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1. INTRODUCTION

The purpose of this program has been to investigate the possibily that
luminescent transition metal complexes (TM complexes) might serve as the
basis for a new class of lasers tunable in the visible spectral region. At

the beginning of the program , s u f f i c i e n t  spectroscopic and photophysical
data were available to permit calculation of threshold requirements for
these new materials, and they were found to lie well within the range of

conventional pump sources. This threshold analysis assume -I perforce that
losses which are unknown do not e x i s t .  In particular , data concerning

losses due to excited-state absorption at the luminescence wavelengths are

either incomplete or nonexistent for these materials.’ 5  This state of
affairs is hardly surprising in view of the complexity of excited—state

absorption measuremen ts. In fac t, little data is available on the
excited—state absorption of fluorescent organic dyes which have been

otherwise extensively studied .6~~ Rather than attempt to fill this gap in

the spectroscopy of TM complexes , the decision was made to proceed wi th
laser experiments after synthesizing the complexes and carrying out

preliminary screening with low—energy pulsed excitation .

Virtually, none of these materials is commercially available, so that

a large portion of the first year was devoted to synthesis and purification

of complexes which appeared most promising for laser applications. This
F 

amounted to five groups of materials: metalloporohyrins; ruthenium (II),

iridium (III) and rhenium (I) complexed with nitrogen heterocycles

Cd 6 systems); and square planar rhodium (I) and iridium (I) phosphines

(d8 systems). Emission spectra and lifetimes were routinely measured and

compared with literature data to positively identify all synthesized

complexes.

The first pulsed experiments were done at a low energy (20J) with a

xenon flashlam p and were designed to compare the peak fluorescence

intensity of a known laser dye with the peak emission of TM complexes.

Such peak-intensity ratios are complex functions of radiative lifetimes ,

absorption spectra , concentrations , and excitation spectral distribution

and intensity . Without performing a detailed analysis incorporatinq all

of these variables , it was possible to infer from the observed peak

in tensity ratios that thresholds for TM complexes should be within the

reach of conventiona l pump sources, a conclusion which confirmed the

calculated thresholds . This observation is a necessary but not sufficient

condition for lasing .

1
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Toward the end of the f i rst year , a 4003 xenon f lashlamp apparatus was
completed and preliminary laser experiments were attempted . These continued

into the second year while construction of a second generation 12003 xenon
flashlamp apparatus was completed . All promis ing complexes were subsequen tly
tested with the higher energy pump . In addition , a frequency doubled ,
Q—switched Nd:glass laser was assembled and used to pump complexes in

specially designed low—loss resonators. Only Ru(II) and metalloporphyrins

were tested with this multimegawatt laser as these are the only materials

with pump bands appropriate for 5300A radiation. Under no conditions was

laser ac tion detected from any luminescent TM complex .
The sections which follow contain an overview of the electronic spectro—

scopy of TM complexes and a complete list of complexes which were synthesized

and evaluated during the program. A discussion of specific properties of

each group of complexes was given in the Annual Report. This has been

augmented and for completeness sake is included here. This is followed by

a detailed description of the flashlamp pump apparatus and the laser pump

apparatus together with a description of the resonators used in the laser

pump experiments. An analysis is also given of the effect of pump pulse

duration on threshold requirements. Finally, a concluding section presents

a rationale for the absence of laser action in TM complexes and a stronq

recommendation is given for carry ing out appropriate excited state

absorption measurements to settle the issue of whether laser action can

ever be achieved at any pump level in this group of luminescent materials.

_ _  
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2. STRUCTURE AND SPECTROSCOPY OF TM COMPLEXES

In general, luminescent TM complexes incorporate a second or third row
transition metal ion bound to an organic ligand such as l,lO-phenanthroline

or a porph yrin derivative . Numerous spectroscopic investigations have

established that the resulting molecular electronic transitions which are of

interest in laser applications may be classified as either ligand localized
(v i , n*) or metal ligand charge transfer.’ Absorptions are frequently intense
and are found throughout the visible spectral region .

