very close to ky, the diffusion-controlled limit, the
sensitivity of kq toward the Mlbpy) syﬂd(bpy) 32+ reduction potential is

. , & - : ‘ )
not expected. If: as the % states of Cx:(NN)‘:,’3+ are metal-centered

~ - .,
and the excited statés of Os (bpy) 32:' and Ru(bpy) 32+ are metal-to—ligand

charge-transfer, it was important to examine the effects of the orbital

nature of the excited state as well as ligand substitution for Cr(III)

.

Lo

in comparison with Ru(II).

Quenching rate constants kq have beenevaluated from lifetime quench-

ing experinents.for the quenching of several *or (NN) 33+ complexes by 62.
'Ihc; «kq valués so abtained are collected in Table 3-20, along with the spec-
tfoscopic érlergies of the (2E)Cr(NN) 33+ speciés. Also included in Table
3_—20 are the kq values obtained by other research groups for comparative
purposes. The data reveal that the k, values are 2-3 orders of magnitude
smaller than' the diffxsion—contml}ed 1imi¥. Aas well, they are 1-2 oréem
of mgnit@ smaller than the kg values obtained for oxygen quendu'.ng of

organic triplets, for which kg~ 3% 10° ¥ sec? for 10.0KK < E<

111 63,111

15.0 kK and decreases at Ep > 16.0 kK. It has been suggested

that when 'the dprbr triplet energy ET exceeds the energy of the acoeptor

¥

, ,
, |
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! - ‘ \ N
{ .~ by-<ca. 1.0 kK, a decrease in the energy transfer rate occurs. Inasmuch

P i as the two lowest excited states of 0, occur at ~ 12.9 kK (l Zg+) and

7.9 k& (¢ b8 and the energy of( (PE)CE (@) ;" is * 13.7 kK, energy

: 'transfer from i(ZE:)Cr(I\m)33+ to '02 to “form (:L Ag)oz'is energetically

feasible (reaction 3-71) . The data in Table 3-20 also reveal that kq is

-

A 5 s e

3+ 3 - ' ! 4 3+ 1 3-71 '
(ZE)Cr\(NN)3 e Cro, —— (ajoremw T+ (890, (3-71)
particularly sensitive to small changes in the energies of the 2E: donor
states, as revealed in Figure 3-19.
An oxidative electron transfer pathway for oxygen quenching of (ZE)-
4

A BN i sk A LT O SRR -

Cr (NN) 33+ (reaction 3-72) is believed86 inoperable inasmich as the

B cr aw) 33*‘ + 0, + H —> Cropy) 34+‘ + O (3-72)
Cr (bpy) 34+/(2E)c:; (opy) ;> cowple will be more positive than 0.1 V. More-
over, reaction (3-73) w:ill be endoeJ':gic in 1.0 M HC1 if a reduction po- |
tential of -0.33 V for O and a pK = 4.7 for O, are used. 8 Thus it
would appear highly unlikely that an oxiéative electron transfer process,

. with an unfavorable driving force, will be the dominant quenching pathway.
" The results in Table 3-20 and Figure 3-19 show that k,, decreases with
increasi‘ng donor erergy. This trend has been observed111 for oxygen
quenching of triplet states of aromatic molecules and at_:tr'i_bubed\to the
pxoportionality of energy transfer rate and Franck Condon-factors of the
donor and accéptor species. (However, the Fr;anck-Condoﬁ factors ‘for mole-
~ cular oxygen are very small except for the zero-zero transition, and thus

need not be considered). The Franck-Condon factors are a function of the
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FIGURE 3-19 : Plots of log k, Vs'the Energy of the ZE States for the

‘Reaction Between (“E)Cr(W) ,* and 0,; u'= 1.0 M (HCL), -

Aqueous Solutions, 25°c. .
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difference between the energy of the excited-staté donor molécule, E,
and the energy that the oxygen molecule can accept upSn excitati.on, EO2

~ 7.9 kK; that is,

AE = E - ' (3-73)
EOZ
>
where A E is essentially Yhe rema_ining energy of the donor speciies. The
efflclency of quenchlng process should decline when tj'ne exc1ted—state
119

energy E exceeds E02 to a significant deg-ree in view of Siebrand's

conclusion that the Franck-Condon.factor decreases monotonically with 4 E.
In this light, it is interesting to note tlh;at while there is no signifi-
cant change in the energies of the (ZE)Cr(NN) 3§'+, species, the qu val{:es
do vary by an order of magnitude (cf. 3-19). This would séem to suggest
that Franck.—Ooncbn factors do not contribute signiffcantly to the energy
transfer pathway proposed here. .
Pfe1169 has mvestlgated the quench_mg of Varlous excited-state Cr- '
(I11) oonplexes by molecular oxygen, including Cr(en)3 ' trans—Cr(NHB)
(NCS)4 ' Cr(CN,)6 and Cr(NCS)6 . His results show that kq decreases
with increasing g energy, ‘and this was at;tributed to the "insulating”
effects of the ligands such as ethylenediamine. Pfeil suggested69 that
the energy transfer process should be pmnoted by “conduct:Lng" llga.nds )
Iike ON* and NCS , and hindared by "msulatmg" ligands llke NI-13
ZCHZCHZNHZ Wlth regard to the Cr;(NN) 3 conplex ions, the variation ‘

b

in kq with ZE energles cannot be attributed solely to the n_nsulatmg ef—

fects of the polypyrldyl llgands' however, the magnitude of kq, relative
to kd' }ay arise from the msu.latmg effect of the tight solvation .spheres

about the hlgtﬂy—charged cation which wou1d xetard the ,rate of 0,

P

)

T
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,'_ penetratlon to the distance quulxed for effectlve quenching.

¥ Balzani and Bolletta109 have shown that a collisional energy trans-

fer process can successfully be treeted within the Marcus and RehmWeller
concepts of an ouéer—sphere %lectxof)l transfer process in excited-state

) reactions. Thus, eguation (3-19) can be written in the fom -

v

f ‘ < Ka

k. = (3-74)
exp (G /RD) + exp ( AG_C/RD)

~

- : ~

L

for an energy transferpmoess\ , where AGeo is defined by equation {3-66)

e

~

and the free energy of activati:bn for the energy transfer step, AG ,Eis'
defined by equation (3-75) for the Weller rel'ationship and equation

‘ (3-.76) for the Marcus relationship; A is the/ reorgani zational energy
; et | o a . ‘ o

) . AG,° 26,2 \2 PO BV
Yt -NY | a- IR (3-75)

s g ww e -

“

parameter associated with the energy transfer process. Figure 3—26 de—-

p:.cts the theoretical plot of Iog kq vs the fxee energy change, AGeO'

/
for the Weller and Marcus relat/longhlps, ‘assuming a value of >\ ~ 6 kcal/
mole vhich is the value obtaJ.ned by C\JIVT"fltt'Lng the experm\ental k
values of Table 3-20. Figure 3-20 shows that when AG > -3.0 KK,

”
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Theoretical Plot of log ky ¥ \ ¢ Free Energy Change
AG: (@) represent experinenta'l nching constants of
the pheranthroline conpleses; (0) indicate the kg val-
ves for the bipyridyl oonpiexes. |

-

- - /
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1

(that is, vhen the dri\;ing‘foroe for energy transfer becomes more favor-
able), "the Marcus Iélati@s‘*hip predicts a dramatic decrease in kq while
the Weller relgionshiﬁ predicts that ‘kq will attain a plateau value ap-
proximately equal to the diffusion-controlled rate éonstarlt (kq~ kd) .
Moreover, Figure 3-20 reveals that nyge:} quenching of (ZE)C"r(NN) §3+
follows a Marcus—type inverted behax/rior, anadlogous to the electron t.rans—b
fer quenching of (3CI.‘)Ru(NN) 32+ by various complexes for which "vestiges"

~ of the J_nverted Marcus J:eglon were observed. 83 ‘ '

»

\ It is also apparent from Table 3-20 that the kq values obtained forx
oxygen quenching of (%E)Cr (W) ,  exhibit some functionality toward the

. reaox potentials of the Cr(III) complexes. A plot of log k ‘vs A E¢

is given in Figure 3-21, where A Eg=E (Cr(NN)33+/Cr(NN$3 ) - -

Ef (Cr (phén) . /cr (phen) ;*5)  and Ef‘-\demtes the formal potential. ‘The
Figure illustrates the ligarid substituent effects on redox potentials for
the substitutéd phenanthroline complexes, as well as the relationship of
k;; to' those redox potentials. There appears to be a’small but definite
Gependence of 'kq on the redox potentials; such a dependence has previously
been attributed to an electron transfer quenching path for the quenching

2+ by ea(rrn)* and Bu(n) .%® The behavipr revealed in

of (*cr)Ra(w),
Figure 3-21 for the Cr(NN) 33+ complex J';ons does not support a reductive
electron transfer pathway. inasmuch as the stronger oxidant, '(ZE) Cr~
(5-Clphen) 33+, has one of the smaller quenching constants. In fact, the
variations revealed in Figure 3-21 are suggestive of an oxidative electron

transfer pathway, though such a path seems unlikely in view of its endo-

tergic nature. The dependence on redox potentials is nowhere near as dra-

matic as that exhjsbited by the (ZE)Cr(NN) 33-"/}5\9_2+ systems for which quench-

ing does proceed via a reductive electron transfer pathway.

N
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FIGURE 3—21 : Dependence of log k_ on AEf '(see téxt:) "for Oxygen
Quenching of (ZF) Cr (NN) 33+ Species.

[N

.

-

XS
~




188

“7

R —— —————*

S KA 3V
~9T'0  80°0 0  80'0- 91'0-
_ _ T _ _
-:m;n. ~Hh'L
uaydig=4
o uafid13-g 92
usydyd-s @ ® usyday-g m
48/ 5
, “ ® udydéau-9°g
, -10°8 ’
: uaydon-g 1 p e g 128
:m;iwmz-h.v.,
. & . .



Bl 4

,‘.
s
[
¥
+
3

189

Analysis of the oxygen quenchmg data for (2E Cr( NN)3 complex ions
and ocotmparison with MICT e_xc1ted states of analogous Ru(II) complex ipns
lead to the conclusion that reaction of (%E)Cr (NN) 33+ with molecular
éxygen proceeds predominantly via an energy ;_mnsfer mechanism.

3.8. CHEMICAL REACTIVITY OF (2T7/ ZE)Cr(nN) 33+ IN AQUEOUS SOLUTION.

Reactive deactivation of electrbnically—excited states of transition
metal complexes may occur via three main pathways: i) substitutional pho-
toreaci:i_on, ii) redox pt;otoreaction, and/or iii) ligand photoreaction.
Often one is tempted to assume that photosubstitution resutts from exci- °
tation into ligand-fidld absorption bands,. W Eoto—}:edox and ligand
reactions result from excitation into the charge-transfer and ligand-cen-
tered bands, respectively. Assumptions cannot be made a priori since ab-
sorption bands of diffe'n—::nt;_ orbit?lfpazentage may overlap, the excited
state reached by light absorption may be converted to a lower excited

state of a different type (e 9., CT W 10y, d/or reaction products

\ may vary according to the excited state from whlch they orlgmate

\\ ~
1y The principal fdactor which determines the chemical reactivity of a )

qround—state molecule is the eléd@®ron distribution. As well, excited-
sté\ate reactivity is also determined .to sare‘degree by the electron con—* o
fic}grat'ion. According to ligand field theory, a d-d transition redistri-
:bute\s\ the electrons between orbitals belonging to the metal ion (i.e.,
beme;\én the ty g and ey orbitals) . ,In an octahedral complex, electronic
mltaﬁ%on promotes an electron from a t2g orbital, which pomts toward

the cen of the faces of the octahedron, to an eg orbital, which pomts

in the dl ction of.the ligands. The accumulation of electron den51ty

between thé metal center and the llgands in the T2 state of Cr{(III)
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X {
© camplexes is expected to give rise to ligand repulsion and, thereby, metal-

~

ligand bond labilization. The concomitant decrease in electron density
along the edges/faces of the octahedron m{favor nucleophilic attack by
an incoming ligand. According to molecular orbital theory, a spin-allowed
d-d transition n;sults in the promotion of an electron’ from the non-bond-
ing tzg orbitals to the ¢ -antibonding g orbitals, if one only considers
o bonding. BAs a result, any vacant t, g orbital would be available to
same entering ligand. Thus, ligand-field transitions involwve angular
moverent of electron density, and the photoreaction expected is one of
heterolytic fission (i.e., substitution).

In addition to eleci'_mn c\onfiguration, the geometry and energies of
the e;ccited states ;nust be considered. Spectrosoopic behavior of Cr(III)
complexes reveals that the spin-allowed “A, —> T absorption bands are
generally broad and structureless, while the spin-forbidden ‘A, —» %
bands are sharp. This would indicate that the potential energy surfaces.

+ for the spin—-forbidden excited states possess virtually the same geometry’
as the ground state. Luminescence data support this contention, inasmuch
as little or no Stokes shift is observed. A potential energy surface di-
agram (in two dimensions) is given in Figure \3—22 for octahedral Cr(III)
oconmplexes. | ' ~

In light of the predicted photoreactivity of ‘Cr(III) excited states
ard the known ground-state reactivity of Cr(NN) 33+ in aqueous solution,l
the photoreactivity of Cr(W),>* has been investigated in aqueous solu-
tion, as well as that of Cr(bpy)33+ in a mixed solvent system.

‘3.8.0. Continuous. Photolysis o.f CI’(NN)35+ Complexes.

Continuous photolysis (313 - 464 nm) of aqueous neutral or
basic solutions (pH 7 ~ 10.5) of Cr(bpy) ;>  and Cr(phen) ;> leads to

°

e o s ol

SR -
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FIGURE 3-22 : A Potential Energy Surface Diagram {in two dimensions)

2

for Octahedral Cr(III) Complexes. The 2E and T, states

. Cyiys ‘ 2
are in thermal equilibrium and are designated as E/2 Ty

ENERGY

DISTORTIOH:
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substitution by two water (or hydroxyl) meolecules for one polypyridyl
ligand as well as the formation of free polypyridine, as shown in this

38,49

work and by others. The spectral changes, format;ion of free poly-

pyridine and location of isosbestic points mimic those obsexrved® for the
corresponding thermal reactions. For Cr(bpy) 337" at pH 9.6, the abso_rp—
tion spectral changes of continuwously photolysed, repeatedly ﬁlashegl,

and therma® solutions were identical, with isosbestic points located at
306, 270, 262 and 254 m. Slmllar experme.nts for Cr(pheni 33+ locaté the
isosbesi:;ic points at ca. 475, 287, 256, 235 and 222 nm, and ﬁese are
shown in Figure 3-23. The overall stoichiometric thermal and photochem-
ical reactiops are given in reactions (3-77) ar;d (3-78), respeqtively,-
for Cr(bpy) 33+ and Cr(phen) 33+ in basi<‘: aqueous solutions, for which

2 obs is the observed quantum yield for polypyridine release. The

k

crom) ;> obs s crew),(0m,t + 0w (3-77)
H,0/0H '
s 3+ hv * 3+ -~ ¢obs +
com oYy Terow) 25 s (), 0H), 4+ (W)
3 3 Ho/H a2 (3-78)

observed quantum yield, 2 4., results from all the processes that

t
eventually lead to the observed products. With reference to Figure 3-24,
the quantum yield may be defined in terms ?f the efficiencies of the

2

. . 4 ‘ .4 :
intersystem crossing ( ”isc) and reactive ("¢ ., “ ¢ rx) processes of the

4T2 and 2'1’1/21-2 excited states, as in equation (3-79);

' 4 2 4 '
% obs ='cn.isc M+ Nex ‘ (3-79)

- — 4L oot h o oA e ] o e
N




FIGURE 3-23 :
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/ .
Spectral Variations upon 365-rm Irradiation of 2.2 x
107> i Cr(phen) ,”" at pH 10.4 and 15°C in 0.008 M
Britton-Robinson Buffer and 1.0 M NaCl; Irradiation

Times are: A, 0 min; B, 8 min; C, 20 min; D, 40 min;
N
E, 180 min.
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. FIGURE 3-24 : Enérgy—level ‘Diagram for Cr(NN) 331’ Conplexes Depicting

Irrpdrtant Chemical and Physical Processest
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znm is the efficiem’:y of the chemical reaction out of 2’1‘1/2}?:, 4 N is
the efficiency of chentical reaction out of 4T?_, and 4 7 isc is the effi-
ciency of the 4T2 AN l/ZE iﬁf:ersysten "crossi‘ng process. These are

defined in‘equations (3-80) to (3-82).

2 X ' 2 2
= » - : = “k T (3-80)
P .

*

' v 4 - 4
. k . k !
47z - X oy X (3-81)
oy 4 Ty 4
)&1( kra\cil + knr + kisc + kxx
° .o 4 " Y-
4 -'2 - 4kiSC . kiSC . / (3—82)
isc ~ = 7 .
4 4 4 4 4
k1sc + knr + er kisc + kn.r
) | ; ) ‘ ' .
Inasmuch as nisc 1 (see Section 3.10.0.),
L2 L 42 3-83
2 obs 71:}{ + ‘}'qrx . ¢ X * . ( ’

Thus, ¢ is the eff1c1ency of chenucal reaction out of /ZE and T

obs 2°

Studies have shown that 71 ~0 033 (see Section 3.9.); therefore,‘sthe
observed quantum yield bedomes that in (3-84) if 47Z x 18 neglectgd.

@ o= 7lrx = q)n{ | : . (3-84)
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-—"complexes, the increase in.
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Under conditions where 27‘( x ~ 0. the observed quantum yield will be the

efficiency of chemical reaction from the 4T2 state,

b * e 70 o (3-85)

The/total quantum yield for photoaquation has been evaluated spec-

trophotometrically for several Cr (NN) 33+ complexes;- the data are presented

_in Table 3-21 for the various complex jons at pH < 6, and pH 9 - 10.5.

4*2

Among the bpy complexes, decreases with increasing size of sub-

X
stituent on the bpy ligand framework; and, except for the 5-halo complex-

. .

es, a similar trend is observed for the phen complexes. For the 53-halo

e
in 172 (Drx is4ost likely due to the electron-

£

withdrawing nature of the chloro- and brtxxo—subst;ituents and %o an in-

crease in the hydrophilic environment of the reaction site. For all Cr-
(

' (NN)33+ complexes investigated, 2y - is /substantially less in acidic

media ‘than in basic media, suggesting that the substituted complexes

behave analogously to Cr~(bpy) 33+' and Cr(phen) , 3+

A critical evaluation of 2, rx as a function of pH for Cr(bpy)

~and Cr(phen) 33+ has shown that &2 ¢ _, for the phot&neacta.on and ko for

the thermal aquati’on reaction exhibit snmllar PH dependence; the results
are shown in Figures 3-25 and 3-26 fof the photoaquation of the bpy and
phen complexes, and are to be compared,with Figures 3-3a and b for the
thermal reaction. ‘The results for Cr (bpy) 3" at 22°C in Figure 3-25 are

38

in agreement with those of Balzani and coworkers™ at 11°C The similar-

ity of kobs and.' q, rf vs pH eliminates the pOSS:Lblllty that the pH
dependence of 4*2 rx i8 dwue to acid-base pmpertme.s of the exc:Lted states;

furthermore, it suggests that either the gmund state reactant is. present

4

e A-»w-.rm.m&fw
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FIGURE 3-25
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Dependence of the Quantum Yield of Photoaquation on

-pH for Cr(bpy) 33+ at 22°C in Argon-purged Solutions

Containing 0.008 M Britton-Robinson Buffer and 1.0 M

NaCl.
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FIGURE-3~26 : Dependence of the Quantum Yield of Photoaquation on pH
for Cr(phen) 33+ at 15°C in Air—equilibrated Solutions
Containing 0.008 M Britton-Robinson Buffer and 1.0 M.
- NaCl.
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in‘ different acid-‘-base forms in acidic and alkaline media, or that the,
thermal and photochemicaél_ reactions involve comon, acid—depéndent intér—
rediate species. Wheréas both are plausible hypotheses to account for
‘ the thermal reactio;k\i?@:ics, only the hypothesis involving comon, PH-
dependent cflemicalAinternediate species for the thermal and photo-
aquation rea¢tions appears valid inasmich as both the abs'orption and
emission spectra for Cr(bpy)33+ and Cr(phen)'33+ are pH independent. The
associative interchangé mechanism assignedl to the thermal aquation of
Cr (boy) 33+ and Cr(phen) 33+ is believed to be equally applicable to the
phoﬁoaquation reaction. The reaction scheme is outlined in Scheme 3-6
for Cr (NN)33+‘ complex ions (reactions 3-86 to 3-100) .

The formation of an intermediate, presumably the seven—coordinate
species (reactions 3-93 and 3-94) is evidenced by transient bleaching

in acidic media (secondary transiefxt) of Cr(bpy) 33+.38 Refoxmation of

3+

(4A2)Cr (NN)3 from the seven-coordinate intemediate occurs via acid-

-Gependent (reaction 3-98) and acid—irﬁependept (reaction 3-97) paths. )
The acid~d]ependent pathway involves Cr-OH, bond rupture, assiétegl by H+;

" and the acid-independent .pathwa,y reflects the relaxation of the seven-
cordinate intermediate to fom (*A))Cr(w) ,* via direct loss of coor-
dinated water. The acid-dependent path is thought to be\ the prima'ry re-
action leading to the relative stability, both thermal and photochemical,
of Cr (NN) 33+ in acidic solution. Both the acid-independent and -depen-
cient paths are operable in the themmal reaction, for which the reverse qf
reaction (3-97) is the rate-determining st‘ep. In the photochemical reac-

5 1

tion, k_ ~ 10 sec t and k, =4 x 10° W'} sec™? for reactions (397 and

o)
(3-98) , regpectively, as obtained from %E absorption spectra. Finally,

deprotonation of the seven-coordinate intermediate (reaction 3-101) leads /

ot R

o
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)

ultimately, guantitatively and irreversibly to ring-opening (ieacti'on 3~

10‘2) and to loss of NN (‘reaction‘ 3-103) -

o+

@), 0 Y =——— crom,om* + B - (3-101)
[ 2+ 2+ ’ ' ‘
Cr (NN) , (OH) >  Cr (W), (\W-) (OH) (3=102)
‘ ¥
Cr w0, 00-) (0B) ¥ = om0 + M) (3109

As suggested previously for the ground-state aquation reaction, a
Gillarc.‘l—typell covalent—hydrate mechanism is also plausible for the photo-
aquation reaction, for which reactions (3-104) to (3-107) followed by reac-

tions (3-102; and (3-103) are applicable.

L

day)ccom >t - h“ > Cocrow,™ G

_ ‘(ZE)GC(I';N) S a "‘ Crt(I‘IIN)z(I\AlN'HZO)’(‘?’% B \‘: (3:102»
Cr(bm)z(tm°H20)3+ ‘\._—————__—:3.’ Cr(m)zam-of_z)z‘“ + H . y(3—1<;e>"
'cr(NN)z(NN-O;i)ZJ’ ' > o) om [(3-207)

A

A gfneral kinetic treatment of such a mechanism accomts foy the PH de-

| pendence of the photoaquation reaction. Hweve;:, such a mechanism is
thought not to be applicable for Cr(NN) 33+ complex fons for the fc_::llow:i.ng
;easons. In O, symmetry, the t2g orbita.lskare og:cupied equally in the’

R
»
Pl !

Y
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AN

2E excited state; but for complexes of lower symmetry, configuration
interactions are p'resent. As such, the lowering of symmetry should iaci—-

litate direct nucleophilic attack by H,0 on thé Cr(IIT) center., While a

‘covalent-hydrate mecham_sm would be favored by ligand-to-metal charge-

transfer exc1ted oonfigurations since nucleophilic attack occurs on the
ligand framework, an associati;ze \J‘.nterchange n‘ec};anism involving direct
nucleophilic atta;k on the metal center would be favored by metal-centered
excited configurations; that is, direct: attack on the “E/2T) species.
Furthermore, Sandrini and coworkers'20 have found evidence for direct
reaction between the 2E: state and hydrox_lde ion for trans—Cr(en) (NCS)2 '
a conplex mcapable of photoaquatlon via a covalent-hydrate pathway. For
these reasons, a Glllard-type mechanism is believed to be highly improb-
able for the Cr(NN)3 complexes.

3.8.1. JTemperature Dependence of 4 2 O

Since the same seven——ooordmate mtenredlate Cr (NN) (H )

is believed to be formed from both the ‘A and (T /%) electronic’ stat?s
v1a- equivalent reactlon paths, the Cr(bpy) ¥ and Cr(,phen)3 complex
ions allow a direct comparison of the kinetic paraneters "of the gmund—
and exclted—st‘;te Ieact}.ntles in aqueous solution. ’

The observed quantum yield of photoaquation was measured as a func-
§

tion of temperature for Cr(bpy) 33f and Cr'(phen)33+ at pH 9.5 - 10, employ-.

ing 313-nm excitation. The values of o~ at the various temperatures

are shown in Tables 3-22 and 3-23 for the bpy and phen complex ions, re-
t

. spectively. Since the contribution of the mquenchable reaction component

1s on.].y about 3-4% for Cx (bpy) 3 the total ‘quantum ylelds are used.
Employmg the Arrhenius-type equat:n.on (3=108), an "appanant" activa-
tion energy, E___, can be obtamed from the slope (= -Eapp/}![‘) of a linear

£

app

R
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42 Eapn/RT ' o
= Ae . | - (3-108)

4
plot of ln‘ 9‘2 vs 1/T for the bpy system.  Such a plot is linear in

I'X

the ténperature range investigated, and vields Eapp =1.9 kcal/rrole. L

However, the E app value so obtained cannot be considered as a direct

measure of tbe true activation energy, since the Arrhenius equatlan re-

4+2

lates a rate constant "k" to the activation energy E . and q)rx re-

flects a variety of rate constants which contribute to the overall reac-
3 ) h b ‘
tion.

-

The quantum yield of reaction, in terms of rate constants, is given by

2k . . ’ 2k

2 - . )
& = X = XX : (3-109)

W L

J

< : 2 2
Then, knowledge of zkobs (=

2 . . .
LSS Kop T K gsq[cr}l]) from lifetime studies

as a function of temperature enable the evaluation of 2k = and 2knr" as

. per equétions (3-110) and (3-111). For the Cr(bpy) 33+ system, one does

3 - P2, 2 - S (3-110)

rx rXx °'obs

obs X

%, = % v_.2 | ' C (3l
'. N 2 —
not have to consider the contribution to' k obs from ground-state quenching -
Y. 42 _ 2 .
(Zkgsq). thus, O = zer / (Zer + "k ). The values of ?ko have

been interpolated fxom a plot of 1n 2kO vs 1/T for the temperature
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‘ ~ .
dependence of the & decay of Cr (bpy) 33+ in deaerated solution at pH 9.8
shown in Figure 3-27. The values of %_ so'cbtained, and the values of
ka and &__ ca_‘lc_:ulated from equations (3-110) and (3-111) are collected
in Table 3-22. o
Arrhenius plts of In %k__ and lnyzkm,ls_ 1/T are shown in Figure
3-28; from the slope of these plots, %E_ (x0) = 12.3 keal/mole and 2E_ (nr
=10.1 keal/mle. Furthermore, the slope and intercept of a plot of
In (zk rx/T) vs 1/T affords the enthalpy and entropy of activation for the
"rx" pathwayi respectively; ZAHI_XT = 11.7 kcal/mole and ZASI_XJr = -4.2 eu.
. A comparison of the activation parameéers for tke reactions ofethe
“p, ana (%r)/’E) species with H,0 to form the seven-coordinate interme-
diate shaws that, for the Cr(bpy) 3 system at pH 9 - 10.5, the (°r;/E)
010"

reaction is about 1 times faster (cf. k obs and zer) , requires consi-

(4
derably less enthalpy of activation (cf. A Hzgg

a decrease in entropy i.n,go%ggv to the activated &xmplex as does the 4A2

and 2AHrX+) , and éxhibits

reaction It is ass&red’ that the activated complexes formed from the 4A2
and (2‘1“1/2}3) reactions have the same geonetxy since there is no Stokes

Shlft between the ZE (——-) A2 absorptlon and emission bands. Furthermore,
since it is a condltlon of transition smte theory that reactants and ac-
121

tivated coplex be in equilibrium the activated complex from (2Tl/2E)

must be in a state of electronic excitation while that from 4A2 must be

in a growmd state. As a first approximation, it is assune‘d that the spin“
multiplicities Qf the activated camplexes are ﬂ?«sq{e as the reactants
from which they are derived. 'Then, in gomg from an ‘excited-state activa-
ted complex to the seven-coordjnai:e intermediate, a seven—coordinate
excited-state species, Cr(bpy)3(H,20)3+ , is formed, vhich rapidly deac-
tivates (mn—radiativel};) to Cr (bpy)3(H20)3+. "Ihe energet.lcs of the

’
& N

W .

*
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FIGURE 3-27 : Plof of 1n 2k ., as a Function of Temperature fdr,C;(bpir)

at pH 9.8 in Argan-purged Solutions.
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FIGURE 3-28 : Plots of 1n zer and 1n zknr vs 1/T for Cr(bpy) 33+ at

pd 9.8 in Afgon;purged Solutions.
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. seven—-coordinate species are unknown, but their values have no effect on

the activation parameters.

In order to accomodate the entering HZO’ the 4A2 and (le/%) acti- .
vated complexes must exhibit incipieﬂt formation of the Cr-OH, bond as
well as distortion and loosening ;)f the nomally-reqular structure of
the bpy ligands. The values of the enthalpy of activation for the 4A2
and (2'1‘1/251) reactions then reflect the energy spent to loosen the six
Cr—N bonds (though not to the same extent) in balance with the energy
gained from the formation of the Cr-OH, bond. The negative values for
the entropy of activation imply that the ooalescence of the two micro-
scopic particles is the dominant contributor to the activation‘ entropy.

Owing to the geometric similarities between ‘A and (°T;/’E), the
enthalpy of activation is\ expected to be the same for both,reac!{;ons.
However, the lower value for the (zrl/fa) reaction (by ca. 10 keal/mole)

can be interpreted in tems of the "vacant" t,  orbital of the “r,
excited-state configuration, which is in thermal equilibrium with the ZE
state. This "vacant" orbital can accomodate a Lewis bage solvent mole-
cule o.rien'ted between the bidentate bpy 1iganés, and woul(d result in less
reoxggnizational energy being required to form the activaéed camplex, and
consequently, a lower enthalpy of activation. The large differenée in
kobs and Zer simply reflects these differences in the -activatiog enthal-
pies for the 4A2 and (le/ZE) reactions. |

‘An analogous investigation of\tkm"(phen) 33+ system at pH 10.0 in

deaerated solutions reveals that one must account fo;: both ground-state

quenching and the unquenchable reaction component. A temperature depen-
dence study of 2 q)rx in the range 13-41°C shows an increase in v2 ¢rx

with increasing temperature, as revealed in Table 3-23. An Arrhenius-

\
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type plot of 1n 4”2 CDIX‘_V_S_ 1/T is linear and yields an "appaireﬁ " acti-
vation energy Eapp = 20.2 kcal/mole. In the presence of, 0.05 M iodide
:\'Lon , ‘the unquenchable phot\oé'guation qugni:mn yield, 4 ¢ _,» can be mea-
sured as a function of temperature; the data obtained is presented in
'I‘Zble 3-23. Furthermore, since the total photgaquation quantum yieid may.
be defined as the sum of the quenchable and unquenchable reaction oompo—'

nents, the quantum yiéld for reaction from (;Pl/ZE) ’ 2 , can be eval-

2 42 4

® mx

uated from o = o - q)rx' the values of which are contained

x h o4

in Table 3-23 as well.

A linear Arrhenius-type plot of 1In 2<I> . = VS 1/T is obta_med and re-

vealed in Figure 3-29, and yields E o = 18.5 kcal/mole. However, such

app
a plot is not linear for the temperature dependenoe of IX, and one
mnedlately recognizes the variation in the contribution of 4 o _ to

X

¢rx with tenmperature varlatlon (4 rx / 42 <I> J.ncreases with in—
c.feasing temperature) .‘ The analysis of the mquenchable reactioh oompo—
nent will be discussed in Section.3. 9. .

. The (Z‘I‘ /ZE)Cr(phen) 33+ reaction gquantum yleld ( 2p ) can be defined

\
An terms of rate ﬁ:onstants in a manner similar to that for the bpy system.

2 % "

2o, = rx =5 (3-112)
| 2.er + anr + zkgsq[cn: ] 2kobS

| | ..
- , R ’; ] N .
Inasmuch as ground-state quenching makes a significant contribution to

the deactivation of (2T /ZE)Cr(phen) 33+, it was necessary to neasure 2kobs

(= 1/ 2 obs) @s-a functlon of [Cr(phen)3 J at various temperatures,

these results are shown in Table 3-24 for the: gmmd—state quenchmg
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FIGURE 3-29 : Ar.d’xeniﬁs—type Plot for Tenperature Dependences of

4+2 4 2 P 3+ .
- er, <I>rxand ‘brx fchr(phen)3 atle0.0 and
v = 1.0.
8
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phenomenon described by equation (3-16) . Using a concentration of 1.0 x

42

1073 gi'YCr(plﬁen) 33+, as employed for neasurfng , the values of zkobs
7 -

(see 'l_*able 3-24) can be calculated. Employing these calculated values of

B ) . - .
, kobis’ zkn( and 2knr can be calculated from equations (3-113) and (3-114),
9 2 2 ‘
' %, = o e Ko . 1 (3-113)
) ’ .
v Y : g (3-114)

respectlvelx, and are collected in T@ble 3-25. A linear Arrhenius plot
of ln 2k vs 1/T yields' ZE (rx) = 23.9 kcal/mole (corr. coeff. 0.991);/

. an analogous plot for 1n anr vs 1/T yields 2Ea(nr) = 5.2 kcal/mol;e (corr.
coeff. 0.999). The entropy and enthalpy of activation for the (%T,/’E)

- yeaction are obtained from the slope and J.nteroept of a 11near plot of

(2k /‘1‘) Vs l/T (corr. ooeff 0.990), yleldlng 2AH T 23.3 kcal/mole

wand 2rs % T +31.1 eu. The activation parameters for the (2Tl/2E) re-

* action are collected in tfabie 3-26 for the Cr(bpy) 5> and Cr(phen) ;>
systens under similar e@ermental oondltlons.

A conparison of the actlvat‘Lon parameters for the éé reaction (Table

3—2) and (2'1‘1/2E) (Table 3-26) aguation reactions for Cr(phen)3 under
smlar experimental conditions xeveals that i) the ( T1/2E) reaction is

, gai“ 10® times faster than the 4A2 reaction; ii) the (2'1‘1/213) reaction re-

o quires a considerable increase in entropy %n going to the activated com-

" plex, in contrast to the 4A2 reaction which wnde “an entroﬁy decrease;

and iii) the ’(21'1/2.8) and 4A2 :;e'\acﬁion's require similar .enthalpies for |

activation (cf. M,g-and 2 M)
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3

3.8.2. Photolysis in Dimethylformamide. . "
B ~
It is interesting to take rote of a recent study by Porter

5,122

and Van Houten on the photolytic behavior of Cr(bpy) 33*' in IMF at

room termperature. Irradiation of oxygen-free solutions of Cr(bpy) 33+ in
- neat DMF gave observations aifferent from those in aqueous solution. The
. ' ’

luminescence lifetime and quantum yield of Cr (bpy) 33+ in DMF are a fac-

tor of 15 smaller than in water, while the photochemical quantum yield

for the photosolvolysis for the disappearanée of Cr(bpy) 33"

in DMF is or—
ders of magnitude larger than in water. The overall quantum yield for

-the photosolvolysis of Cr(bpy) 33+ in oxygen-free DMF was estj.mau:ed122 to

be of the order{ of unity.
o R .
/ Absorption of radiation ( A = 442 mm) by Cr{(bpy) 33+ in neat DMF pop~-
ulates the 4T2 state {reaction 3-115) with subsequent intersystém cmﬁsing
' \ ]

hv

(4A2)Cr (bpy) 33+ v > (4T2) Cr (bpy) 33+ (3-115)

to the 2E: excited state (reaction 3-116), presumably also with unitary

-

(4.1.2) Cr (bPY) 33+ . \.\/‘/\uv\/v‘v\/\/\./\/\ﬁ> (2E) Cr (bp_Y) 33+ ' (3"116)

122 Smoe Cr(bpy) 32+ has been observed durihg photolysis, and

efficiency.
( )CJ:(bpy)3 is known to be a strong oxidizing agent, the species

und;argoes reduction to form a cage palr {reaction 3-117) It may well be

Tocr ey, + mp == |criopy 0| (3-117)

*

. that DM, ;f.tiself serves as the electron donor, though this remains uncertam

-
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Subsequently, back-electron transfer (bet) results in owverall quenching
which occurs in competition with diffusion’out (-diff) of the cage pair.
4

- Cr(bpy)33+:+ DMF

s
\ (3-118)
-diff\ Cr(bpy)32+ + DMF

e

. .Cr(bpy)32+"-l:MF+|

To the extent that the entire reaction is campleted in a short time, reac-—

tion of Cr (bpy) 32+ with DMFT does not appear122 to be important. The

quantun yield for Cr{bpy) 32+ fomation was estimated to be ca. 0.006‘.122

Subsequent solvolysis leads to ligand substitution of one bpy ligand, \

Cr(bpy)32+/ + 2 DMF T = Cr(bpy)z(IIVIF)22+ + bpy (3-119)

 and further reaction with Cr (bpy), > yields Cr (opy),, (0MF) ,* and Cr(bpy) 3

2+

Cr (bpy) ., () 2 + Cr(bpy) 3+ —= Cr(bpy), (DMF) 3 4 cr(bpy)
e 3 S 3 (3120

d122

v

‘It was further note that if some Cr(bpy)33+ remdined in the reaction 5
’soltition, the reverse of rgact_ion (3-119) cannot occur becausg of conpe—
tition with reaction (3-120). The equili.briﬁm in reaction (3-119) is es- . !
tablished when all the Cr(bpy) 33+ has been consumed.

The implication of a chromium(II) species in DMF was rationalizedl??
in temms of the formation of a radical ion via oxidation of a DMF molecule
in the.inner solvation sphere. This radical ion can then escape from fhe

cage pair by self-exchange with molecules in-the.outer solvent sphere, and
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ultimately with the bulk solvent via transfer of/ an electron from the >

bulk solvent into the inher solvent sphere. Although Cr(lSpy) 33+ can be

reduced to Cr(bpy),32+ in DMF and water,122 t}ﬁé/ fate of the Cr(II) spe-

cies appears to be different in the two solvents. Porter and Van Houten
attx:'jbute122 this difference to the fact that a solvent molecule such
as IMF can more efficiently mdergo&oxidation .and. escape from the cage

pair than could a solute in low ooncérftration, as it would be in agueous

- solutions.

3.9. THE UNQUENCHABLE PHOTOREACTION.

| 3.9.0. C'l!’(bpy)sgf-~ -

| The continuing controversy in Cr(III) photochemistry sur-
.rounding the specific roles played by the excited quartet and doublet
stai:eé has prompted us to lock at the photoaquatién of 'Cr(bpy) 33+ under
conditions such that aﬁy direct photoaquation from the (21:1/;?; excited
manifold is completely quenched. There have been éast indica’t‘_i:ons that
(*r,)cx (bpy) ;°* is protoreactive, although the mechanistic details of
its reactions remained to be elucidated. What h‘a;—'been done in this wox;k
is to employ iodide ion to quench (¥y/%E)Cr(bpy) ;> virtually completely,

ry

and investigate the pH and temperature profiles of the unguenchable

A )

photoreaction.
Luminescence lifetime measurements and Stern~Volmer kinetics have shown

that iodide ion quenches (2'1‘1/212) phosphorescence of Cr(bpy) 33+ with a

rate constant k = 1.4 x 10? ML sec?! in aqueous solution (1 M HCl) at

22°C. Furthermore, equation (3-121) can be used to calculate the concen-

* tration of I" required to quench greater than 99.9% of the (2'1‘1/?1::)

3+ 4

, I =9.8%10% Mis required for 21 = 0.073

1 sec L. _

emission. For Cr(bpy) 3
msec and kq 1.4 x10° M~
”
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n .