Emission occurs only from the lowest excited electronic state (or
from states thermally accessible from the lowest state) and is always

partially forbidden. It is this forbiddenness which distinguishes the

luminescence of TM complexes from the fl uorescence characteristic of purely
organic materials and raises the possibility of energy storage and 0—switched

operation . The origin of this forbiddenness may be understood by the

following qualitative description . Electronic transitions in molecules

comprised of light atoms may be classified as spin forbidden or spin allowed .

In the usual case , this given rise to a singlet manifold of states optically

accessible from the ground state and a triplet manifold accessible only

indirectly via intersystem crossing from the singlet levels. The introduction

of a heavy metal ion into the molecule blurs the spin distinction since

levels become mixed due to  s p i n - o r b i t  coupl ing  and sp in  labels  are no
longer approprLitt- . Nevertheless, the distin ction is not completely lost

is evidence by the re l - i tively long rad i - i t iv e lifetimes found in TM complexes.

In fully .illowed t r u v~ i t i o n s , lifetimes arc measured in nanoseconds, whereas
in highly f t  l i~~ I. -n transitions, excited states may persist for seconds. TM

complex  emi- ;s i n s  I i i  in the range t l0 5s, between the extremes, and
may be cons l l i -, .- I  h i i h f y  1 orttirhed levels of tripl et origin. This opens the

* 
l~o ssihi1It ~ ~I h i - !h - - } w .’r . ’~l d e vi c e s  pumped with microsecond flashlamps .

A se ’oti 1 (
~~ n St ( l U C n c *  of  n t  ronq sp i n  o r b i t  c o u p l i n g  is a very rapid

~~nv ,~r s i n of it t ” i l e v e l s  to  the e m i t t i n q  level. Luminescence is never

observe (I t! ~~~~ upper l e vel s  n ot  i n  t he rm a l e q u i l i b r i u m  w i t h  the  lowest level.

T h i s is i n  ‘ r i t i  i st  t t , i n t c  dyes in w h i c h  fluorescence is commonly seen
t .  comp et e  • ‘ t ! .~~- t i v c l y  with conversion to the lowest electronically excited

1. - el (the l owest t i  i l e t  ) . This relaxes the requirements somewhat for the

! i~ ; t t  in.- t i f  p h . -  pump p u l se  in th ,it it need not be fast compared with an

intersystt’m crossing r , . t ,  which populates an optically metastable lowest

level. In TM - m } lexes, i t  is t he lowest level which is of interest, and 
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any excited state absorption losses associated with this level are independent
of the rate at which it is populated . The analogous losses in organic dye

lasers are singlet-singlet absorption from the fluorescent level. We will

comment further on these points in the Conclusion Section.

2.1 RUTHENIUM(II)

Hexacoord ina te Ru(II ) complexes containing the bidentate ligands 1,10—
phenanthroline (phen) and 2,2’-bipyridine (bipy)

Ru2’ Ru2’

Ru Iphen)~ ’ 
Ru (bipy)~ ’

were among the earliest discovered highly luminescent complexes and are the

most well  ~~~~~~~~~ A number of der iva tives have been syn thesized which
incorporate pheny l , methy l and halogen substituents in the ligand rings.

These complexes emit in the region 0.55 im to 0.75 in and have

emission lifetimes in the range 4 i~ts to 10 u s in alcoholic hosts at the

temperature of liquid nitrogen. At room temperature , emission intensities

are appreciable in fluid solution and are enhanced by incorporating the

complexes in rigid plastic hosts such as polymethylmethacrylate and

polyesters. Even in plastics , the room—temperature lifetimes are at least

a factor of two less than the lifetimes at liquid-nitrogen temperature.

Low energy (203 ) flash experiments show that the peak luminescence

intensities are factors of 20 to 40 less than the peak fluorescence inten-

sity of a lO 3M Rhodamine-60 dye solution. This means that Ru(II) complexes,

will have threshold pump-power requirements at least a factor of 20 to 40

greater than Rhodamine—60. Although this estimate is only a necessary and

not s u f f i c i e nt requirement for  lasing, it does indicate that laser action
is a possibility with conventional flashlamp pumping .

a

4
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For a four-level system, the minimum population of the upper laser

level necessary to achieve threshold is given by:~~

~n > 4i~ AA tR/A t c

where:

A is the emission maximum,

1IA is the emission bandwidth at half height ,

is the radiative lifetime ,

tc is the cavity lifetime .

Using parameters appropriate for Ru (bipy)3C12 in l-propanol at -150°c, we
have:

TR 1 X lO s

t
~~

= l  10 9s

= 600 rim

= 80 nm

‘-n ~ 1.3 l0~~ moles

A.bsorption spectra and the emission spectrum of Ru(bipy)3C12 under these
conditions are shown in Figure 1. At the concentrations which are necessary

for laser action (~~lO~~ moles ~~~~ Figure 1 shows that ground—state absorp-

tion losses are significant at wavelengths shorter than 610 nm but that

lasing is a possibility at longer wavelengths. This is a common occurrence

in fluorescent organic dyes in which qround-state absorption losses limit

* 
laser oscillation to the red edge of the fluorescence band . At present ,

the data are lackinq to assess luminescent—state absorption losses. Only

one study 5 has appeared on the excited state absorption of Ru (bipy)3C12
and this was confined to wavelengths shorter than 500 mm , although at

500 nm this absorption was very weak if present at all.

At high concentrations, Ru(II) complexes exhibit intense absorption

in the visible which leads to highly nonuniform optical pumping . In a

cylindrical cell , it is expected  that the nodes with the lowest thresholds

will be at the center of the cell , so it is important to ad just the complex

concentration and cell size to permit a large rate of excitation at a

I
—
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pentration depth equal to the cell radius. The total rate of excitation
R over the entire absorption band A X  at a depth x is given by: ”

R(x) —f P°(A ) :(X) -i ( - \ ) exp 1-a(A)xj d~

where:

is the number of pump photons per cm 2/s

(\) is the luninescent quantum efficiency ,

~ ( \ )  is the absorption con5tan’ .

In the approximation that P0(k) and -~ (k) are constant , the rate of excit~ —
tiOn is proportional to:

K = f  i expi-cixidi

2.4 x 10 5M ~ 2.4 x 10 4M \ 1.2 x 10 3M
Ru(bipy)3C12

1.0

/
EMISSION

2.4 x 10 5M

0.5 -

500 600 700
WAVELE NGTH (nm)

Figure 1. Absorption and Emission Spectra of Ru (bipy )3Cl 2
- in 1—Propanol at —150°c

6
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In Figure 2, the function ci exp I-~ax j is computed at the cell radius for
5 l0’

~~ moles f~~ Ru(bipy)3Cl in l-~-’ropanol at —150°C for 1 sus, 2.5 nsn

and 5.0 mm diameter cells. Integration between 400 mm and 570 mm leads

to pump excitation rates of 11, 33 and 68 x i0 6, respectively . These

rates compare quite favorably with ruby and europium chelate lasers” and
show that Ru (II) complexes can be effectively pumped .

X = 0.05 cm

0 0  a o o o 0 0 0 0 o 0 0 00
0 0

6 -  0
0

0 o 0 0 Ru(bipy)3C12

0

0

4 -
S 0

0 0 0 0 00 0 0 0 0 0
0 0.125 cm 0 

0

0
0

0
2 - 0

0 0 0 0 0 0 0 0 0
0 0 00 0 0

0 0 0 0 0 0 0 0 0 0 :
8

- 0
0 0 0 0 00  O.250cm 0

° 0 o o o o O O o ~~ 0 0 1 i
400 450 500 550

WAVELENGTH (nm)

Figure 2. Rates of Excitation for Ru (bi py)3C1 2 
in 1—Propanol

at —150 C Cilculated at the Center of 0.1 cm ,
0.25 cm and 0.5 cm Diameter Laser Cells

The complex Ru(bipy) 3C12 is typical of this group of materials.