To -1 4+ qurtl—] | o (3-121)

[

The initial ipvesf%igation involved the detemﬁhation of the photo-
aqﬁation gquantum yield of Cr (bpy) 33+ as 'a function of the I concentra-
- tion, the results of which are given in Table 3—;7 and Figure 3-30; algo
included are the data cbtained for the Cr(phen) ;" system. The obser-

vation that ¢ _ reaches more orless a plateaﬁ value at ca. 0.1 M I~
for Cr(bpy) 33+-, vhich is much' greater than that réquireé for ocrrpl;a'te
cit:enching of (Z‘I‘l/zE) , indicates, that the residual quantum yield of pho-

o} -

toreaction  occurs fram short-lived é;ccited states. Inasmuch as 424 =~
= 0.13 for Cx (bpy) 33+ in the absence of I, the maximumm quantum yield
from unquenched (2T1/2E) would be ~ 1 x 10> under conditions where the
. plateau values of &_ are observed. The unquenchable portion of the
quantum yield (~2 x 1073) constitutes ca. 3% of the total yield under
idsanticalv conditions of te:rperamfe, pH and ionic strength. For the pﬁr—
pose of further discussion, this unquenchable quantum yield will be desié—
nated 4 ¢ rx’ 85 the ex;ited states responé;'.ble for this reaction component
are presumably the short—liﬁed quartet excited states.
a. pH Dependence of 4 @y
The pH prq,ﬁlé gf the unquenchable: photoreaction of
'Cr(bpyj 33+ was studied under conditions where I = 0.15 M, the plateau re—
.gion. The dependence of 4 ¢ yx On PH is depicted in Figure 3-31; one
immediately recognizes the profile snmlanty between the mquenchaﬂe ‘
reaction (¢ _) (Figure 3:31), the (*T;/%E) reaction (!¢ _) (Figure
3"25) , and the gAé reaction’ (Figqure 3-3a). This similarity argues strong- -
ly for the existence of a common intermediate which renders the overall

e

‘ /
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TABLE" 3-272: Photoaquation Quantim Yields for Cr(bpy) ;> as a
' Function of Todide Ion Concentration at pH ~ 9.6
in Deaerated Solutions at 22°c.?

SRR ATTAMRTETT TR AR R TR TR e e T YT R -

R 42
(], u e
0.0 0.099,
1.6 x 1073 0.003,
0.05 0.002,
0.10 0.001,
r
0.15 0.001 \
0.20 0,001 o
0.3 0.001,



©232

{

TABIE 3-27b: Photoaquatlon Quantum Ylelds for Cr(phen) as é .

ion of Todide Ion Concentration at pH ~ 9.6,
rated Solutions at 22°C.

. [z] y "2 o .

. 2.0 x 107 0.001,

. 2.0 x 107 0.001
‘ 4.0 % 107 0.001
0.012 0.0007

0.02 © 0.0007

0.05 0.0004

0.08 0. 0004

. f
v s

&  Experimental error estimated at * 20%.




FIGUERE 3-30
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-

Dependence of the Quantum ‘Yield for Photoaquation of

Cribpy) 3% (#) and Cr(phen) ,** (0) complexes on I°

‘ 'Oonoentra\tion; 22°C; ¥ =1.0, 0.008 M Britton~Robinson

Buffer, pH 9-10, argon-purged solutions. o

o
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\FIGURE 3-31 : %r}{ as a Functien of pH for Cr(bpy) 33+ at 22°C;» 313-mm

Photolysis of Argon-purged Solutions of 1.6 x 1074

Cr(bpy) ;> containing 0.008 M Britton-Robinson Buffer,

0.15 M NaI and 0.85 M NaCl, pH 9.6.

’
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aquation reaction efficient in alkaline solution and inefficient in aci-.

die solution. If the common intermediate is Cr(bpy)3(H20) 3+, as sugges-

i

ted fé>r' the (2'1‘1/2}3) and 4A2 reactions, then it also must be true that
photochemical reactions from the long-lived (°T,/°E) and short-lived quar-
tet excited states (as well as the thermal reaction from 4A,) are mech-
anistically indistinguishable except for the efficiencies “ana temperature
'depemeiences ©f the formation of ;chat seven-coordinate intermediate spe-
cies: ' '

b. Temperature Dependence of 4-¢>I_xl

The temperature dependence of the unguenchable photoreac-
tion of Cr(bpy) 33+ was performed in order to compare the energetics of
this reaction with ﬂiqse of the (ZTl/ZE) and 4A2 reactions. Table 3-28

shows those data obtained for the totdl photoaguation in ‘the absence of

T (%—>2 @rx) and the unquenchable photoaquation in the presenoe of 0.15 M

- 4

.09 ). Alinearplotof,ln‘;tb

x vs 1/T (Figure 3-32) yields an

X

“apparent” activation energy E = 9.6 kcal/mole for the unquenchable

app
reaction; E___ = 1.9 kcal/mole for the total photoaquation reaction (1n

4»2@

app
x5 1/T) . ‘

If the dommon seven-coordinate intermediate is a ground-state spe-
cies, then the differences in the temperature dependences of 44) = and

Z
4+2d> must arise from reactions leading to the formation of that inter-’

bold
mediate, regardless of the origin or subsequent reaction of the intermedi-
ate. Those reactions leading to the fgmadon of the intermediate must
then involve the iriteraction of excited-state species with the solvent, or
back-intersystem cmss‘ing from (2'1‘1/2}3) to 4f1‘2 in campetition with other
mdes of decay. It is iﬁportant to note here that these quantum yield

measurements i’_eflect a nutber of cumlative steps leading to the final

[}
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TARLE 3-28 : Quantum Yields of Photoaguation at 313 nm of Cr(bpy) 33+
as a Punction of ‘I‘enf:erature .

T, oC \ ¢
X
in the _ : in the _ b
absence of T presence of I ~
6.3 0.089 : _—
1I-l : 0.095 | . ' —
L * .
15.2 - ' 1.7x 1073
22.0 S — L 24x107°
o221 0.12 - A p—
27.8 S .13 R '
L ‘ q ‘ . -3 \
28.9 : 4.2 x 10 ~
14
32.6 - . .+ 0.12 ‘ ' —_
. 34.8 S . 4.7 x 1073
N 0\ 3
36.2 0.12 } —
g 3 - .

40.4 | -— . . 6.7 x 10”
a Experimental conditions: 1 x 10‘34_4 Cr (bpy) 33+ pH 9.8:’ 0.008 M Britton-
_ Robinson buffer, 1 M NaCl. Values of ¢1x represent the>average of two—
four determinations (std. dev. % 10%). e )
Experinental conditions: 1.6 x:10”% M Cr(upy) 3>, p 9.6, 0.008 M Britton-
Robinson buffer, 0.15 MNal and 0.85 M NaCl. Values of ¢  represent
the average of two to four determinations (std. dev. t 15%).

b
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FIGURE 3-32 : Plot of 1n q)rx

Vs 1/T for Cribpy) ;- at 22°C; 313-m

Photolysis of Argon-purged Solutions ¢f 1.6 x 107 M

Cr(bpy) 33+ Containing 0.008 M Britton-Robinson Buffer
, .‘ M

0.15 M NaI and 0:85 M NaCl, pH 9.6.
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reaction prodizctﬁ, and not the tenperatufe dependence of a single step
that proceeds quantitatiwvely irrespective of the activation energyl of '
that step. Thus, the temperature dependences of ¥”2 ¢, and 4 x TSt
arise from mechanistic dteps that are inefficient and in competition with
non-productive reactions. One can express the efficiency of any one of
the steps leading ultimately to product for.matlon in terms of a ratio of
rate constants of th"e competing reactions; the temperature dependences of
these competing reactions then lead to the observed temperature dependen—
ces of the quantum ‘yield.

To discern the nature of the excited-state 6rigin of the unquench-.
able photoélquation reaction of Cr(bpy) 33+, various nodeis are suggested
and examined with respect to their validity to this particular system.

4

Y

) 4, .
Nk?del I: o from‘the T, mani fold.

. i
This model assunes that the unqueér”%chable reaction component origi-

R vy . ’/ ’ .
nates from the 4T2 panifsld, which is populated with unitary efficiency

from the initially-excited Franck—Condon (*rc) states via vibrational re-
laxation.. Furthermore, the 4T2 state wndergoes reaction with the solvent

molecule in campetition with non-—radlat.lve decay o A2 ( ) and inter-

" system crossing (either prompt or delayed, or both) ‘to the doublet mani-

[

fold. The pH dependence of 4 ¢,y as well as 42 o and k., represent
the titration of the seven-coordinate intermediate Cr(bpy) 3(HZO)“3r+ such
that deprotonation to Cr(bpy)3(ofi) 2+ is quz:intit‘atively acoomplished at pH
9.6. It wasiearlie\r sugge’.;:.ted that Cr(bpy) 3(OH) 2+ converts rapidly, quans
t_itativelly and irreversibly to Cr (bpy) 5 (OH) 2+ rather than J:;turning to

Cr (bpy) 53+, based\On the following reasoning: i) OH is a much stronger
base than bpy, so.that lablllzatlon of coordinated OH would be signifi-

cantly less probable than lablllzatlon of one end of coordlnated (bpy-) ;
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ii) formation of Cr(bp?x (OH)2 occurs withing the time frame of the -Ge-
cay of (2T /ZE)Cr(be) ( ~70 usec); iii) direct reaction of (le/ZE)-
Cr(bpy) 4 3 with 0w , which presumably proceeds via the Cr(bpy) 5 (OH) 2+
intemedigte species, yields a value of the quantum yield that approaches
unity at high OH concentrations (see Section 3.10.)

Model I is suma.ri.zed in reactions (3-122) to (3-128).

(*aycr (bpy) 33 s deeben Y 1, (-122)
Crycrey) 7 — > (apcrey) o M (3-123)
ey cropy) ;7 SEENRENNC W5 1 PR S E S P
4 3 _ B0 3+ 4
("Ty)Cx(bpy) 3~ > Cr(bpy) 5 (H0) k, (3-125)
Cr(bpy) 5 (1,00 ¥ > Ccrlbpy) jlo0 2+ H (3-126)
R
| ) f

Cr (bpy) 5 (H0) > Cribpy) . + HO (3-127)

372 Lo 3 /2 ’
Cr (bpy) 5 (CH) 2+ oH__ > Cr (bpy) , (CH) 2+ + bpy - (3-128)

¥

The quantum yield for reaction occurring exclusively from 4'1‘2, 4<b =’ is
equal to the efflcz.ency of reactlon from that state, '4nrx' Since the
efficiency of such reaction' can be written in tenbs of the rate constants

of all of the processes whic'h deactivate that state, % rx is given by
’

n
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4 4, .
k , .
4o < Ay = rx = X . (3-129)
= A N N S
X nr 1scC (o]

Since the efficiency’of the intersystem crossing process is near unity,

. . : 4 4 ,
and <brxlsvexysnall, erand knrmstbevgrymallompamdm

39

& '
ki o thus, * ¢ can be approximated by equation (3-130) .
=
4 4er
Loy = (3-130)
x 4
kisc :
N ;oo is defined by equatioTl‘(3-l3i) i
, 4 4 ¢ :
4—)2 - k:'Ls,c _ Kisc (3_‘131)
se g 4 .4 4 ~
y T ke kJ‘.sc ko .
' . 4 18 -1 .4
Equation (3-130) allows for evaluati £ er = 10" sec ~, if ko (=

-1/.% ) is taken to be = 10 sec?

3

., When:ocmpared to 2er for Cr(bpy) 33"'
(Zer =1.6 x 10 sec—l) »the factor of ~ 10° times greater reactivity
of ‘*rz can be attributed sinply to the fact that the %, state is dis-
torted with respect to ﬂ'1e ground état;e, whereas the‘.(z'l‘]'_/ZE) st-atz,as’am‘ ) L
rot. Thus, the distortion present in the %z, exCJ.ted configuration should
facilitate the ircoming solvent molecule that is interacting with the
vacant t2 g orbital oriented into the ‘ipterligand pockets.,

In terms of the classical kinetic relation (3-132) , expression (3-130)
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may be rewritten as (3-133),

A

| kT asfR = amt/RT | ,
K =— exp . exp ! (3-132)
_h -

4% o 4.t
5, /R -AHL /R
exp .

‘ (kT/h) exp (3133
4 ‘L " -
erx _ * 4Asis‘c /R "4AHi‘:c /RT ’
(kT/h) exp exp ,
v 7 ?
Then, taking natural logarithms, one obtains
4, 0 _ 4, t _ + / 4,1 t ' an
In®e = “sy -as; )[R (A, : )/Rr (3-134)
, g
Thus aplotofln4¢ vs 1/T has a slo equaltofi(AHJr—AH-r)/R
e E - = — pe - X isc
and an intercept equal to 4(AS r:: - Asi:c) /R. For the data in Table 3-
4 ) . 4 + o ’
28, a plot of }n ¢ V5. 1/T yields (Aer - AHiSc) = 9.6 kcal/mole and
4 T Ty o 4 .t g
(ASH ASiSC) = 421 eu. AHi,sc is assumed to be zero, or near zero,

inastmxch as rapid intersystem crossing, being iscenergetic crossing from

the quartet to the doublet manifolds, occurs in the picosecond time frame.

4 4

' : +
If this is txue, then AHI_:{~ = 9.6 kcal/mole. The large value of Aer

is surprising in view of the greater energy and shorter lifetime of the

‘ 4‘1‘2 state when compared with’ the .(2'1‘1/213) manifold. The large change in

georetry that occurs when the system crosses from 4T2 to (2'1'1/2E) may well

lead to a substantial energy barrier at the crossing point of the poten-

\ 7 1‘ " 1‘
tial energy surfaces. A comparison of 4AHxx and 2Aer for Cr(bpy) 33'% sug-

gests that the photoaquation activation mechanisms, i.e., the formation

. (a.‘)\

Sl e bR

Sertind 3 amsain SN
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' df the seven-coordinate intermediate, are the same.

‘Two limiting cases were suggested:

v 245

+

‘ The positive value of 4(ASI; - +C ) indicates that 41351_x is more
Pbs:Ltlve than 4ASls‘ o for Cr(bpy).'33+. If the difference between 4kn'{ and
- is attributed to entropy differences, then 4AS‘,Dt is more pogitive than

2, T

LBI; by ca. 23 eu. The value of 2Aer = -11 eu (Section 3.8.1.) leads

-to‘ the suggestion that the driviﬁg force for the rapid reaction from

4,. 71 *

4 AS of +13 eu. Whereas the

T2 will arise from the positive value of
actlvated cx:mplex from 4T2 must possess quartet multiplicity and thexeby
be dlstorted relative to the actlvated complex from ( /ZE) , the dis—

tortion will result in structural disorder of the activated complex a.nd a

large positive value of 4Asrj;.

" Model II: Prampt reaction.

- - »

123 pave developed a tensorial model to mech=

Hollebone and coworkers

anistically categorize photoreactions of tra.ng‘.tion metal complexes.
, :
123

»

(1) excited-state decay via random
coordinate selection (DEBCDS) , and (2) excited-state decay on a specific
nuclear coordinate (DOSEND) . In the DERCOS limit, reactive excited
states have 1i s which are long ccxrpar;ed to vibrational and orien-
tational relaxation, and theif decay is inversely dependen;: on the energy
pafrief ;L:Ch that the ava;ilability o\f any deactivation pathway depends on
the random distribution of nomal modes at the effective Boltzman tempera-
ture. Excited-state reactions in the DERCOS llmlt may be described usmg
trans:.t.mn state theory (which requires a pseudo—eqlulibrlmn assumption)
and ta}d.ng into accownt the 1umi.nesoeno'e and non-radiative decay proces-
ses. In the DOSENCO limj:t, excited—sta;é reaction may campete with non-
radiative deactivation; that is, with vibxational and orientational relax—'

ation. Thus, excited-state decay occurs on a specific nuclear coordinate )

»
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so as to enphasize the preferential selection of a small nunber of al-
lowed non-radiative processes. The DOSENCO limit predicts that excita-
tion of Cr (NN) 33+ in the quartet manifold is rapidly accompanied by ‘the
ty, buckle’ vibrational fode, which causes facial exposure of the central
metal atom (see Figure 3-33). The exposed Cr(ITI) core on the stretched
faces of the octahedron éould be subjected to facile nucleophilic attack
by the solvent, therein leading to an associative reactn.on. The time

frame for the DOSENOO process makes it oonpeta.tlve with vibrational re-
1a>ation down the quartet manifold, and thus predicts that prompt photo-
reactivity can occur with an efficiency of ms??rx If it is assumed

that the product of the associative DOSENQO reaction behaves the same"

way as the seven-coordinate mténred1ate from reaction (3-125),- then
¢

4 =~ _ DOS
e = ]

R/ I (3139

_efines %0 _ in the presence of I_, where *%__ is the efficiency of
reaction from 4'1‘2. Dos?zrx can have values in the range 0 - 107>, with .

corresponding values of 47?rx in"the range 2073 - 0, inasmuch as 4<I>rx
| P
hasbeene.:q:erinéntally deternined to be ca. 1073, mhus, 4¢rx—ms7]m

Lo d Nex- If er is greater than 7?rx' the contrlbutlén of prompt
photoreact_Lon te the overall quenchable and unquenchable tum yields
is ot oonsulered s:.gruflcant. On the other hand, if 72]9{ = 0, then the
1':'exrperature dependence of 4y = ;rmsti reflect the dependencies of the very
fast DOSENQO associative and vibrational relaxation processes.’ It seems

 rather unlikely that such fast intrarmlecuLé.r processes, which involve

highly energetic species, would have significant enthalpic barriers. at
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-this time, the temberatuxe dependence of steps after, the 'II)SENC!) process

cannot be precluded. Suffice it to say that the DOSENCO theory stipu-

123

lates that processes are temperature-independent and wavelength—depen-

dent. ‘
Model 1rz: ¥%0 _ from thermally-equilibrated (/%8 .

Efficient intersystem crossing, either prompt (pisc) or delayed,
from the quartet manifold populates the luminescent (Z‘I‘l/ZE) state with a
yield that is close to unlty If the quantum yield of photoreaction in
the absence of I~ occurs primarily due to reaction of the (2'1‘1/2E) states
in competition with radiative and .non-radiative decay fram (2'1‘1/%8) , then

equations (3-136)  to (3-141) ‘can be visualized.

GG . ‘a, %

> - (3-136)
(le/zE) . ~ ‘A +hv Zkrad (3-137)
o * o
(°Ty/“E) . > . Cr(Bpy) 5 (H,0) ~ (3-138)
3+ * L3 :
Cr (bpy) 5 (H,0) ———= Crlpyl; + HO (3-139)
Cr (bpy) 3(H,0) * ————— Cr(bpy)4(OH) 2 . (3-140)
crgoy)jom® —H o ey, ©0m," + bpy (34241)

The (2'1-1/25) lifetime is defined as per equation (3-12) for this model.
Inasmch as the quantum yield of luminescence from (z'rl/2 E) is ~ 16- 3,

krad << (zknr + 2k<rx) . ‘Quant.ltatlve fom\atj.‘lon of the final
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aquation product dictates that 4'*24, > is equal to the efficiency of re-

action from (%r;/’E), “q_, and %0 e = g / Gt %) The value

2 .
¢ 4y 85 3 fmgtmnoftem—
perature, and-a plot of In-(°k_/T) vs 1/T is Linear with a slope cotres-
ponding to 9.7 kcal/mole and an intercept corresponding to -11 eu, as re—
vealed in Figure 3-28.

.r.

' Employing the value of*.“lIAHrx ® 9.6 kcal/mole, it is clear that the

enthalpic barrier of activation toward reaction from 4T2 and (2'1'1/25)
‘could be identical. Furthermore, it seems clear that the large hifference
in the values of the apparent activation energies (Eapp) of the quantum
yields in the presence (9.6 kcal/mole) and absence (1.9 kcal/mole) of io-
dide ion may be totally illusory owing to the fact that quantum yields
reflect kinetic competitions among reactions with differing tenpézratu.re
coefficients. Though this fnodel may be valid, any.oonclusi_ons based sole-
ly on "apparent" activation energies of quantum yield measurements have
limited validity.® |

Model IV: Back-intersystem crossing from (2Tl/2E) .

Thé apparent similarities of 4AH]; and ZAH:J( from the 4T2 and (2~'I‘l/
2E) states , respectively, immediately raise the Fqu.xgastion as to whether all
‘the observed photoreaction from Cr(bpy)33+ occurs from 4T2 with (2T1/ZE)
being unreactive. In sucI; a case, (2‘]31/2E) mist engage in non-radiative,
radiative and back—intersystem cr‘oésing deactivation processes (reactions

3-142 to 3444), and the system makes repeated passes through the reactive

- Cr/%B) — . (3-142)

P /%) T T U RN CETE
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(z,/%) »> T s (3-144)
4T2 state leading to the observed quantum yield. The inherent lifetime of
‘(le/ZE) is given by equation (3-12), and the total photoaquation quantum
yield is the sum of the immediate reaction from 4T2 and that resulting from
passage of the system thmugh (le/ZE), with 4—)2 o > 4<I> rx Acoord-

A ingly, the system passes through (2'1‘1/23) approximately 50 times, with

3

L2y of~ 2 x 1073,
Ix

each pass through 4T2 vielding a contribution to
It is important to note here that the non-radiative decay of (?Tl/zE)
is an essential component of the back-intersystem crossing model. '1‘1er '
steady-state population of (2'1‘1/21?.) is maintained by'the rapid 4T2 Annrp
(2'1’1/2 E) intersystem crossing process in conpetition with the inefficient
non-radiative (4k nr)'and reactive (4er) decay processes, inasmuch as
Nisc ~ 1- If the ultimate route of escape of (2‘1'1/23) is via radiative,
non-radiative ‘and reactive pathways from 4T2, then the value of the quan-
tum yJ.eld of luminescence would approach unity, and this does not appear
to be ’qhe case for Cr(bpy) 3+ 38 48

The back~intersystem crossing model can now be treated using the

'approximation that during contfinwus irradiation at 313 rm, the concentra-

tions of T and (ZT /ZE) reach and remain at a steady—state, SO that one
“can formulate equations. (3-145°) and (3446 ) for the steady'—state oconcen-

trations of the 4‘1‘ and (2'1‘ /ZE) states, respectively.

d[%z] =T+ ZkbichZE] -+ Hggo + 4!«,,:)[41'2] =0 - (3-145)
at ' .

(
-~ 3
A
;
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I+ zkbisciz;z]sé ~ Ta * Zkbiscr‘zg]ss

['4'1‘;.)55 = ; p ; = | p (3—145)
i ‘ er + k:'Lsc Ky ko ,
Similarly, ( "
al%] , ) :

at T 4"-['2 i Zkbisclel - 2kradvﬁ] _zlﬁnri‘zE] =0
. | ., “ (3-146)
| ‘.2E] = 4kisc\‘}'r;sé. =‘ 4kichkPZ]‘ss ’ ‘-
- , ss , . ‘ :
2kbisc + ?krad + %(nI ' 2.ko

3

4 4 4 4 .
Since 7Zisc ~1, kisc» ( ]%u: + ‘er), and equation (3-¥45) becomes

0 | [—41:2] - Ia‘ + %‘biSC XZE]SS / . (3_147).
4kb' -,
1SC

Then, the combination of equations (3-146) and (3-147) yields the steady-

state concen’t:catioﬁ of the g state, [ZE]ss' given in (3-148), since zkrad

. k © . / Q ‘.
i ZE]SS = a " a (3-148)

2krad“LZkl.:xr : . zknr

; -
/

~ 10'_3 sec—l and zknr ‘»zkrad" If the quantum yield of luminescence .

L

is taken as equal to %k_ 5 / %k, then a plot of In % ¢ 4 vs 1/T should-
~ yield a positive slope equal to (ZAH; - ZA%I;I) ; indeed, the slope of
= ) such & plct38 yields +8.3 kcal/mole, and since purely radiative decay is

G

~
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+

i ' ‘ tenperature—inde' t, ZAHrad = 0 and ZAHhr = 8.3 kcal/mple. The quan—
tum yleld for phe{daquation,. #2 4 ' represents the y:.eld of product via

4 /
' K
passage,of the system to and from (2T /ZE) and is defmed by

RY .
. f [

4, . ‘ B f
— a2 " [4T2lss . 7 ‘ : /(3-149)

oI ' ’ - Lo

- . . '_ - ) Jx ‘ \
vhich dssures- that the fate of the 2}3 state_rests nearly entirely on the

“zkbisc term;Athat is, 2kb]_sc > (zk + anr+ rad) Equatlons (3—150)

to (3-152)y /yield an expression for ,4'*24’ -~ in temms of these assumptions.

: . 1+ [ZE] | |
' 2, A4 Toise ; (3-150)
, | LLER e 2
. %o N
{ = .ﬁ , 4 s 4
4 -~ - . k ' » - ,
4-2 o = ) \ (3-151)
x 4 . Q..
kqg - kg Zkbisc /Zko . . '
_ . ' ! J
S:ane4k—4. +knr(+k =‘r4klscand2ko= N
N kn:c 2kb’J.sc t Z'Sut then o o - -
. \ . . "
: | . )
N 2, o il ' . (3-152)
- rx. . — . _
. 4 \
4]’(\ ‘ leC zkb _ ), ¢
. S ‘ o

(.- ' | 2kbisc"'zknr

-

‘LI . If the non-radiative pathway p%inam over bisc; such that zkhisc
7 -

T . )
\ ' ' % .t
. .o
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ooy
pS- T .

anr' then 42 ~ Ilknc 7 4ko’ which is the same as for ¢ o Without

\ t,
going thmugh the 2E state. However, if non-radiative decay of (2T1/2E)

were an important process campared to back—mtersystan crossing, then
42 q)

would ‘approach a value of unity. 4

452 q>

Whereas for Cr(bpy) 33+ has an experimentally-detemmined

~

N value (C. 13) intermediate between the values of the unquenchable quantum &
a : YIEId (44) ~ 10 ) and unity, this back-intersystem crossing model re-
- quires that the non-radiative and back-intersystem crossing processes

compete with each .other.. Eqﬁiﬁon (3-153) expresses 2‘k in terms of

isc’

conditlons ,

-~

where X is agfractlon that is temperature dependent. Under these

v

v

e o

Then, $  is given by . ! '
% ! . {
(. ¢ : ’
. 4 .
S 1+X X
oA, x .. : "L (3-154)
rx 4 . ‘ ‘ ,
X isc ' .
: andsince4<1;\- N ;4k ! '
- (‘zx I = isc’ B @ -
-t »y
452 Lex. 4 SR B |
6 = =TX. < , : . (3-155)
X . o )
v i" . I ] ) * C ’ Q

A oanpanson of the quenchable and mquendlable quantm yields (Table 3- 28)
shows that 4/5+2 = ‘2 so ‘that (1 +X) = 1. Thus, the frac- , o
" tion that- 15 tenperature dependent is given by /

. " 2 o N

) R ’ ¥

A
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X = = . ) ( 3"‘156)
4 '
¢ rx ZKbisc
2
where o’ ,
2k nr exp exp . ,

(3-157)°

1l
)

Ry

2 + 2 +
Zkb Asbis,c/R ", AHbisc/Kr
isc exp . exp

< - .
Hence, a plot of 1n X vs 1/T should be linear with a slope = —(ZAHn; -

-
2Mi:.” ) / R. The data of Table 3-28 and the interpolated data from
1SC R .

Figure 3-28 are-plotted in Figl;re 3-34; (ZAHn; - ZAHbi:;c) = +8.1 kcal/

38

| . ‘ .
mole. Inasmuch as AH ! was noted earlier to be +8.3 kcal/ole™® it is

concluded that a mechanism which involves only quartet ::eact:‘.vity and

back-intersystem crossing from (21‘ /ZE) can be valid only if 2y
% 1 H‘bJ.sc

= Qv ’ 7;""‘"“ ( ‘

PARNEE 3

2 -

While it is physically possible that there Be no physical barrier to
(2'1‘1/ 2E) VNSNS 4T2 c@nversn.on, such a xequlrement places severe restric-

tions on the relative energles and geametries of the 4T and (ZI' /ZE)

states. In fact, it leads to the possibility that the zeroveth ehergy A"ﬂ

level of 4T lies below that of the (2‘1‘1/ZE) , and that fluorescence frcm

4T2, if it ex:.sts lles at longer wavelengths (lower enez;gy) than phos—

phoresoence emlss.lon from (Z'I‘l/zE) However, e:qne::ments designed to

L1 " 2

test ’chls reveal no fluoresoenoe f:com Cr(bpy) in fluid solution nor °
at 77K; ln fact, no ade.tJ.onal lmm.nesoence is‘observed in the 740 -
1100 mm range at T7K. ’ ) . -

{ 1,
From the observed quantum ylelds of the quenchable and unquenchable :

Y .
>
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.FIGURE 3-34 : Plot of In X vs 1/T (see text), for Cr(bpy) 33+ at 2%°c.
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that 4, S is more positive than °AS.
2,1

) and(tle/ZE), Jnasmuch as values of 4AH and Aer

Sos 257
.
photoaquation of Cr (bpy) 33+ and the corresponding tgmperature dependen—
cies f.or'irrach‘.c‘:ltiorij at 313 m, it doés not appear necessary at this time
to invoke any reaction mechanism other than that in 'which the Lmquer:ch—
able yield arg\g;es fr&n the 4'I‘ manifold and the quenchéble yield comes -

fram the (2‘1‘ /2}3) states populated from 4'1‘ via rapid, efficient inter-

. syste.m cross:.ng. This analysis rewveals that the back-—intersystem crossing

model neoess:.tates 2AHblsc ~ 0, which places severe restrictions on the

- enfitgy and dlstortlon of the 4’1‘ state relatlve to the Az and ( ’I‘l/ZE)

stgxtes ¢
'Ihe data and the Model I neveal valuas for 4Aer 9.6 kcal/mole,

211 rx = 9.7 kcal/nnle, and AH ~ 0; the conclusmn is that a similar

enthalplc barrier is present for reaction of the solvent with' either the

4T2 or ( T /ZE) itanlfolds to form the seven-ocoordinate intermediate. 2And,,

aside from the specific \energet_lcs of the 4'I.'2 and (le/ZE) reactions, the

activation mechanisms for photoaquation are identical. "
The +,21 eu value of 4(AS - Asl:c) for the 4T reaction implies

4 .t

isc’ The similar negatrve values of

r}( L
Aer an\d AS i (for reaction from (2'I'l/2E) and 4A ’ respectlvely) J_nd.l—

T cate that the aiddltlon of solvent to the geometrically similar (?Tl/%)

and 4A2 states forms a common seven—coordinate intermediate. The enhanced:

reactivity of the 4T2 state (4kn{ ~ 108 séc"l) over that of the (2'1'1/2E)
(zer“‘ 103 sec™?) seemiz{xgly arises from differences in hs . from 4T2
r:: a 2t are identical. If
the rate oonstant factdr is strictly entropic, the.n 4’ASI;2 ugﬁld be more

positive than 21331,:c by ca. 23 ey; thus, the drlvmg force for fast 4T2

reaction wyould-arise from the value of Asri ® +13 eu. Presumably, reac-
tion from 4T2 involves an interaction with solvent to yield an activated

4
14

rf.ﬂ o0
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complex t}}a}is rrbre distorted than the separated 4T2 and 'solvent reac- . *
tants. :I‘I\le 4'I'2 activated ocomplex ‘must be distorted relative to the (2Tl/

2E) activated complex inasmuch as it must possess quartet multiplicity in

order to satisfy an essential condition in transition state theory; this
distortion al_‘Lows for a wide variety of configurations in the activated

complex. Intersystem crossing from this distorted quartet state into the

doublet manifold woul accompanied by a tightening of the system and a

negative value of 4

88y} ; according o the analysis.in Model I, 4Asi;fc .
-10 eu.
3.9.1. cr (phen) ;°%.
' As with Cr(bpy) 5~ , reaction (3-158) is quenched by iodide
ion, although the Stegn—Volner plot for the quantum yield is not linear, /

‘

cr (phen) ;¥ ——IY > cr(phen), O, +phen (315

~ as illustrated in Figure 3-35. Tl:xe observation th.":lt LI, approaches a

' lower limit at high I~ concentrations can be explained by.assmning two / v

sources for reaction (3-‘-158); namely, oneéquenchable by I~ and one which /

is not quenchable by I™. . A /
a. Tearmperature dependence of 4°rx‘
The temperature dependence of the unquenchable photo ion

7

. /
of Cr (phen) 33+ was investigated in order to compare the energetics of
this reaction with those of the '(2T1/2E) and” 4A2 reactions, and also with
Cz(bpy) ", Table 3-29 shows the data obtained for [Cr(phem) ,**] =1 x
- I

™3 Mat pH 10 (= 1.0 with NaCl) in the presence of 0.05M I”. An

10
Arrhenius-type plot of 1ln o VS 1/T is not linearg(see Figure 3-36), but
reveals two temperature-dependent regions: i) region A (286 - 302K) for .

]
% e . v
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FIGURE 3-35 : Stem Volmer Plot for Quenching of ¢_ by I~ for

Cr (phen) 3?+ at pH 10.5 and 15°C; from reference 35.

B

‘ K Superscript © refers b solutions without iodide ion.
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S
which an "apparent" activation energy Eapp = 15.3 kcal/mle, and ii)
region B for which Eapp = 53.8 kcal/mole. Such non-linearity is not
unexpected but is difficult to rationalize, particularly in view of the
large values of E___ .
Very fargs app

An evaluéatmn of 4k may be made from equation (3-129); since

- 4 4 4 -
”lec 1, kis ¢ >k + K ), and equatlo:'l (3-129) yields ko
4kisc = 1 [ t « If the value of 41 is taken to be 10'_11 sec, then .
4 _ 4 4 _ 4 11 ' _
K. ® kK, = "0 (107 : ‘ (3-159)

Values of 4k calculated from equation (3-159) are presented in Table
3-29. A plot of 1n (4k / T) vs 1/T also reveals bm regions A and B
Region A affords Aer = +14.5 kcal/m)le and 4AS T +24.3 eu; region

/

B yields ‘am | = +54 keal/mole and s} = 4155 eu. These very large
values are rot understood at present. - |

At this point, some tentative conparisons can be made, which in-
volve only region A of the tezrperéture dependence x%sults of the unquench—
able reaction component. Thus, one can compare the activation parameters ’
for the 4A2 and (2'1‘1/213) aéuation reactions with that of the mq1§enchable
reaction canpone.nt This comparison (cf. Tables 3-2 and 3-26) reveals
“"apparent" activation ener.:gies of 23.3, 18.5 and 15.3 kcal/mole for the
41\2, ‘(Z‘I'l/zE)a and unquenchable ﬁ’eatction component:, qe'spect:.vely, enthal-
pies of activatioryx for the reactive ‘decay of 4A2 , (2'131/2) and uwnquenchable
compenent of 23.3, 23.3, and 14.5 kcal/mole, respectively; and entropies
of act.lvatmn for the reactive deactivation of the Az (le/zE) and unquen-
chable mnponent of -8.4, +31.1 and +24.3 eu, zespect.wely, }bwever,

-

such camparison canPenxadeforreglonB,vﬁ\erettemlculatediralLﬁof
- ) '

e oAl Ay N e 1o B
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Eapp 4AH T and 4135 are clearly difficult to rationalize.

The existence of two temperatum—dependent xeglons Aand B fo the
quantum yleld of reaction is in agreement w1th the predicted behavior of
such relatlons}ups, that is, plots of 1n cb vs 1/T are not expected to
16 Therefore, the ' appa.ren " act:.vatlon energy mll depend
on the tarperature range chosen for the experiments, and in practice is
thought'® to occur only when ¢>0.1. When ¢ > 0.1, the B, - E,_ differ-

ence will attain a large valve. Furthermore, when ¢ =1, E =Q,

regardless of the actual value of E,. This reasoning assures that phys-

ical deacti\;ation pfocesses exhibit no activation energy; ‘if, in fact,
they do, then the situation becomes much more complex. So, at this time

it suffices to say that the non-linear rel;ationship expected is observed

' for Cr(phen) ;>* but ot fox Cr(bpy) ;. The inability to observe this

phenomenon for the bpy complex may be dee to the narrow temperature
range im}estigated.
3.10. EVALUATION OF THE *T,nn~s(®1y /) INTERSYSTEM CROSSING XIELD.

The nature and extent of participation of the 4T2 and (2'1‘1/25:)

excited-state configurations in chromium(III) photochemistry has stimm-

lated great /intexeét. As ooncerns such complexes, ":I\% identity of the
reactive stdte’ continues to be a controversial issue: . It is generally
accepted tnéat part of the photochemistry quenched in pérauel with the
lmnmesoenoe fmm (2T /ZE) states must involve these states. What is not
clear very often, howewer, is whether the quenchable part of the photo-
reaction oooyrs directly from the (2T \/’E) maftfold or from the "'r man~
1fold_subsequent to back-intersystem érossing. A crucial parameter in
elucidating the photochemical mechanism of Cr(Irf) polypyridyl complexes

}
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is the inte\r§y‘s“tenwcmssing vield, 47(.isc’ defined by equation (3-82).