Substitution of phenyl or methyl ~roups causes small red shifts in

absorption or emission spectra as well as intensification of absorption

by about a factor of two. Similar remarks apply to rep lacement of

bipyridine ligands with phenantholine, and room temperature as well as

— liquid nitrogen temperature spectra and photophysical properties have

been summarized for a variety of these complexes.

7 
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Ru (II) complexes Synthesized :

Ru(phen) 3cl2
Ru(4 ,7-dipheny l phen)3Cl 2

Ru(4,7-dimethy l phen)3,Cl.

Ru(3 ,4,7,8—tetramethyl pheri)3C12
Ru(2 ,9—dimethy l-4 ,7-dipheny l phen) 3Cl 2
Ru(5 ,6—dimethyl phen)3C12
Ru(5-bromo phen) 3Cl2
Ru (bipy ) 3Cl2
Ru(4 ,4’—dipheny l)3C12

2.2 IRIDIUM(III)

Complexes of Ir (TII) with l ,lO—phenanthroline and 2,2’—bipyridine are

highly photoluminescent and emit in the range 0.45 rn to 0.70 rn. Tris

complexes of bidentate li gands are difficult to make and the norma l product

contains two chlorides coordinated to the metal , ’ for examp le:

Cl CI

\ /
1r3l

Ir (C12 bipy2)~

Unlike Ru(II), variations in liqands (bipy , phen and their derivatives)

can cause major changes 111 the photophysical pro -i t ies of Ir(III) com-

plexes. This has been explained by invoking two electronicall y -x tcd

states , one a metal to ligand charge transfer (MLCT) state and the other

a liqand centered ~t , ~ state, which are energetical ly very close. ~

Minor changes in chemical structure or solvent can cause one or the other

to be lower in energy and therefore to be the emissive state. For laser

applications , it is the MLCT state , as it is in Ru (II) complexes, which is

of interest and complexes which show Ml.CT emission h a v e  lifetimes and yeilds

very similar to Ru(II) comp lexes.

8

~ 
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Low-energy peak-intensity measurements show Ir (III) complexes to be a

factor of four less intense than Ru(II) complexes. This is very likely

due to less favorable pump bands which begin near 450 run arid rise sharply

to high values for a .  A more serious drawback , however , is the photo-
labelization of the chloride ligands which are irreversibly lost during

illu .nination in fluid solution .’~ This behavior is not limited to the

dic-hloro complexes , as the tris complex Ir(bipy) 3C13
15 also shows photo-

degradation. Althoug h this chemistry may ultimately limit the utility of

Ir(III) complexes , it probably is not a problem in low temperature glasses ,

and should not affect single shot laser experiments .

Ir(IlI) complexes synthesized :

Ir (C12 phen2)Cl

Ir (Cl 2 bipy 2)Cl

Ir(C12 (4,7—dipheny l phen)2)Cl

Ir(Cl 2 
(4,4’— dip henyl bipy )2)Cl

2.3 IRIDIUM(I) AND RHODIUM(I)

Recentl y, it has been reported that square planar comp lexes of lr(I)

and Rh(i) with the diphosphine liqand cis— 1 ,2- (diphenylphosphino )ethylene

(P=P) a r -  l u m i r -~-~c -!1 t

(CSHS)2 (C6H5)2

HC CH

JJ I , . H
HC CH

(C6H5)2 (C6H5)2

lr(P=PJ2~

In alcohol ic solution - i t —1 )11 C, Ii (P~ P)1C l has  a 9.4 .s emissio n lifetime

anI shows i narrow emission band c e n t i r l  at 546 mm . It has effective pump

h i t - I s  ~~~~ 109 nm m d  550 mm ; however , the Stokes shift is small and

the, - is extensiv e overlap between absorption and emission which leads to

9
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serious losses. The only hope of achieving stimulated emission under these

conditions is to have substantial depopulation of the ground state. Because

the emission bandwidth is small (AX 15 rim) , the minimum population required

for oscillation is ‘n ? 3 . lO~~ moles C1 and complete conversion is a

possibility. Nevertheless , it is doubtful that this complex can be of

practical importance as a laser because it irreversibly reacts with oxygen

to y ield a nonluminescent 0,—adduct . Rh(P=P)2C1 has a 29.5 u’s emission

l i t - t i n e  at —165°C and shows broad emission (\ = 595 mm , A~ = 70 mm).