The increased interest-in the relative roles of the quartetandéouble't'

' é%kcited states of CrCNN)3 ccnplex ions was stimilated by the work of ~

¢

Bolletta and coworﬁs 52 " these authors reported that the mtersysbem

- crossing Eff101enCJ.§S for Cr(bpy) 3 - and Cr(phen) " were 0.94 and 0.21,

,respectively. The method used was based on electronic energy transfer

T

from an em:.tt;.ng donor species (D) tolan em.ttlng acceptor spec1es (A) . {

For the two>donor/acceptor couples blacetyl/C:r (bpy) in water and

3+
3

g:n(en in Figure 3-37 was used as the basis for determining le o+ For

both D/A.couples, exc1tat.10n of the donor-species D causes a sen51tlzed ’ v

Cr (phen) Cr (CN) 63 il H20/DMF a Iepresentatlve energy level diagram

s

emission fram the acceptor SpeCleS A.. According to Figure 3—37, the emis-

" / . -

' sion intensity qf the acceptor, EAO, and the sens\;'.tized emission- intensity

of the acceptor, E S, are given by
1Y

A 14
o} o] A A - o | _
B < L2 N5 7, . . . % (3-160)
. N
s D !y A : _ .
B N e | . e
. gi/ | |
where IAO is the light intensity absorbed by the agceptor solution, and -
I vis the light intensity absorbed by’ the donor in a solution containing ’
known amounts of donor and acceptor '?ecies " The efficiency of the inter-
syste:n‘cm'.s\ging\step, 71 it fmn the sp;.n—allcwed stat@ to the spin-for- " -
bldden state for the Jonor and aceceptor, respectlvely, is given by L .
D D D,.D B o
= . 3-162
72.1 k, /(k:L + k) R 4 “ (3 )“r
" /.l
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,(‘,”h."A ‘A . A‘ . t
A _ ‘.l ' ‘e A R L . . .
& o=k /(ki SRS T | : (3-163)

s The efficiency of the emissin -from tiua_- spin-férbidden state of the ac- ~

\beptqr is given by S L : ' .
aA_ A/ Aa,, A . >
(TS = K /(k2 )T (3-164)
« * ¢ ! . ) '. - ’
- 42

“The eneydy. transfer efficiehcy fram the spin-forbidden donor state to the
Spim-forbidden acceptor sté{:e‘-is v ’

ketD [A] ' -

Mot = + , : - (3-165)
| D D D D,. X
k2 + k3 + (kg k4 ) [A}
N "D, . D _, D : .
Teking (e, + ko ) = k", equatgon (3-165) becomes |
B | ) " )
7 D ! . D
o S [2] K.y
n. et . TI q 7Zet D“ > (3~166) '
- Ky kg + %] kg

y-3 >

!

where 7( q represents the quenching effigiency of the spin-forbidden donor

state by the ground-state acceptor species, and 7] ot refers to the fraction )
ha*)

. of quenching events that cause for.mat?on of the excited-state acceptor
'species. & g out the emission intensity measurements under the sarre
instrumental ¢onditions, equations (3-160) and (3-161) may be catbined tof

/
give

/
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E x D ) .
a ' ID rli 7?q net‘ ‘ <] L4

"From the above analysis,, it follows that RN

. ./
s _ ' o i . , «
E,” =By - A n E, | e . ' . (3-168).
. ) . ' ., o ,
I, = A5 I, o T (3-169)
] “ . .
= - ° o - .
Ng = 1- & /"Eb Ep) o (3-170)
A o !
1 E :
X = A oy ED, =R (3-171)°
D ! s D o ' "
ni 7?et En = *aEa Ep
As R in equation (3-171) is an experﬁrentally—detémdned quantity, the
ratio (‘Yll /7]1 7Zet) can be obta:.rled. ':L'hus, T[ lA ce}n be determlned
if 72 i )?et' and R are known. 7? D for blaoetyl in aqueous solutmn
at room temperature was taken52 as 0.86 and Mot = 1; the efflciency

for isc, '72 iA, for Cr({bpy) 3 in the blacetyl/Cr(bpy) \ oouple is

0.94 in water.sz' A sinltilar analys:l.s on the C;:.‘(1:>1‘1Jen)3 /Cr(CN)G}- couple
yielded 7 P = >2
3.10.0. Evaluating 47?1:30 By Doublet-state Irradiaz‘:ion. ‘
Nbre recently, alteration of solﬁtion medium has be’en shown
to have profound effects on the various phottchemical and photophysical
pa;amaters of the .Cr ) 33+ ccirplexes in this work. These include ooncenw;

I tration quen@g in the presence of added anions and the dil%inution of

0.21 in Hzo/l:lVIE"\(l/B,v/v) media at room temperature. : C '

A e - —— 2



s v [ 1’ . Lo N

) (2‘1‘ /2 E) llfet:unes in HVIF As a yesult, add_ltlonal experments haye been
performed in an effort to determine the mtersystem crossing efficiendy
- under 1dent}cal conditions for Cr (NN)3 . Furtheg:nore, such studies are

- ’ . justified in view of expectatlons that T]' for theé very s:unllar bpy
»

L)

and phen complexes should be nearly the same under s.urular e)qaermental
‘eonditions. \

In alkaline solution (pH 9.26), the guantum yield P2y ry for the

e pfnﬁoaql@tion reaction (3-172) reflects the population of ‘whe (Z‘TI/ZE)'

crom), Y — by > Cr (NN), (OH) oy o)
-3 H,0/OH ™ o TN 00 (3-172)

manifolds and other .competitive pathways. For~ excitation directly into

. the (2T1/2E)' manifold, the quantum yield for photoaguation becomes

2 .- ¢ 2 p . L
d‘rx = Zer T > . ,\ (3-173)

L

where the lifetime of the-doublet state is giyen by

For direct excitation into the 4T2 manifold, the quantum yield for photo-

aquation is given by *

4—+2® = 4 - 2 2

MNise X T o (3-175)

At this point, .the quantum yield of photoaquation from the 4T2 state,

1 1 . ) ' /
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4 (I)r)" is neglected 1na5m1ch as it accounts for only 3-—4% of the tota'l -

photoaquatlon quantim yield.. Conblrr:mg equatlons (3-173) and (3-175), Lt

4.2 - . L2 - .
Yrx T Yot T ¥ Nisc S (3-176)

s
L

-

In order to evaluate 4'7] jge Tor Cr(ph.‘.aﬁ)3 and’ Cr(bpy) si'multaneously‘, 4

'equatlon (3—176) ey be rewritten J.n the form of equatJ.on (3~l77) tf

L3

.y .
4+24 P # P° . 24P 4 P o
rx . tot x  Misc . R .

- T — , (3-177)
\.4+2®B s B .- 2% B g,?B , . Y
‘ ' rx .+ tot . X" isc A >

compare the Cr(bpy) 33+(B) end Ci(phen) 33+ (P) systéms. In deaerated alka-,

line solution, 4% , ¥ = 0. 006‘and 42 B 013, ana ‘72 =12 mnus,

@rx A
“the determination of q> ~ / 2 ) under identical photochemlcal solutlon
£
medlum conditions as i-hose used to evaluate 4-2 (brf( and ‘%"’2 (bri will af—

ford an estzgnatlon of 7215c ' - o ' -(’ . .

A The expermental prooedure ?ed to estJmate the value of 77 jsc In
[
3+ d
ey

Cean il

AN

R

B B
B e

¥olved flash pILUU.{J.YS%g D\max'— 6§92 1m)equimolar aGUEOUSs 7& \bpf‘,, and
Cr (phen) ;>* solutions directly into the (°r)/E) manifold;-followed by~
the determination of the concentration of free pol’y;;yridine' NN released
into solution. Under the experifental conditions employed, [BPY] =4 x

10 Mand [PHN] < 3% 1077 M ( the limit of etection by the spectro-

photometric method used). Furthernore the quantum y~1e1d 2¢ \my\be

. defined by equatidn (3-178) ,. where Ia ts the incident llght intensity and

’

t is the irradiation time. , . .

A s



2, . . ‘ . _— SR
» = —/ 1, S B _ (3-178)
£ .
o ﬁl

‘. Then, for identical concentrations of weakly absorbing Cr (bpy) 33+ and

Cr(phen),”, equations (3i77) and (3-178) conbine to yield

- - . v

o s e o — . e

4»2 P ‘L B 4, P .
“ ¢ ¢ [PHEN] ¢ N, g
x Wt _ A 1s¢ . (3-179)
. 42 P P  4nB .
’ ® ot lBev]l e, Nsc
P . . o

J

- yhere ¢, is the ekti_nction coefficient of Cr(NN) 33+ at 695 and 727 rm.

»

Masmuch as the £ valuwes for Cr (phen) 33+ at 695 and 727 nm are approxi-

\ © mately .twice those of Cr(bpy)33+,8 equation (3-179) vields Pan estimated ,

. <4, P 4B \
value of Ny Mise'= 1. 1£ 970 .F is takenas= 1, tfen [PHEN] -
' qlsc

ra

4

. ax 107w if 00 = 0.2 (as predicted by Bolletta et al.,”?), then

Eonpati gt LA

[pHEN] = 2 x 1070 M. Since no free PHEN was observed in the photolysed

B

ot Cr (phén) 33+ solution, the oconclusion that 472isc -4 72i'§c =~ 1 appears

valid. This_result is consistent with the valve of 0.95 suggested. by

-

Kane—Magulxe amd\I..angfo::"cflﬂ24 on oxygeh quenching studies of the photo-

Yacemi zation of optically-active Crﬁ(phen) 33+. Additionally, the observa- -

tion that ¥*2 @Ig =0.05 T <1>ri is noteworthy, and may be accoimted for

by the presence of grouhd-state quenching in 1 M Cl™ media for the Cr-
(phen) 33+ complex ion as well as the greater rigidity of the phen vs bpy

4

=5 1igand framework.
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.:‘4,10,1, ‘Photachemibal E)ualuation of 4'07:35-" '

‘ ’I‘He possibility of obt"aininq an estimation Sf the effi-
cxency of the T2 A (2T1/2E) intersvstem cmssn_ng process ( n. isc 'by :
photochemlcal means 1s. based onva lm\ltlng value of 4+2 = at hlgh
OH. concentrations., If %t is assumed that a seven—ooordina;te aguo-inter-
rediate is. formed via nu;:leophilicwattack of Hy0 on the Cr(III) center, |

" followed by deprotonation to give a seven—coordinate hydmxy—inteﬁrediate
with subsequent reaction with OH leading to the obs;rved Cr ()  (OH) 2+~
product, then direct attack by OH™ on the Cr(III) center of %1, /%8) -

Cr (\NN) 33+ should yield the same seven—wordinate‘hydroxy—mtémediate
and final product. Therefore,- by defj;ning the quantum yield for ;;hoto~
aquation in terms of thé rate c.:onstants and ef;:'iciencies of proc.esses

hich deactivate (1 /2E)cr(w) ¥, the efficiency for 'r, vw—a(ZTl/ZE

:Lntexsystem crossing should be obtained under specified conditions.

The overall quantum yield for photoaquation of Cr (bpy)

B 4 5 :
. hd 1
42 @ = T)lsc g = (3-180)
2 : - : : '

kobé

where 2k ' represents the sum of all the first-order (and pseudo ~first-
order) rate constants of processes leading to product formation, and k b
is the observed rate“oonstant for the decay of (2T1/2E) under specific

experimental conditions.

The values of ,4”'2 ¢ . for Cr(bpy) 33‘f (1 x 102 M), obtained in argon-

purged solutions at 50C for 1.0 x 107 M < [] < 1.0M (p=1.0 with

NaCl) , are presented in Table 3-30. values have been

b X
1

En ¥ St Mt L s R S 3 B R AT
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corrected for any thermal reaction, and are thus, attributable to photo- . )
. ' " .
chemical aquation alone. Under the experimental conditions used, P2, .

includes contributions from gmund—state quenching. Therefore, values
of 2k ‘and 2 (see equatlon 3-16) "were obtained by measuring the ob-
served lifetime of ( '1‘ /ZE Cr(bpy) > as a\functlon of substrate con-

centration at varlous [or }ana under 1dent1cal conditions used to deter-

mine 4+2¢> The values of Zko and Zkgs are collected in Table 3-30.

="
: 2 2

Employing these ko and.zk gsq values, kObs may be calculated from equa-

tion (3-16); these are included,in Table 3-30.

Assuming tﬁatﬂ%’flisc = 1, values of Zer' “may be.calculated from

equation (3-180) and the experimentally-determined values of 4.2 d ~

and zkoﬁé; an{' values are included.in Table 3-31. If it assumed that

| 420 represents the

A o= + X [oH’] , o (3-181)

.nucleophilic attack on (le/zE)Cr(bpy) 3+,to form the seven-coordinate
aquo-igternediate at for] £ 0.0 m._ At ]2 0.0 M, 2er,

P H20
flect, at a minimm, er + 2‘k [OH ] This assumes that ( Tl/ E)-

mist re-

Cx (bpy) 33+ reacts with H,0 for form Cr (bpy)B(HZO) and directly with OH |
' . OH
to form Cr (bpy) ;(0H) 2 e valwe of 2k can be obtained from the

slope of a plot (shown m Figure 3-38) of 2k vs [oH7], where [or7] ranges

from 0.10 - 1.0 M; Zk = 4.5 x 10° Ml sec . The contribution from
OH™

(’1,/B)Cr (bpy) 7T —> Cr (bpy) 5(0H) %* is then = % [047], the values

‘of which are tabulated in Table 3-3L. Values of %k 2° can then be cal- .

A )

culated from equation (3-182) .
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/ /’/" . R v I ‘ P
o “FIGRE 3-38 : Plot of “k_ vs [0B™ ] in the Range 0.10 -

s ) - 7

J ‘e
1.00 4 OH7 for Cr (bpy) ;7 at 5%.
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From Table 3-31, Zerz appears to decrease for 107 M < fow] < 0.3 M,

. H,0
and increase for 0.30 M S JOH ] €1.0 M. The decrease in Zerz may be

>

ratlonallzed in terms of the Cr(I1I) ceriter being orefereintiallv solvated
1 ,

by OH as compared to HZO as 0.30 M OH~ is approached, there w1ll be

vexy few HZO molecules around the Cr(III) oore .

It seens mllkely that 2k H0 will actually 1ncrease for [OH ] >
0.0 M. 1f 2k [OH ] represents direct attack of OB on the (*T,/’E) - |
species, then there must be some additional source of product. One might
'consider ground-state quenching as this product' source; then'ion—pairing,
between Cr(bpy) * and c1” occurs as well as that between Cr(bpy) 5 * nd
OH . As [OH jlncreases, ion~-pair formation between Cr (b )3 and OH
™ will predominate such that at [OH 1=1.0 M (where C1~ is absent), only

"theseiion—paired species'wilfbe present. Therefore, at [OH_] > 0.30 M, -

° v

B R S CL

N o
where 2k [Cr ] is that part of the total cround-state auenching “pro-

" cess that leads to product format_lon It is known that Cl1~ -mediated

«groux%xd'—state quenching does not vield produci: at low JoH 1. Values of

T T - ' sing v 2 g
[Cr Jare collected in Table 3- 32 using values of er and ka

gsq |
OH™ | from Table 3-31, and Lcr®"]=1.0 x 1073 M. Subs ntly, the
o] L M eque

“fraction F gsq of ground-state quenchmg that is effective m yleldlng

product can be calculated (see Téble 3—32) Note that at [OH ] =1.0 M,

L)
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ngq ~ 0.99, virtually all ground-state quenching leads to product for-

mation. A mmparlson of .the fractlon of qround—state quenching with the j

fraction of OH™ present in solution can be made by olottmq F vs [OH

.. and [OH ] vs [QH J, as in Figure 3-39; the fraction ngq does not fol-

low the fraction OH™ present. At low [OH_], there does not appear to be

5ny' ground-state ‘quenchirg that gives product; however, at 1 M [OH_], all

ground-state quegching leads to product formation.

If one assumes that both OH” and Cl” will ion-pair with 1 x 1073 M

(4A2)Cr (bpy) 33+ and (ZTl/zE)Cr(pr) 33+ to approximately the same extert,
. ) Lt /
then all (4A2) and (2'1‘1/2[:) species will be ion=paired. 'Furthermore, the
¢ \ rd

fraction of these m;alecules which are ion-paired by OH probably aporoxi-

. mates the fraction of OH ion present in solution. If # is assumed that

N

}

Foum is the fraction of.Cr(bpy) ,3+ molecules ion—pg'.red with OH and equal

to [0 ], then Fym =1 at'1.0 M [oB Jand Fp- = 0 at [} < 0.1 M. 1f

+ effective ground-state quenching giving prodpct formation necessitates

an O - OH interaction of (*A))Cr(bpy),** and (?r,/*E)Cr(bpy) ;*", then
ﬂ ‘ ’

a fra:cmon—Egsq of the ground-state quenching that is effectiwve in yield-
ing products must equal FOH—2 since the probability that OH, - OH ion-
pairing will occur is related to [OH- ion—pair]z. Plots of F Vs [OH :\

and FOH‘_z (see Figure 3-40) show reasonable agreement; the trend of

2 follows that of F

Fou gso

‘ . H- O
Inasmuchas?'k Y_OH]*'??\ ‘_C3+]+ rx2 +2k
One can calculate all the rate constants on the basis of the above assump-
tions; values/ of Zk are presz.gnted in Table 3-32. It would seem that

dev1at10ns in 2k are negligible, 2 nr(avrs:) = (5.7 f 0.5) x 10 sec l.

. /
2](rm,l’s not expected to change very m in the medidm used in these ex-

-
. perinents.
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FIGURE 3-39 : Plots of F__ V5 [o] (&), and Loa™] vs!

[oe"], ), in the Range 0.10 - 1.00 M OH~

for Cr(bpy) ;> at 5°C.
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FIGURE 3-40 : Plots of [oH7] vs [o67], (M), and FOI;I'Z\ v

3" " [ow], @, for Cr(bpy)33+ at 5°C in the
- — !
Range 0.10 — 1.00 M CH™.
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Returning to the dependence of 4"‘2¢rx on [ ], 4+2¢m is defined

l/ '
H,0 OH™
% 2 2% [w ]+ & letr 2 .
‘ 7 .
.- 2kobs "’ \
- ,
\‘ When FOH—2 <0.1, the ground-state quenching term in equation (3—11784) is

‘not significant and 4+2<I> rx is some function of [OH_J. When FOH-z— 0.1,

}the ground-state quenching term becomes important, and the relationship
between *26 _ and [04™] becomes quadratic in the Limit of [on™ | = 1.0.
A plot of 1/ 2 e V1Y [on P is illustrated in Figure 3-41 '

for 0.3 M < \-_OH'—] <1.0 M. The plot is li:near, 'and must have aﬂslope

. = 1 since it was assured in the pmﬁous analyses that 47’1150 = 1.. The
slope of the plot = 1.09. This plot suggests, thdugh does not prove, the
value of 47’( s *1 from the experirental results obtained: However,
4‘71'50 is probably very close to 1. The data do uxdlcate that direct
attack by OH ‘on (le/ZE)Cr(bpy) 33+ yieids a seven—coordinate intermedi-
ate which subsequently gives rise to quantitative formation of products.
Furthermore, the data show that gmtmd-;state quenching is the predominant

“

‘source of produci: formation at high OH concentrations.

L e

T T alueind %
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' 3.11. WAVELENGTH DEPENDENCE OF %% ¢

1286

'¢L

v 3+
pe®  Opp AND I' FOR C‘r(bpg./)s .

2 4

The photoagquation reaction of Cr (bpy)-433+ in bagic aqueous media

to yield Cr(bpy)z(OH) 2+' is one of the few Cr(III) complexes for which

direct reaction from (Z'I‘l/zE) is postulated for the quenchable compo— -

nent of the reaction. Furthermore, the unquenchable component of the @ _”'
reagtion is believed to originate from quartet excited states, and the
intersystem crossing (4T2WW$ 2Tl/ZE.:) yield of ca. unity for.excita-
tion at 313 nm. In light of these obsérvations and postulations, and
the recent report by.Langford and Sassevillel24 which hints at a wave-
length-dependent quantum yield for reaction and phosphores::enoe yields
of v) 33+, we have underfaken, a detailed investigation of this sys-

4

tem in an effort to elucidate the roles of the T2 and ZE excited states.

Wavelength dependencies for reaction and phosphorescence yields of Cr-

(III) complexes mabe been cited for Cr(en) 33+,36 Cr(NH3)63+n125 Lrans-

26 : ‘
and trans-Cr (en) 2 (NCS) 2+.120

Cx fen),, (9G8) (F)
']hel: wavgleng}m dependence of the total photoaquation quantum yield
( thi) , the Lmquex;xchable photoaquation quantum yield (4 %) and the
phosphorescence intensity (I') of Cr(bpy);”" have been studied in air-
equilibrated #fious solution (pH 9.6, p= 1.0 MNaCl) at 220C. S

was measured in the presence of 0.15 M I, such that more than 99.9% of

the reaction from 'the (2Ti/ZE) manifold was quenched. ‘fhe data for ¢ tori'
4o L 2d I' are tabulated in Table 3-33, and Figures 3-42 and 3-43 reveal
the wavelength dependence of these data. One notes the sharp decrease in
both '<l>t°tl_x and 4 L J in the excitation wavelength region 470 - 510 rm;
also, the (le/ZE) phosphorescence intensity I' varies in a similar manner
under  identical e;@er:i.nental conditions, as revealed in Figure 3+43. |

+ The phosphorescence intensity I' is directly proportional to the



FIGURE 3-42 :

287

\

’

, / : .
Plots of 4¢rx and I vs Excitation Wavelength for

§ .
Cr(opy) °™ at Pt 9.6 and 22°C in Air-equilibrated

Solutions.

-~
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tot . . - 3+
FIGURE 3-43 : Plot of q’rx vs8 Excitation Wavelength for Cr (bpy)3 ,
at pH 9.6 and 22°C in Air-equilibrated Solutions.
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TABLE 3-33 : Photoagquation Quantum Yields in the Abs_énce and Presence
, of Todide Ion and Phosphorescence Intensities of Cr(bpy) 3
s as a Function of Excitation Wavelength in Air-equilibrated
Solutions at pE ~9.5 and 22°C.

3+

A, nm 4+2¢ a 4¢, _ b o 1+ &
rx i

313 - Y 0.10 a g —
%5 0.094 . 0.0021 -
400 | - 0.0023 28.4
420 - —_ . 29.6
40 - — 28.7
° 458 . . 0079 © 0.0019 —
460 ‘ - — 348
477 o ows8” +0.0012 —
‘ 480 - - 25.7
o 488 T 0.034 o 0.0012 , —
| 505 - | — ‘ 13.0
514 - ~0.0009 —
520 Lo - L 13

529 0.007 '0.0007 -
540 - : - 2.1,

565 - - 0.3, | /

's73 . 0.0006 — —
584 0.0003 . 0.0001 S—
611 0.0003 - 0.0001 —

b

Estimatec error 15 —20%. Estimated error 15-20%. °

. BEstimated error 10%.

.IO

L
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phosphorescence yield from (2Tl/2’E) , so that as I' decreases there is

a coﬁmr}xitant decrease in the phosphorescence yield, 2 ®ag® The data

" obtained have been normalized to ybveal the ooincidence of the wavelength

-
dependence, and are depicted in Figure 3-44. A comparison of the ab-

sorption spectrum of ér(bpy) 33+ w1th the variation in <I>§t, 4 $ = and
I' (Fighre 3-44) reweals the experimentally-measured reaction and phos-

pboreséehoe yields begin to decrease 4in the low-energy tail of the first ]

quartet-quartet absorption band. Previous observations of this nature \ j

I}?Ve been attributed to the wavelength dﬁ!pendenoe of the (4'1'2 WW\>2E)
intersystem crossing efficiency, 47]isé’ suchthat at lower levels of
vibrational excitation, the 4T2 state is unable to efficiently come into
resonance with vibronic components of the- %} manifold.34

An energy-level diagram'is illustrated )a_-n igure 3-45.which depict;;'ene‘rgy
level aga:mst distortion; this can be used to ratlonallze the wave- )
length dependence of the Cr (bpy) e system. Absoxptlon of light yields

a Franck—Condon excited state,, FC;‘ the molecule is in a vibronic state
correspondjng. to a vibrationally-excited level of a particular electronic
state. In solution, the excess vibfational energy is rapidly dissipated tb

N
the surroundings via oollision with solvent molecules, leading to vibra-

tional relaxation, 4ki c At normal temperatures, vibrational relaxation

occurs in aboi.tt‘lO:Ll - 101~3, sec_l, depending on the amount of excess.ener-

gy that must be dissipated. The thermally—equilibrated (or "thexi") state,.

4‘:[‘2‘0, is lower in’energy and distorted inasmuch as the bc;nd length and

bond angle change relative to the 4A2 ground—-state geométry. Duri.ng the
equ.llJ.bratlon process, prompt intersystem crossing, , ]ﬁnsc' to the (2'1'1/
2E) mamfold may oocur; alternatwely, qua.rtet—-doublet mtersystem Cros—

smg may p:nowed from T to (2‘1'1/2E) , sc ( Tl/ZE) may undergo back-

’
L]

EX Y
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\ - [
( * FIGURE 3-44 : Nommalized Plots of %0 o2 and %5 s Excitation
! | Wavelength for Cr(bpy),>" at pi 9.6 and 22°C in Air-
equilibrated Solutioms. ) -
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FIGURE 3~45 : Simplified Energy-level Diagram for the Wavelength

/>

Dependence of the Photoaquation of Cr(bpy) 33+ at
pH 9.6 and 22°C in Air-equilibrated Solutions.
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intersystem crossing, Zy‘bisc’ to 4Tzo; chemical reaction is then expec-
ted from 4’I.‘ZO. If there is no back-intersystem crossing, -1Ehen chemical

¢

reaction occurs( from (le/zE) . .
Depending on the amount of excess vibrational energy available,

"4kic will vary; the greater the available energy, the faster the rélaxa—
tion pmceés will be. As. the an‘plmt of energy becomes less, 4ki¢ may
decrease sufficiently. sﬁch that othér p‘rdcesses (e.g., prompt intérsystem
crossing or prompt reaction from the quartet) may compete w1th the re-
laxation process .‘ Thus, as the excitation energy decreases (excitation
wavelength increases), these other processes may become competitive with
4kic' It has been pn:oposedl 27 that the reactive excited states are ‘those

'which are thermally-equilibrated; that is, the 4'1'2° and the 2E states.

For the Cr(bpy) 3}'_ system, the spectroscopic energies of the 4

T2,
4‘1‘1 and (2T)//2E) electronic states are known; however, the energy of the

4T2o state remains unknown. Further, the quartet excited states are ex-

, ’
pected to be severely distortéd relative to the 4A2 ground state inasmuch
as the electron gonfigurations are tg geé and tgg" respectively. The "\

(2T1/2E) states are not expected to be distorted since they belong to the.
tgg configuration, and there is no Stokes shift observed between the 4A2
&—> (2Tl/2E) absorption and emission maxima. This distortion is re-

-4

vealed in Figure :3%15 . Keeping previous mechanistic evaluations in mind,

it is quite apparent that there is no simple’, straight-forward explanation

for the observed wavele\ngl:h dependence; the begavior cannot be attributed
solely to i)rompt 4’1‘2 reaction, to 4T2° reaction subsequept to badc—intgr—
system crossing from °E, nor to direct reaction from 4‘1‘20. '

‘ Some analogies between the results obtained hereJ.n for Cr(bpy) 33+

and ‘those for tr.rans—Ch:(er;)2(NCS)+ can be drawn. Sandrini and omozkérslzo

£.
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have shown that for Cr (en) , (NCS) 2+ the quantum yield for NCS~ release,

% yeg-r and the quantum yield for proton uptake, ¢ .+, remain constant
for excitation in the wavelength ’rénge 365'1 ~ 560 nm; however, the rela-
tive phosphorescence quantum yield, -®§e . remains constant in the

330 - 450 mm region and then decreases sohewhat in the lw—enérgy side
of the lowest quartet-quartet ébsorption band () max = 487 m) . Similar
phosphorescence quantum yield behavior has been cbserved for Cr(én) 33+ v

and Cr(NH3)63+.36'125 Furthermore, there exists an unquenchableyoompo—

nent of each photoreactionfor C:(en)'z (NCS) 2+ Whlch necessarily must ori-
ginate via direct reaction from 4'1'2. The quenchable reaqtionA component
of the photoreaction has two possible fatesl: i; direct reaction from 2E,
or ii) delayed reaction from 4’1‘2 after passing through the 2E‘.‘me:mifold.
Whereas the ratio for the two photoreactions, "DNCS-/ bt is the sate
for both the quenchable and unquenchable reaction components, it was sug-

gestedlzo that both the quenchable and unquenchable reactions orjginate

from the 4T2 state, via prompt and delayed reactions, respectively. Thus,
back-intersystem crossing (ZE ww~>4T2) must be an Mr&nt decay process
of the 2E state of this complex ion. We have;'\previously noted that the
back-intersystem cmssipg process, zkbisc' is thought to be wnimportant
for Cr(bpy) 33+. The res(ilts obtained for the Cr(en) 2(NCS) 2+ system were
interpretedlzo on the basis of interaction between the 4'1‘2 and %E states, .
both states having a common component when canpl\éte | (spin + orbital) wave
functions are considered. This leads to an "avoided crossing" situation,

in which two energy minima exist. Fig\ire 3- 46 illustrates this situation

for which X and ¥ derote the two minima. At excitation energies greater

than the "mixing region” (e.g., to point P in Figure 3-46), the excited-

| / .
state molecule can relax to either the X or Y minimum; whereas, for
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FIGURE 3-46 : Schematic Represental\tion of the Quartet-doublet Excited-

state Mixing in trans-Cr(en)z(NCS) ;; from Figure 5 in

Reference 120.
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excitation into vibrational levels ocorresponding to energies lower than

the "mixing region", excited—state molecules would preferentially relax
‘ rel

p 1
would necessarily be expected to be less than in the case for relaxation

into the~¥ minimm. "In such a case, the phosphorescence yield, ¢

to minimum X. The Y-X energy barrier is expected to be low inasmuch as

120

intersystem crossing is an adiabatic process. The result of such an

interpreta/t_lpn—is/ﬂie/possibility of reaction from the Y minimum, as well
as reaction from X, such that any molecules reaching Y directly from ex-
citation to P can undergo a prompt reaction. Those molecules reaching X -

upon excitation to P can either deactivate through phosphorescence or

back-intersystem cross to Y’and then react. Whether the ligand substitu-

tion reactions occur directly from ¥ or from another interm_ediate (2)

120

was mot discernable; but a concerted associative mechanism was thought

. most probable.

A reaction scheme can be suggésted at this point which represémts
the results observed for the wavelength dependencd exhibited by Crlbpyly>
and takes into consideration the energy level diagram of Figure ,3-1;5 and
Sandrini's interpretation of the results obtained for Cr(en)z(N(B)2+.

This is presented in Scheme 3—7“.V The wavelength defaendence observed for
the photoaquation of both the quenchable and unquenchable reactioﬂ compo-
nents nevi:als that, in fact, the tﬁem\ally—equilibrated quartet excited
étatg, 4T2°, is not in'volved in the prompt photoaquation reaction inas-
much as both ¢§t na 4°1:x begin to decrease at ca. 470 nm; an unquen-—
chable reaction quaptwn yield (% — 7 x 10—4) is measurable up to ca.
530 mm. Therefo_re, it wuld seem that éxcited—state quartet reaction
must originate from sare%er vibrational level of the quartet mnifold,

desii;nated ds A in Scheme 3-7. Whereas the luminescence intensity shows

.
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excitation into vibrational levels oorresponding to energies ]:ovoer than
the "mixing region”, exc:.ted—state molecules would preferentially relax
mtothe Y minimum. In sEhacase, the phosphoresoence yield, ¢p l
would neoessanly be ;xpecbed to be less than in the case for relaxation
to minimum X.. 'The Y-X energy barrier is expected to be low inasmch as

120 The result of such an

intersystem crossing is an adiabatic process.
interpretation is the possibility of reaction from the Y minimum, as well
as reaction from X, such that any molecules reaching Y directly from ex-
" citation to P can undergo a prompt reaction. Those molecules reaching X
upon excitation to P can either delictivate throwgh phosphorescence or
back-intersystem cross to Y and then react. Whether the ligand substitu-
tion reactions occur directly from Y or from anothef intermediaté (2) .
was ot clisoernablé;120 but a concerted associative mechanism was thought
most probéble. ‘

| A reaction scheme can be suggested at this point which represents
the results observed for the wavelength dependence exhibited by Cr(bpy) 33+
and takes into oonsidération the energy level diagram of Figure 3-45 and
Sandr:nl's interpretation of the results obtained for Cr(en) (NCS)2+.
- 'mis is presented in Scheme 3-7. The wavelength dependence observed for
the photoaquation of ‘both the quenchable and mqmmchable reactlon ocxupo—'.
_nents reveals that, in fact, the thennally-—ethbrated quartet excited
state, 4'1‘2 , 1s not involved in the prompt photoaquation reactlon mas— ‘

ot
much as both ‘Dn{

and 6 beglntodecreaseatca 470 nm; anunquen—
chable reaction quantum yield ( ® x =7 x 10~ ) is measurable wp to J_c_a;.

530 rm. Therefore, it would seem that excited-state quartet reaction

must originate fram some higher vibrational level of the quartet manifold,

designated as A - in Scheme 3-7. Whereas the luminescence intensity shows
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a similar wavelength dependence in the 470-510 rm region, the (%1, /%E)

‘doublet manifold population must also begin to decrease at this point. -

In consequence, there would appear to be two processes, chemical reaction
and intefsystem crossing, which compete with vibrational relaxation from

the initially-populated Franck~Condon state. The nature of the (?) spe-

" cies in’Scheme 3-7 ‘is -tenuous at this point, since one cammot delineate

whether it is a ground-state chemical species or an excited-state species.
It 1s possible, however, to m@t a potential energy surface d;a-

gram for‘ the Cr(bpy) 33+ (Figure 3-47) samewhat analogous to that for Cr-

(en)., (CS) ,' in order to poetulate a plausible photoreactivity model. Ex-

citation energies above 460 (i.e., A > 460 mm) initially yield a;.ck_
4

Condon quartet state, "FC, which rapidly deactivates via vibratio; re-

la;.xatﬁ'.on. Excited-state molecules so produced can relax into either the
X or Y minimm (see Figure 3-46), for which elaxation into X gives rise
to the observed photoaquation from the (ZI'l/ZE) manifold, ka, a.ndi to

L4
phosphorescence, % Those excited-state molecules relaxing into Y

4
nrr

rad*
can undergo prompt reaction from Y, 4k , deactivate non-xadlatlvely,
and/or intersystem cross to the (ZT /ZE) manifold, is . Intersytan
crossmg is expected to be rapid inasmuch as it must compete with vibra-
tlonal relamtlon, which is expected to be very fast ( ~ 10 12 sec) . Ex-
c1tata.on :Lnto the "mixing region”, where some quarl:et—doublet 1ntexact10n

is assumed, occurs in the 470 - 510 nm region where qstot 4

¢, and I'

all e)d’llblt a sharp decrease. Ebcc%!ted—stabe molecules thus produced can
relax into the X.and the Y minima as well. However, thedecreaseln the
phosphoresoence quantun yleld indicates that the ¥ m:.ruxmm is preferentxally
ocaupied. ‘Smoe there is measurable photoreaction to ca. 530 m, it is

likely that the majorlty of exc1t§d-state molecules also relax to the Y

4
H
4
i
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FIGURE 3-47 : Energy-level Diagram Depicting Wavelength Dependence

tot 4
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Solutions at pH 9.6 and 22°C.
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[
! 9
"
o~
Y
2]
’
e
, -
4 v
- '-——-
3
-
\
e -
b
" R -
A
-
'
’
,
"
s
-
r S
~ °




305

e et AT TVt B

e Py o Tt k?%rl’ﬁw
¥
1Y "

A
R e et



SRy + T+ AT Pt YT Ao e i 5

ka2 )

Lao Tk e

3

minimm. ( e
Addltlonally, one can speculate on the nature of the species in thex

Y minimgm generated from the relaxatlon down the VJ_bratwnal mamfold

which acoompanies ligand-field transitions in octahedral d° complexes .

Two vibrational modes accompany the 4A2 44T2 transition, namely the

symmetrical breathing mode 2y, and the,b{)c}d.e mde t;,, as shown by HOl-

lebone s tensorial model. 123 The syrmetrica.l breathing mode essentially

causes an octahedmn to mdargo a 60° rotation of ane of its trigonal |

faces to yield a trigonal prismatic (TP) 'geometry.

L4

? | ,

/N N N
.\ 0 T
/ ' ' (3-185)
\ —_— :
A0 TS | Ni* N
’ \J\]

Excitation into the 4T2 manifold is also accompanied by the ‘buckle mode,
which may be strong emough to expose the metal center on one of the faces
of the octahedron. The exposed face could certainly facilitate nucleo-

philic attack by H,0, and thereby lower the energy reqfired to fom the

(3-186)
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seven-coordinate aqtn—intemedilate. From these omsiderations, a trig-
onal ;;rismatic georretry (TP) oould be associat®d with the Z species in
\- Sandrini's20 work (see Figure 3-46), and the activation energy (g. 9

4s reaction can be attributed to the

.kcal/mole) associated with the =

energy lj‘equued for the formation of the sewen—coordinate intermediate

from the trigonal prismatic species. Fiqure 3-47 can then be modified

to illustrate the wavelength dependence for & tI;t, 4 er and I' for the

. z,:/Cr (bpy) 33+ system including the aforementioned considerations; this is -
depeicted in Figure 8-48. o |

‘ Support for a trigonal prismatic (TP) geometry fgr the 7 species may
be obtained from X-ray crystal structure data for various tris-chelate
carpleﬁes, M(bidentate) 3x+' which have approximate Dy symmetry and geom-
etries rangir‘lg from nearly octahedral (Qu) to txigonal prismatic (TP) .

From such data, thé "bite" b of the chelate ligand may be determined,

o5
x+
A o
. M1 b (318
X |

.

A
and can be used to give an indication of the coordination geometry. In -
general, as the "bite" of the ligand is progressively decreased, a oon—-

128 1 oasi-

tinuwous change from regular O, to TP gecmetry is expected.
tion to the "bite" of the ligand, the pitch angle, ¢ , (angle of twist
. between the upper and lower triangular faces of an octahedron) is indica-
' tive of the coordination geometry; o= 30° forvoh' geoetry and = ¢°

<
»
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FIGURE 3-48 : Energy-level Diagram Depicting Wavelength Dependence

and Reaction Pathways from the Variouws Ground- and '

Excited-state Manifolds of Cr(bpy) 33+.
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. gle; this would cause a decrease in the "bite" of the bipyridyl ligand, /

310 ’ . : -

for TP gecmetry. ’ .

‘ (3—1_88)

a

Normalization of the "bite" b (by assuming a metal-donor atom distance of

unity) for several M(bidenta£e)3x+ species of ~D, syrrmetry reveals suéh

trends in "bite" 'and pitch angle. Some data is ooll%cted in Table 3-34 :
part A for various N- and S—donor atom trls—chelates, the data reveal

that as the "bite" b is decreased, TP éeometr.y becomes °moxe favorable.

Other trends, as well, are observed: i) O gecmetry is favored by addi-

tion of electrons to the complex, ii) the "bite angle" X-M-X :anrease.?

as the M-X distance decreases, and iii) the "bite angle" is J'ndepencient‘

of electron" configuration, although the M-X distance increases with the ’

addition of electrons in the t2 subshell. - .

A comparlson of the data in part A of Table 3-3% with that in part B
for the polypyrldyl c:omplex ions would seem to suggest that it would not
be difficult for the polypyridyl complexes to distorg to a TP gecr%tty
Furtherm$re, excitation of the Cr (bpy) -, conplex is accampanied by an

increase in the M-N distance, which necessarily decreases the N-M-N an-

and thereby favor a TP geometry. | ' /
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3.12. EXCITED-STATE BEHAVIOR OF Cr(bpy) 33+ IN CH4CN/H,0 MIXTURES.

The first step in a bimolecular reaction is the diffusion of two

reactants A and B to fom an encounter complex (EC),

/

(3-189)

KEC - [A' BJEC

[2-B]. ) >  products (3-190)
the nature and fate of which are governed by the solvent cage. The kine-

tic behavior is described by the following rate expression
[A] ’ (3-191)

when [Bl>> [A], as is the case in solwolysis reactions, the value of
KEC[B] > 1, and the rate = kl[A]; this ;Ls so because enoomtér complex
formation is unavoidab.le. Thus, solvolysis reactions are always first-
order in [A]l. | \'

From a coordination cherist's point of view, the encounter camplex

in solwvolysis reactions can be seén as the solvation of reactant A. The

. solvation shell of A is composed of a primary coordination sphere and a

secondary coordination sphere. The former comprises the nearest neighbors
of the central atom in A, and is highly ordered as a result of solute and i
solvent influences. ' 'The secondary coordination sphere is composed of

eneounter parfners, and of encounter partners and bulk solvent in dilute

solution.
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In thermal solvolysis reactions the nucleophilic character of the

solvent tends to laower the barrier to substitution via bond-formation
stabilization of the transitionestate. In photo-—solvolysié reactions, on
the other hand, the nx:gleophilé may interact with an excitéd—state solute
species possessing energy greater than the barrier to thermal substituj
tion. As a result, the nuclec‘>phile (solvent in solvolysis) in the photo-
reaction can take part in the selection of excited-;state deactivation
pathways father than in lowering the substitution ba.rrier.