Unlike the Ir (I) analog , Rh(P=P)2C1 emission has a very large Stokes shift

and consquently negli gible losses due to ground state absorption.

450 500 550 600 650 700
I I I I

— —

23 22 21 20 

— 

1 6 1 5

Figure 3. Absorption (137 K) and Emission (94 K) Spe c t ra
of Rh ( r = P )  2Cl in 1—i ropm nol

Furthermore , this complex has effective pump bands between 400 mm and 500 nm

at high concentration .

10
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The spectroscopy and photophysics
of these diphosphine complexes were
investigated in detail and full reports

.ml~~ included in the appendixes. We

only note here that neither complex -
emits in fluid solution and that this

is due principally to a viscosity 6 -

dependent nonradiative decay path.

Complexes synthesized : 5

Ir (P=P)2Cl * 0.O6cm

lr(P—P) 2Cl 
-

Rh(P=P) 2c1

Rh(P-P)
2cl 

3 -

/ \ 0.125 cm
2.4 R}IENIUM (I) 2 -

Another class of recently dis-

covered luminescent complexes are 
1 0.250 cm

tricarbonylchloro Re (I) X . where X

can be a wide variety of mono and 
- 

450
bidentate nitrogen containing nm

ligands.” Figure 4. Rates of Excitation for
Ci ICO)3 Rh(P=P) Cl at 2 x lO 3M

Re’ in l-Pr~ panol for Cylin-/ \ drical Cells with Radius

- 

0.05, 0.125 and 0.25 cm

Cl ReuCOl 3 bipy

Although the properties of these complexes have not been extensively in-

vestigated , they appeIr to have MLCT emissive states with liquid nitrogen

lifetimes in the range 1 tis to 10 tis. Many emit weakly at room temperature

in fluid solution , and some , the phen ~and bipy derivatives, appear to have

substantial emission yields at li quid N2 temperatures. A limiting feature

of these materials is their low solubility in common solvents. We have

found , however , the 
~2 

phen derivative to be quite soluble in ci-chloro-

nap~ tha1ene /methylethylphthylqlycolate (l/1 )* which forms a st~ h1e glass at

Referred to as m— Cn ‘MPEG

_ _ _ _ _ _ _ _ _ _ _ _ _  
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210°K. Unfortunately, the emission yield of this complex is somewhat
diminished at this high temperature.

Complexes syn thesized:

Cl Re(CO)3 phen
Cl Re (CO)3 bipy

Cl Re(CO)3 (3—benzoy l pyridine) 2
Cl Re(CO)3 (4 ,4’-diphenyl bipy )

Cl Re(CO)3~ (4,7—diphenyl phen)

2.5 OCTAETHYLPORPHYRIN

OEP is a well—known macrocyclic liqand which will coordinate most

elements in the periodic table. Of interest for laser applications are the

copper (II), iB platinum (II) ° and palladium (II)~ ° comp1e~ es. These

complexes are highl y luminescent at low temperatures and show narrow

emission bandwidths . As with the previously described Re(I) complexes , a

serious problem with OEP complexes arL their low solubilities. Again , 1/1

a-CN/MPEG could be used to dissolve up to 10 2 moles I I . Furthermore , OEP

complexes retain their liquid nitrogen photophysical properties at

relatively high temperature in a i—CN/MPEG . For example , at —20°C, Pt OEP

has a 120 us emission lifetime and a bandwidth of 11.2 nm (~ = 644)

virtuall y identical to its properties at -196~ C. Usinq these parameters

and the reported luminescence quantum efficiency of 0.9 ,” ‘n for Pt OEP

is calculated to be 2 10~~ moles which is very similar to the value

for Ru(II) complexes.