In solvolytic reactions where the nucleophile (reactant B) is a sol-

‘vent mixture, the question arises as to which nix:leophilic component  pre-

ferentially solvates ‘reactant A. Hersey129 has employed 1H-NMR solvent
rélaxation methods to investigate the exchange /}é proton muclei between
a paramagnetic chromium(ITI) environment (primary coordination sphere)
and the diamagnetic bulk solvent environment (secondary coordination

sphere); specifically, the preferential solvation of Cr(bpy) 3% in 0{3(1\1/

© Hy0 mixtures. It must be recognized that there is rapid exchange of

solvent molecules between the primary and secondary coordinations spheres

on the NMR time scale. L.

Oné parameter that can be extracted from the NMR studies is 1/7,.
As applied to the Cr(bpy) 33+ fon in CHACN/H,0 mixtures, n /no describes
the nuber of water molecules in encounter with Cr (bpy) 33+ in the mixed
solvent system (7) as compared to the number of water molécules in en-
cownter with Cr(bpy) ;> in pure water (7); thus, 1/7), compares the
probability of encounter between H,0 and Cr (bpy) 33+ in a mixed solvent.
system to the encomtér probability when .all of the primary coordination
sphere sites are océupied by water (equal to unity).

If‘ the wrrpositién of the primary coordination sphere is the same as
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t?rl;at for the secondary coordination sphere, then a pi.ot of /M vs mole
fraction CH,ON ( x CH3CN) would be linear with a slope of 41 for &e
methyl protons of CH,CN; a similar plot would be linear with slope of -1
for the protons of water,30/13l his situation is revealed in Figure
3-49 by the dashed lines, and corresponds to no prefelrential solvation of
Cr (bpy) 33+ by either CH;(N or H,0. Thus, where no preferential solvation
bj}i either solvent component occurs, 1/ N, isequal to the mole fraction
of so}vent ocomponent.. If, however, Cr (bpy)33'+ is preferentially solvated

by CH4CN, then the plot of N /710 vs should reveal data points

X ey
for the CH, (N protons above the line of slope +1; and the data for the

130,131

H0 protons would appear below the line of slope -1, as illustra- .

ted by the solid lines in Figure 3-49. Figure 3-50 depicts Hersey's 2
results for the Cr(bpy) 33+- GI3CN/H20 system, for which the T/ 710 values

for the CH3CN protons increase gradually as X cH increases, )while

CN
3 f
n/ Mo for the H,0 protons exhibits a much sharpé.r initial decrease as
X CHACN increases. Furthemmore, the results show oonclusively that CHy(N
3

occupies the primary coordination sphere sites preferentially over H'20.

Jor example, at X, = 0.5, Yl/no for the methyl ‘protons of CH,CN fall

N
on a curve which is ;ositive with réspect to the situation of no prefer-
ential solvation, and M/7 o for the H,0 protons fall on a curve below
the’no preferential solvation situation. However, ane notes that the

N /'qo E { XCH3CN plots for Cr (bpy) 33+ (Figure 3-50) do not exhibit
ide;l prefgarentﬁ.al solvation behavior, when compared to the solid lines
in Figuré 3-49. As Hersey'?? has pointed out, the non-complimentary be-

havior of N/ Mo ¥8 X gy MY be due to a dependency of T,, the observed

CN
3
average relaxation time, .on the primary coordination sphere composition

as a result of same interaction between the aromatic bipyridine ligands

whiad

R mn ki,
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FIGURE 3-49 : 7 /7?o Vs XC;H oy for a Complex Undergoing Preferential
Solvation; dashed lines represent the case of no prefer-

ential solvation. Fram reference 129.
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FIGURE 3-50 : Preferential Solvation Data for Cr(bpy) ;" at 25C
Plotted as 7] /9], vs Mole Fraction of @3@1 for CH,QNV/
| HZO Mixtures. Selid c:.n:les show value of 7? / Mo
derived from NVR 1inewidths of‘Hz,O protons; open circles

refer to data derived from the NMR linewidths of the

™
- methyl protons of CH3CN,- from reference 129.°
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,‘\gnd CH3CL\f . In addition, the "interligand pdckets" present in Cr{bpy) 33+

can accomcdate water molecules, and thus the system would require that
these molecules be displaced ;a:ior tofi%(N solvation of the paramagne-
tic center. This, then, may account for the sharp decrease in 71/710

(Fiqure 3-50).
49,51,122,132-134

with increasing ¥ CH3CN

Recently, several’ groups have reported on the sen-
sitivity of 'Cr(III) photoprocesses towards changes in medium. A basic
question in the understanding of such effects is to distinguish effects
which are static from those which are dynamic in nature An aid to this
distinction would include Mommn on solvent molecule distribution

g

about the Cr(IIT) complex. As Wion to the ground-state preferen- i
tial solvation of Cr(bpy) 5 by CH3<'1§ “Feported by Herse%,lz_g the effects
of solvent composition on the photosolvolysis of Cr (bpy) 33+ was investi-
gated in GH,ON/H,0 mixtures. Specifically, the quantum yield for photo-
reaction, and the phosphorescence intensity and lifetime of Cr (bpy) 33+
were studied as a function of CH ON/H,0 solvent~t¥wposition in air-equil~

jbrated solutions at 22°C.
Figure 3-51 depicts the variation in the cbserved lifetime of (2Tl/
2 3+ . o s ‘s
)Cr (b{:’y)3 for various Xy oy In air-equilibrated and a.rgon—pl,l';ged
k) l. .
solutions; the lifetime varies with solvent composition, though not ex-

ponentially. These results contrast those reported by Henry and Hoff-

\nan49 wherein the decay rate of the transient absorption of (2‘1‘1/2}3) Cr-
(bpy) 33+ remained constant (at 1.6 x 10% sec™ within experimental error)

for 0 % Xgg oy < L Henry™ attributed this behavior to the inability

' of solvent polarity to sufficiently perturb the system so as to alter the

rate of non-radiative decay, 2km.. ‘Similar results were obtained49 for

02 XDMFS 0.1 in DMF/HZO media, though more recently Porter and Van
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N Houte.nSl 1122 observed an expone.;xtial decrease m 24 obs with’ increasing
X pvF in the range 0 < XovE - < 0.1. The latter observations suggest that
quenching of the (2Tl/2E) specms by DMF involves an increase in 2k
while Zkra a remains constant. Moreover, the xelat.lve ;hosmoresceme
lifetimes parallel those of the relative intensities of (31 /ZE)Cr(bpy)
in CH;QV/H,0 mixtures, as shown in Figure 3-52. The (2T1/2E) phosphores-—
cence intensi::y I is given by equation (3-192) . For comparative purposes,

_ 2 _ 4 2 ’ . __"
I = "% ~ 2krad Mise T » (3-192)

-
equation (3-192) may be rewritten as (3-193), where the swpexscripts H

and S dapote HZO and solvent mixture (CH3CN/H20) , respectively.

S
S 2. S Zk - 4 8 2 S ) .
I o] : .
- rad = rad . Tl isc T (3-193)
2 . H 2, H 4 2 H . s
IH "% rad k nlsc T | \\

rad -

1 Inasmuch as 2k g is proportional to the refractive index of the solvent,

2 S

k >4 and 3 H ad would differ; but the refractive in-

it is expected that
dices of HZO (l 333)3 and CH3CN (1.342) are very similar, and thus it is
assuned that 21-: Sd and 2k g are also similar _(Zkridz Zkrgd) . The value

of nisc 1s known to be = 1 from previous work (see Section 3.10.): thus,

S’ 4 S 2 8 . ‘
I —_ Tlisc T (3"194)
H R .

I 2 H

Figure 3-52 and the data in Table 3-35 show that (1° / 1) and (315 /25

—

gt I T R

RS
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FIGURE 3-51 : Depepﬁence of Emission Lifetime of (2'1‘1/213) Cr (bpy) 33)*
Species on Solvent Composition Expressed as Mole ‘
an?tion CH,ON. Closed circles denote data obtained
in air—equilibrated solutions; open circles refer to

# data for argon-plrged solutions.
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FIGURE 3-52 : Effect of Added.CH,ON on the Luminescence Intensity
and Enission Lifetime of (°T)/%E)Cr{bpy) ;" Speciés
- Expressed as a Function of Mole Fraction of CH5CN.

Temperature, 22°C; air-equilibrated solutions;

Lermoy *) =15 x 1077 1
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TABLE 3-35 : Relative Values of (7'!/7\0)(:H

N

.» Phosphorescence

Intensities I, and Lifetimes for Cr(bpy);” at 22°c
{ ‘ as a Function of CHCN Composition.
’- :
‘ X /M) (x° /1 2S5/ 2 H
% 1.000 1.00 0.650 0.678
f. 0.9439 0.97 0.565 0.589
i 0.8918 0.95 0.575 0.614
' 0.8432 0.93 ' 0.550 0.543
\\ 0.7978 0.90 0.519 0.524
0.7158 o.é\s 0.525 0.514
0.6591 0.82 0.560 £ 0.594
/ 0.4942 0.76 0.654 0.608
1 .3999 0.70 0.750 . 0.689
.3399 .0.62 0.738 0.697
,2556 0.56 0.77 0.789
.1862 0.48 0.828 0.816
1283 0.40 0.869 0.957
.0790 0.23 1.009 0.995
£
.0367 0.13 0.988 0.997
.000 0.00 1.000 1.000
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have the same value for the same solvent composition; this observatio

indicates that nlsé also equals ~ 1 inneat CH,0N as well as in CHyON/
H,O mixtures. In consequence, the variations in (218 / ZTH) and (IS/
IH ) mst arise fram an increase in zknr' the rate constant for non-radia—
decay of (2T /ZE)Cr(bpy) '3+. This is most likely the case for 0
<XCH¥N< 0.7; however, in therange 0.7< XCHCNS 1, there is a

3
large increase m 2' s in argon-purged solutions for which a slower rate -

of chemical quendung of ( 'I‘ /ZE by H,0 is indicated. Thus, at ¥ CH3CN
_ > 0.7, quenching of (2‘1‘1/2E‘.) by CHON probably occurs at diffusional
rates. The similar valwes of (T /IH) and (2T S / T By lend addi tional
credence to the value of 47'( S ~1. This is consistent with Porter's
::esult:s51 122 which showed a dmumrtlon in relative 1ifetimes and phos-
phorescence yield in DMF/HO mediar  The results obtained could not be
attributed to "variations in the population of the 2E state arising from
either changes in the decay of the T, precursor state ror to changes in
the efficiency of intersystem crossing to the ZE state".

The variation in phosphonescence intensities and lifetimes in the

yreg;,on vhere 0.80 < XCH < 1.00 are revealed in Figure 3-53; conven—

tional Stern-Volmer kmetlcs for quenching of (2'1‘1/2E) by B0 are observed,

as defined by equation (3-195). The plot of 2r o /21 S vs [Hzo]of

4
'

LN
20 = 14 ok, Lazo} =1 + quzTolnzo] (3-195)

Y

3.1

Figure 353 yields a quenching rate constant 2kq(}i20) = 2.67 x 10° M

sec_l, in satisfactory agreement with a value of qu (H20) =2.97 x 103

M1 secd £rom the plotof I,/ I vs [HZO] in Figure 3-53.

I b 3 s A A i e
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FIGURE 3-33 : Stern- olmer Plot for the Water Quenching of the

Phosphorescence Intensity and Emission Lifetimes
-
of Cr(bpy) 4 in CH,QVH,0 Mixtires (0.80 - 1.00

mole fraction (H3CN) . S0lid circles demote inten-

sity data; open circles denote lifetime data. *
/
/

Temperature, 22°%¢ ; argon-purged solutions;

Teroy) 37 ]=1.5 x 107 m.
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In addition to phosphorescence intensity and lifetime measurements ‘

in CH3CN/HZO nixtures, the quantum yield of photosolvolysis (¢ rx) of

bty Xy o s & ot 3 e

Cr (bpy) 33+ in air-equilibrated CH,(N/H 0 mixtures at 22°C has been deter— _

mined; the results are depicted in Figure 3-54 . It is apparent that ¢ x

PR —

exhibits three distinct regimes: (a) ® __ initially increases as X

varies from 0.00 to 0.08; (b) q)rx remains essentially constant (0.062

\\ﬁ 0.011) from 0.08- to 0.75 mole fraction CH,(N; () in the region where

IR s g R

CH (N

t’r : 0.75 X "£1.00, q)rx shows a sharp decrease with increasing
such that at XCH ™ = 1.00, ¢ x < 1l x 10—4. In region (a), pre-
3

T N

. X g
b ,  ferential solvation results indicate that the available solvation sites

are beooming occupied by H,0 molecules rather than CH3CN molecules. In

region (c), (Drx increases with increasing T_Hzo] and reaches a limiting

value (at X ~ 0.25) before a situation occurs in*

CH, N XH,0
which H,0 is a significant ocxnpor;ent':' in the primary coordination sphere
)

- 0.75,

of the Cr (bpy) 33+ ion.

‘; ' ' The results seem to indicate that it is not necessary to invoke a

" solvolysis mechanism different from that outlined in reactions (3-86) to
(3-100) for Cr(bpy) 3}" in aqueous alkaline solution. | Assuning this, the

i rate of formation of the seven-coordinate intexmediate (reaction 3-196)

Crfercelm T+ 0 ——>  crloy) 0> (3-196)

should be proportional to the probability of encomter betveen (2'1-1/23)’—
Cx (bpy) 3’3+ and H,0; as such , a 1i¥xear relationship between the rate of
formation of Cr(bpy)3(H20)3+ and T]/Y\o would be expectéd. However,
these rate data are ot available, though plots of ¢  vs 1/M_ ail

Vs XCHCN are virtually the same. From the available results, it is
3
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FIGURE 3-54 : Dependence of the Photosolvolysis Quantum Yield on the
Solvent Composition for Ct(bpy) 33+ in (I{3CN/H20
Mixtures. Temperature, 22°C; air-equilibrated solutions;

[ertoey ] = -2 x 207 m.
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concluded that reaction (3-196) represents an equilibrium situation which
lies to the left ‘:'m region (a) where X H,0 is small, and becomes satura-
ted in region (c) wherein subsequent removal of H20 molecules (increas—‘
J.ng XCH3Q\I) has no effect on the equilibrium, '

' Exploying the ‘ground-state prefemntlal solvat:m, emission life~
time and inten51ty data for Cr(bpy) 33+ in C'H3(1\I/H20, a oomparlson\mth
analogous data for the m—Cr(NH:a)z'(NCS) 4— (R") complex ion allows for
some interesting dist;‘nction‘s to. be made. The preferential solvation
profile for frans-Cr(NHy), (NCS),” in GH(V/H,0 nixtures is presented in
Figu;:e 3-55; a camparison with the analogaus, profile for Cr(bpy) 33+ (Fig—
ure 3-54) indicates that both complexes are p;:eferentiélly solvated by
CH,(N in. their ground states, ‘ Furthermore, the point at which the ocompo—
sition of the solvatit'm.shell obntains equimolar amounts of CH3CN and H,0

(tl'}e equisolvation point) occurs at X = 0.10 £5r both trans-Cr (NH3)2"

CH,ON
3 3+

(NCS) 4- and Cr(b};;y) 3+. However, the similarities between R~ and Cr(ﬁpy)3
for the data ‘cbtained do not go beyond this point. The douwblet-state life-
tire of R in alr—equ,xllbrated neat H,0 at 23% is ca. 6 nsec “(extrapo- -
lated ‘fraom low-tempera data) and increases t? 106 nsec in air-equili-
brated CHyN ;f: 23°C;l 2 whereas, the doublet-state lifetifne of Cr (bpy) 33+
in air—equilibrated neat H,0 at 22°C is 42 pgec and decreases to ca. 19
usec in air-equilibrated neat CH3CN at 22°C )(determlned in thJ.s wo:k)

The consequence is that the doublet-state Cr(bpy) 3+ spec1es is capable

of undergoing a great many more successive encounters with solvent mole—
cules than a}e possible for the dot;blet%tate R species. Analogous data
%o those in Figure 3-54 for Cr(bpy) 3 are presented in Figure 356 for the
mosphorescence lJ.fetme guenching of R in 0{3(11,4{20 m.uctm:&s * The re—
sults for R®show that T, / T varies llnearly with 7/ ‘q (HZO) though

\

» N -
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FIGURE 3-55 : Preferential Solvation Data of _t:_;rans___-Cr(NH3)2(NCS) 4— _ ’, ’
at 25°%C. , Circles derote data from the NVR lirewidths

of CH3CN protons; squares show values derived from the

NMR lihewidths o;f Hy0 protons; reproduced £rom

o
reference 135. ) -

n 4 - '

- T 0.5% A . ’ 3 ‘
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Effect of Wateyp on the B&s'on Lifetimes of trans-

Cr (NH,) 5 (NCS) 4_ in CH:;(N/Hzo Mixtures. Open circles

derote T o/ T vs.Mole Fraction of Water; solid circles -
N .

derote T /T agai‘)nst N/N, of water; reproduced (in

part) from reference 132.
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the dependence of go /7 on the nurber of moles of water in the solva-

tion shell in the mixed solvent system, X H.O is not a simple one.
’ 2

Ry

Tt would appear at this point that the behavioral differendes between
excited-state trans-Cr(NHy) ,(NCS) ,~ and Cr(opy) ,”F in CH,ON/H0 mixtures
can be attributed to static vs dynamic effects of the solvent system on
the ooxrplex ion. Dynamic effects involve diffusional processes rein
the reactant A and solvant B form the encounter complex [ A- B]l?C (equi-~
valent to reaction 3-188 at diffusional rates). . Therefore, reacifion (3-

188 becomes (3-197) for an excited-state species *A. On the othé}.r hand,

i
k 1
. .
A+ B diff__ N Y_*A---B]EC‘ \'(3—197)
N k '
~Qiff

¢
static effects are dgperident on prior physical or chemical "association”
between A and B. The following argurents favor static effects' of solvent
on trans-Cr (NH ) 5 (NCS) 4 and dynamic effects on Cr(bpy) to acoount for
the photo—sens1t1v1ty of chrcmlmn(ﬂi) mnplexes to changes in rnedlum
caposition. (1) The much shorter doublet-state lifetime of R limits the
magnitude of the mumber of excited-sta {E;r;comters with solvent nolecules,
_ whereas the much Jonger (2'1‘1/ E)Cr (bpy) llfet:me increases the probabi-
lity of such encounters. As a result, gmund—state encounter camplex for-
mation is favored for trans-Cr (NH3)2(NCS)'4; and excited-state encounter

complex formation is favored for Cr(bpy) 33+. The increase in the emission

lifetime of R in going £rom neat: H0 to neat CH,N solvent was attribu-

: : ‘ .
ted? to enhanced vibrational cofmmmication between R* and hydrogen-bond-
LY . |

ing solvent molecules. Hydxbgen—bOéxd acceptance is possible from the \'l -

(NHB) ligand, but not fram the (bpy) ligand; hence, analogous behavior

( e st i ¢

[
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from Cr(bpy) 33+ is not expected on the basis of hydmgen—boﬁd_jng abi-
lity of the solvent to the complex ion. 1In terms of observed doublet-
state lifetimes, the R camplex ion would be expected to favor a static
process, while Cr(bpy);5+ woul(ll favor a dynamic process. (2) The linear
relationship between {o /t and 7| /N (H,0) for R (Figure 3-57) is ex-
pected for a static process inasmuch c-:ts quenching by H,0 is propdrtional
to the mumber of 1:1 encounters between R~ and H,0, and the results in
Figure 3-57 have been attributed > to quenching of R~ by H,0 via chem-

ical reaction (photosubstitution). ZLinearity in N/ o for ground-state

,sblvolysis of Cr(NCS) 63— was attributedl 35,136 to a 1:1 reaction of the

solvolytically-reactive solvent with the complex ion without significant
involvement of other solvating molecules. For the Cr(bpy) 33+ system, a
dynamic gquenching process is evidenced in the region 0.80 < XCH3CN < 1.0
(Figure 3-53} where H 0 does not make an important odntribution to the

population of the ground-state equilibrium solvation shell, an‘%‘ thus does

not contribute 51gn_1f1cant1y 'to the initially-formed excited-state solva-

tion shell. Furt:her, the non-linear preferent‘ial solvation curve (Figure
?—50) clearly i_r]df;'cates that if any occupancy by H,0 does occur, it is non-
linearly dependent on bulk solvent cgrposition; iaovaever, in a dynamic
process, the collisional probability will depend on the composition of
bulk solvent as long as X,  remains small. In fact, a dynam'c quench-
ing pmcess predicts oonvenilonal Stern-Volmer plots (equatlon 3-195,
Flgure 3-53) as well as parallellsm between em;Lssmn llfetnme and, inten- ‘
sity quenchmg measurements. 65 The similar values of k (H20) from the
lifetime and intensity quenching measureirents for Cr (bpy) where 0 <