The absorption constant for Pt OEP has not been measured in ct—CN/MPEG

at —20°C, but the room temperature value in methylene chloride indicates

that the window between 400 mm and 500 nm in ~he absorption spectrum can
— l — 3 — lbe effectively pumped (~ = 8 cm at 10 moles at 450 nm).

Complexes synthesized :

Cu OEP

Pd OEP

Pt OEP

i i

_ _ _ _ _ _ _  ~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~
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3. FLASHLAMP PUMP EXPERIMENT S

It is clear that for TM complexes to have practical uti l i ty as lasers ,
they must be susceptible to pumping by incoherent sources , specifically
flashlamps . Accordingly, two f lashlamp pumps were constructed during this
program; a single lamp apparatus capable of 400J input energy and a double
lamp apparatus capable of l200J . These were used to screen all classes

of materials for laser action .

3.1 ACTIVE MEDIUM AND RESONATOR

By f a r  the most conven ient method for handling the TM complexes for
laser exper iments is in a solution of an organic solvent which forms a
stable, optically clear glass at low temperatures. A number of solvents

and solvent mixtures are known to form glasses ,2’ and the specific choices
used here were dictated by TM—Complex solubility. Ru(II) and Ir(III)

complexes dissolve readily in 1-propanol and with careful temperature

control, this alcohol forms a clear glass at llo°K , although severe
cracking does occur below l05°K. Ir(l) or Rh(I) material was dissolved

in 1—propanol or a 4/1 mixture of methanal/ethanol. Sli ghtly lower

temperatures could be achieved with the mixed alcoho] solvent and this was

considered worthwhile because of a temperature—dependent radiationless

decay process discovered in the Ir (I) complex (Appendix 2). The OEP and

Re (I) complexes could only be dissolved to hiqh concentrations in

cx-CN/MPEG which can be cooled to 210° K. In all of these systems , concentra—

tions up to io-2 moles ~~ could be achieved .

In order to take advantage of the glass—forming properties of these

• solvents , it was necessary to design a laser cavity which could

accommodate solvent contraction , usually a 20% decrease in volume , wh i le
maintaining a high degree of optical perfection within the resonator . This

problem was solved in in earlier study of liquid lasers by usinq a quartz

piston cell ’ and such a design was adopted here. In this scheme , a

precision bore quartz tube is fitted with quartz pistons approximately

2 cm in length which a re  ground so as to just permit free movement within

-

- 

the tube . The spacings between the pistons and the inner wall of the

tube is small enough so that the solvent surface tension effectively pre—

vents liquid flowing out of the assembled cell. As the cell is cooled ,

solvent contraction pulls the pistons into the quartz tube during which

contact is maintained between the pistons and the solution . Eventually

13
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the solvent viscosity becomes sufficiently high to freeze the pistons in

place , and further coolinq causes bubble formation . The ends of the

pistons in contact with solution are ground with a large radius of

curvature (~-lM) and 
( - ) a t t -j  w i t h  b roadband  h ar d  d i e l e c t r i c  m i r r o r s .  One

set of pistons had fully ret It’c t ive mirrors (99 .8%) o v e r  the range 4500 to

7000-~ and another si t wt-re ~-i rti al reflectors (97 • 2 % )  over t he  same r an q e .

Two piston cells w i - r e used wh ich w i r e  7 cm long and had either 5 mm or 1 rnnr

bores about  4 cm long (Figure 5)

I ~7/zzz ~I/z// ~Ii/zJ ’I/I//II! ”/I//I Y4 ~ I

Figure 5. Con str ti’t i~~ri 1 Pi~~t ’ ri Cell. TM complex solution is
shown is shaded i i  i~~i and the radius 1 curvat ion of
t h e  pi ~;t -ro ;  is exaqerated .