)(H 0 £ 0.20 support a dynamic quenching process for this system.
2 y '

The results obtained for the quantum yields of photosolvolysis of

!
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Cr (bpy) 33+ (Figure 3-54) and R cannot be used to arque for or against
static or dynamic processes, though a camparison of their photoreactivi-
ties in H,0, CH,N and CH3G\I/H20 mixtures contributes to an understand-

ing of the relative roles of the quartet and dowblet excited states, as

well as some of the photophysical properties. ‘ -

Chen and Porter originally postulated that 50% of the photo-

aquation of R in methanol /water/ethylene glycol (2:1:1) at -65°C occurs

directly from the quartet excited state, the remainder occurring from the
7

quartet state subsequent to passing through and return from the unreac-

tive doublet excited states. In room-temperature agqueous solution, ¢ "

133 132

= 0.26 in CH,ON. Adamson's investigation of the emission life-

tires and their apparent activation energies in various solvents and sol-
. . X
vent mixtures led to the suggestion ‘that the doublet-state lifetime is

controlled by a single process - chemical reaction from the doublet state,

% x- Thus, it was proposedl32 that the quenchable yield for photo-

aquation results fram difect reaction fram the doublet state. An inves-
tigation of the relative behavior of «he photoaguation and phosphorescence

quantum yields for R in the temperature range -195 to 25°C was interpre=

20

ted” in terms of the presence of a.non-radiative decay process which

competes with radiative ‘decay but leads to photoaguation; this conclusion
suggested réaction from the quartet excited state. A detailed analysis
by Shipley and Linck ¢ of the various results support a‘mechax.uisn for
photoaquation in which the quenchable reaction component comes from the
quartet excited state subsequent to ba;ck-intersystem crossing from the

15

dowblet state. As Kirk ™ has recently pointed out, those studies which

-yt

support direct doublet-state reaction for R remain ‘inconclusive.
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4.0. CONCLUSIONS.
Over the last ten yeaxs, the photochemistry of transition metal

. polypyridyl complexes has been extensively investigated in view of the
recognition that these complexes possess several favorable characteris-
lti(s for incorpofatign into tl;xe development of solar energy conversion
and storage schemes. Any endoergic photoreaction is capable of conver-
ting light energy into chemical energy. The product of such a reaction,
|if stable, may be considered a potential fuel to be stored, transported
and converted to a material with oon’o&nitant evolution of enerqgy.

One of the more attractive ways to utilize solar energy is the pho-

tocatalysed splitting of water to yield dihydrogen and dioxygen:
hv
H.0 > Hy + 1/2 0, © (3-198) ~
' cat .

Direct vhotolysis of H,0 with sglar radiation is not feasible inasmuich as
the absorption spectrum of H,0 does not overlap the solar emission spec-

trum; thus, the reaction must be sensitized by redox catalysts in some

cyclic scheme.
| jWhile the vast majority of the investigations on photosensitizer
species have focussed on Ru(bpy) 32+, polypy:ridyl éomplexes of Cr(III)
have also been studied. Miller and M.endanl38 have observed hydrogér;
evolution from syétam ingoxporatir;g Cr (bpy) 33+ or Cr(4,4'—Me2bpy) 33.
An a'queous solution (pH 4) contairning Cr (bpy) 33’“,‘ Ru (bpy) 32* , EDIA and
Pt(CH) , was irradiated (410 - 500 rm) to produce hydrogen with a ¢ ~0.002,

. 1 : '
based on Cr(bpy) 33+ . 38 The following reactions were proposed:

v

ol

-

Cr (boy) 5> b y . Coy/Eceten) 0 (3-199)
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(%1, /°B)Cr (bpy) ;> + Rulbpy) 52 >
Cribpy) 2F + Ralbpy) (3200

Ra(bpy) ;> + EDIA ———> Rulbpy) ,°* + EDIA + 00, + CHD  (3-201)

-

cr(bpy) ,°F + H' > Crlpy) T+ 12H,  (3-202)

Pt (OH) 2

An analogous scheme for a system comprised of Cr(4,4'-Me2bpy) 33+‘,'R1'.1-

138

(terpy)22+, EDTA and Pt(OH)z at pH 4.9 has been reported, with ¢ <

0.003. Cr(m),* serves as the light harvester because of its higher
'conoentration (than Ru2+) in the system, the Ru2+ complex serves as the
reductive quench#r of (2Tl/ZE)Cr(NI\I)33+, while EDTA acts as the "sacri-
ficial" species to reduce RuSt prioréto back electron transfer between

Ru3+ and Cr2+. The advantages of Cr(,4,4‘—Meszy) 33+ over Cr(bpy) 33+ in-

clude its longer (2'1‘1/?‘1-3) lifetime, stronger reducing ability and decreased

reactivity toward photosolwvolysis.

More recently, Ballardini and ooworker5139 have reported H, evolution

from aqueous solutiohs using Cx (NN) 33+ as the photosensitizer in systems

carposed of Cr (NN) 33+, EDTA ahd a platinum catalyst. The reactions are:

/
cr o) ¥ R - (Zrl/%i)cﬂm)f* _ (3-203)
. :3+ o . ’ .
'(2Tl/2E)Cr(NN)3 + EDTA —— > Cr(NN)32++ED]3A (3-204)
' ‘.Cr(NN)32+ + B - s> Cr(NN)33+ + 121, (3-205)
IRy

EDIA —> irreversible decamposition . (3-206)
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The investigation demonstrated that only those Cr(NN) 33+ complex ions
possessing sufficiently negativé reduction potentials to reduce H at
pPH 4.8 were capable of photosensitizing H, ;Smduction. Thus, Hy evolu-

tion was observed for NN = phen, 4,4'-Me2bpy, and 4,7—Mazphen; yields

were < 0.001, 0.025 and 0.035 ml H,/ min irradiation, resPectively.]‘39

Electricity generation is also a potential avenue of use for Cr(NN) 33+

complexes. Langford and coworkersl40 have observed a cathodic photo-

current in a photoelectrochemical cell upon irradiation; (457 - 514. nm)

-2

of 10 © M Cr(bpy) 33* in deaerated 0.1 M H,S0 Employing a transparent

4
n—~type SnO2 semioondy::tor and a platinum counter electrode, the photo-

.current observed results from the reductlon of (2‘1‘ /?‘E)Cr(bpy)

the electrode to yield Cr(bpy) 3 .Addition of a reduclng scavenger
(FeHEDIA) to the solution ééused the photocurrent to become anodic, due
to oxidation of Cr(bpy) 32+ at the' platinum electw:vode.?'40 Though the sys-
tem was not optl'_rﬁized, utilization of complexes with longer lifetimes
should increase ﬂ;e efficiency of such a photoelectrochemical, cell.
Sucoessfui utilization and comprehension of the potential applica-
bility of Cr (V) 33+ species as photosez?sitizers in solar energy conversion
and storage schemes neoessita:tes .knwle‘dge ‘of the photochemical and photo-

€
physical properties of these oonplexes As well, these properties are

o

required to elucidate the role(s) of ‘che various excited states in these
camplex ions. Furthermore, with this knowledge, it is possible to com-
pare the photoreactivity mdels of Cr(R) . with those of other Cr(ITI)
complexes, as well as other transition metal polypyridyl complexes.

The inVestigationg of the gmmd—state,l and photophysical and photo-

chemical behavior of Cr(NN) 33"' has al;aned for intensive characterization

LA

of the lowest excited doublet manifold, including its lifetime, the factors

o
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affecting its lifetime and chemical reactivity, and its chemical reacti-
vity in agueous and mixed solvent systems. -More specifically, the lowest
excited state of Cr (NN) 33" has been identified as the thermally-equili-
brated (ZTI/ZE) - The observed lifetimes of (2‘1‘1/2E)Cr(NN) 33+ are rela-
tively long when compared to other Cr(IIT) complexes and M(NN) 3n+’ and
vary with the nature of the substituent on the,bpy or phen framework.
This variation has been attributed to the capability of the ligand to act
as both an oscillating perturbation dipole and as an energy acceptor.

The 1ifetime of (Z'I‘l/ZE)Cr(NN) 33+ is affected by the presence of

large concentrations of anions such as X = élo4_, NOB-', Cl~ and HSO e

The observed in¢rease in the observed lifetime is attributed to a de-

L | . 2
crease in both Zer and anr’ with the greater effect on er. The de~

3+

crease in 2knr arises from extensive ion-pairing between (2'1‘1/2E)Cr (NN) 3

and X which places the aqion in the interligand pockets, with the cor;—
sequence that the vibrational freedom of the ligand and the efficiency
of electronic-to-vibrational energy transfer processes are decreased.

The decrease in Zer results from ‘the occupation of the interligand pock-
ets by the anions as well as in the solvation sphere, which results in
decreased access to the Cr(III) core by the water molecule. Ground-state: )
guenching of (ZTl/ZE)Cr (NN) 33+ has also been observed in the presence of

added anions. Quenching constants have been evaluated for several Cr-

3+
3

in the presence of various anions. The ground-state quenching phenomenon

(NN) 33+ species in Cl~ media, as well as for Cr(bpy) 33+ and Cr (phen)

is seen as arising from collision-induced encounter of ground-state ion-’
paired species with excited-state ion-paired species to form an "ion-
bridged excimer".

The long-lived (Z‘I‘l/ZE) Cr (NN) 3?& species are capable of engaging in




a wide varietéy of excited-state bimlecular xeactiéns. Quenching stu-

dies have shown that (Zrl/zE(Cr(NN) 3:” is a strong oxidizir;g agent. The
;zxcited—state redox potentials have been calculated for (le/ZE)Cr(NN) 33+
from the corresponding ground-state pétentials and spectroscopic energies.
Cr (NN) 32+, the electron transfer product of reductive quenching of (2"‘ / 2g) -
Cr (NN) 33+, have been identified and characterized by their absorption
spectra. Several bimolecular electron-transfer quenching reactions have
been investigated, along with the energy transfer‘ ‘pmcess which occurs
between (ZI‘ /ZP)Cr(\IN)3 and molecular oxygen.

Investigations of the photochemical reactivity of Cr (NN)3 in aque-
ous alkaline solution reveal that ( _]_/ZEI)Cr(I\IN)3 is produced with near-
witary efficiency from the initially-populated Franck-Condon quartet
excited states for irradiation at A < 450 nm. (Z‘I‘I/ZE)Cr(NN) 33+ undergoes
photoaquation via nucleophilic attack by H,O at the Cr (III) center to
yield a seven-coordinate intermediate, Cr (NN) 3(ﬁ26)3+. Deprotonation of
Cr (NN) 3(H;0) 3+ followed by ring-opening, leads irrever;sibly and quanti-
tatively to the observed products, Cr(Ni),(OH)," and (). The pH and
temperature profiles of 9 ox for the ‘(ZI‘ /ZE)CI(NN) * (MN.= bpy and phen)
photoaquatlon reaction at pH 9 - 10.5 implicate a reaction mechanism smu—
lar to the thermal aquation of these oonplexes.l '

On quénchjng. >99_.9% of the (le/ZE:)Cr(bpy) 33’+ photoagquation xeaction'
with iodide ion, there remains an unquenchable reaction component which

presumably originates from the short-lived quartet excited state. This

\ fmquenchable component has been observed for MN = bpy and phen. Studies

of. the pH and temperature profiles of the unquenchable reaction component
of Cr(bpy) 33+ indicate that reaction mechanism is indistinguishable from

that proposed for the (Zl'l/zE) and 4A2 aquation reactions. Temperature
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dependence.stuiies of the unquenchable reaction émponent for Cr(phen) 3'3+
were not easy to rationalize inasmuch as Arx:fxerxius:type plots were non-
linear. ’

The wavelength dependence of the quenchable and unquenchable reac—
tion components, as well as the phosphorescence intensity, of Cr(bpy) 33"'

was investigated in the 313 - 611 nm region in order to determine if a

fchemi&:al reaction and/or a prompt intersystem crossing process was’ capa-

ble of competing with vibrational relaxation down the quartet exctted

4 2

state manifold. A ocoincidental sharp decrease in ® 4 ® .y and I'

at 470 ~ 510 rm was observed. The results have been interpretgd in temms of
‘i:he presence of prompt intersystem crossing to (le/‘ZE) in the 500-rm
region, along with prompt chemical reaction from some higher quartet vi-
brational level than 4T2°. 'The reactive pathway presumbly leads to
some species having trigonal prismatic geometry. ,n

Examination of the photosolvolysis of Cr(bpy) 33+ in CH,ON/H0 mix-
tures reveals the preferential solvation of Cr(bpy) 33+ by CH,CN ';» althouwgh
o simple model can account for its react::.v:Lty However, a detalled
comparison of the Cr(bpy) 5>* system with that of Cr(NHy),(NCS),” in the
same solvent system suggests that dynamic effects predominate in the
Cr (bpy) 33+ system whereas static effects are responsible for the beha-
vior of Cr(NH,), (NCS) 4—. 'Additioﬂglly,[ it "is not necessary to invoke a
photosubétitution mechanism different from that in agqueous nea;a for the

mixed solvent system.

[}
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ADCENDA
Y _—a_—-— -
‘Characterization of the Chromium(III) Product from ihe Reaction

* 'Between CrCl, and 2,2'-bipyridine Under Slow Oxidation. ’
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bright yellow [Cr(bpy) N (c1o4)3-{/2 H)Q conpound is vsually

d by a modified procedure of Baker and Mehta,8? ih which an
oxygen-free, acidic CrCl, solution d.séadded to an oxygen-free aqueous
* suspension of 2 2'-bipy§:iaim The resultingki‘am suspension, @r{bpy), -
(€104), ,"is subseqxently oxldz.zed with chlorme gas ix.m_ymld the bright *
' yellow crude pmduét However, in the synthesm‘qf this compound, a
] p:.nk.oroductwas of;en obtamed It was of interest to examine the'na—
ture of thn.s prcguct, whlch presumably arises from the slow om.datlon of -
- crlpy) 5 | |
.The X-ray crystal structure of this plnk product (Flgm:e 357 was

4

‘ klndly determ:med by W A, chkranasmghe and P.H. Bird. Their mults
show that this product is [c:z(bpy) (H,0)C1] (c:lo4)‘ '21-120 The mlecular )
gecmetry about the oentral chromium atont consists of two bldentate~b1—
pyridyl_ ligands, and a chloro gfm\_JQﬁ a H,0 molecule in a cis positions
The c:r-w'[m‘(l), N(3), N(4)] distances.aye 2.037% 0.005 &, except for the i
“Cr-N(2) bond distince vhick is 2. 059(5) 3. The longer Cr-N(2) bond dis- -
tance probably 'is dwe to a small trans J.nfluence by the chloro—g{ou;;. .
The Cr-Cl and Cr-0(9) (water) bond distances are 2.259(2) and 1.975(4) A,
respectively; C-N distances are 1.34 *0.01 A. Intra-ligand N~cr:ﬁ bend.
angles are 79,0(2)° and 79.6(2)°, which are comparable to the correspon-

ding angles ‘ound for Cu(bpy) 2+ 142

,bonded 143 , o the coordlnated water, 0(9)~O(water) distances are 2.67 and

The -two water molecules are hydrogen—

-

2764 A. 'I'here are s‘lx Cl()}4 units §bout the Cr(lx:y)z(HZO)g P cation
within 3.3 A of a ron-hydrogen atom. One of these Cl0,  species has oxy-
gen atoms wedged in the pocket defined by the two bipyridyl ligands, remi-
m.scent of ion~pairing in the solid state.l44 o

L . , \

:‘ % ' . \’%
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FIGURE 3-57 : Geometry of the cis—Cr(bpy) ,(H,0)C1 2

* Cation; made
’ .available by N. Serpone.
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Purther (spectmphotonetrlc) characteri;zatmn was afforded by recor-

ding the visible absorption spectrum of the pink product in a01d1c and >

‘basic media. In 0.01 M OH solution, the spectrum reveals a broad band

[

at 550 nmm ( s=65)wh1dlsharpensandblueshlftst0520mn ( e=56) in
0.01 M HCl. By comparison, the Cr(bpy)z(OH)z complex cation has the

oorresponding band at; 518 rm { € = 49) and Cr(bpy)z(I«IZO)2 3

,at 492 m
(e =148)."0 Furtherrore, the visiple absorption™spectrum of Cr(bg-y) o
(8,0) , ** exhibits bands at'~ 490 m ( € = 40) which. red-shifts to ~ 520
m ( € = 40) upon addition of base.l45 Thus, in aci‘dic media, the pink
product species exists as Cr(bpy) (HZO) Cl , and 1n basic media as
Cr(bpy) , (H)CL *. The spectral observatlons for the: cr (bpy) , (001 2
complex ion are dnsistent with exg;egbations since Cl affords’a weaker
ligand field than either OH or H)0, and thus' d-d transitions occur’at
longer wavelengths (i.e., lower energies). Interestingly, Tucker and co-
woﬂ«arsl46 reported the same ¢ompound [Cr (bpy) (HZO)CI] (C164)2'21{20 pre-

pared from a corrphcated electxolytlc reductlon procedure. Elemental

analyses for C, H, N, Cr and total Cl were in good agreement w1th%alcu— .
lated vAlues; a test for fxee Cl™ was positive only after heating the salt,

but no spectrlal data were reported. Nc.J and G,au:nerlf17 have syr;thes:.zed
cis-Cr(bpy) , #,0)C1 2* by aquation of the cis~dichldto complex and isola-

ted it in agueous solutibn by cation exchange chromatography. Visiblé,

~absorption spectra for the Cr(bpy), (H,0) Cl2+ and Cr (bpy) , (H,0) 23+ species

‘ {
lné F HC1l reveal d-d bands at 517 mm ( € = 43.5) and 492 nm ( € = 44.5), D

~. N T K { - !

respectively »
. As a further examifiation of the nature of the pink product, the pK,

values of Cr(bpy) (HZO) Cl and Cr(phen) (520)2 were determined under : o

identical conditiods; it was assumed that the pK, values of Cr(bpy), (H,0),>"

. | , .
. &m(

, . ) . o -,
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”

‘and the analogous phen complex would be very nearly the same. Thus, in
1.0 M NaNO, solution, the potentiometric titration of Cr (bpy)z(‘HZO) c12* |
gave’ a curve typical of a monobasic acid, with PK, = 4.6 (error = 0.2),

Under identical conditions, the potentiometri¢ titration of Cr(phen),-
(}120).23+ yielded a curve rgminiscent of a dibasic acid with pKl = 3.0

and pK, = 6.0 (error * 0.2). These latter results are in good agreement

with those reported by Inskeep and Bjerr[lm145 for which PK; =3 .5 and L

pK2 =6.1in0.1 M NaNO3 'fbr the Cr(phen)z(HZ'O) 23+ cation.
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