The same l i s t  ons -ould 1 -  w ad  in  e i t h e r  a - I  I .  A l s o , t h e  5 mm bore cell

cou ld  be f i t t e d  w i t h  i n s~ - r  t s  redu cin g t -  dia m e t i - r to  2 . 5  mm or 1 mm .

Sample Pr~ j~~~ati on Proced u,

An appropr A i t  e im un 1 01 TM (‘amp 1 ox was iccu r it ~
- 1 y w - 1 ~hed and

dissolved in cc of sol i -nt. The solut ion was saturated with N2 by

b u b b lu n q  f o r  10 m m .  D u r i n g  t h i s  t i m e  solvent less by evaporation was

negli gible. The s o l u ti o n  was then stoppered and transferred to a glove

bay previously lmm shed w i t h  
~~ 

The solution was j ured into a syringe

fitted with a M i l l ,  u - ore t i l t  -r holder and pas-;ed through a 0. 5~. Tef ion

filter (Mil~~ipari FHI.P 01300) directl y into the piston cell which was

then assembled within the ulove bag. The cell was removed and immediately

p laced in the flashlamp p ump a l - Pmr ~1tus dewar which was thoroughly flushed

with cooled N2.

3.2 FLASHLAM P PUMPS

The 400J apparatus used -i single flashlamp with a 5 or 7 mm diameter

bore (Xenon , N—860C-5 or 7). It was fired using the overvoltage technique

through a spark gap (EG&G GP—87) from a 2 F , 25  kV , low inductance

capacitor (Condensor Products (‘P205—3OMXX ). The pulse risetime was I to

2 us with a half—power width of 10 to  15 us. At the highest discharge

I
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energies employed (400J), ringing could be detected in the lamp discharge 
-

•

indicating that a better match to the N—860C lamp resistance would have

been obtained with a higher value capacitor discharged at a lower voltage

to obtain the same input energy . This refinement, however, would have only
marginally improved the lamp output during the first 5 us , consequently ,  it
was not incorporated into the pump. The spark gap trigger circuit shown

in Figure 6 is of standard design and performed reliably. The flashlamp

and dewar were optically coupled with a 22.5 cm diameter aluminized glass

sphere. Threshold values for rhodamine-6G with this configuration were

5 to 103. The piston cell was cooled by flowing cold N2 gas through the
dewar and the cell temperature was monitored by an iron-constantan

thermocouple attached to the outside of the cell.

SPARK GAP

-20kV O~ 

C 
~~~~~~~ ~~~

III
~ K 

~~~ LAMP 

10M

~~~

I500 pF —r r 500 pE ri
30 kV -

0.25 ~F tOM

400V o ~~~~~~~~~~~~~~~~ —~rr~ 
T (EG& G TR-1700 )

100 0.1 M F
TRIGGER o—~~ v.--—fl (2N 41 72)

2.2K

Figure 6. Circuit for the 4003 F’lashlamp Pump . The 12003
apparatus simply replaces the single lamp with
the double lami ’ and parallel resistors. Value
for C ;Lven in text.
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The 12003 f l a s h l a m p  pump used four  low inductance capaci tors  (10 uF ,

15 kV , Aerovox P X — 7 5  D 16) and two lamps (Xenon N860—5—100) connected in

series (F igu re  6 ) .  The spark gap was changed to EG&G Model GC—86 to ensure
rel iable f i r i n g  at lower voltages. The pulse risetime was 5 u s w i t h  25 ti s
h a l f — p o w e r  w i d t h .  The lamps and dewar were coupled in a double elliptical ,

gold—coated enclosure ( e l l ip se  dimensions  5 7 cm) in which  the dewar was
aligned along the common focus.

3.3 LASER EXPERIMENTS

The following complexes were tested for laser action using the 400J and

12003 pumps .

COMPLEX SOLVENT CONCENTRATION 1

Ru(bipy )3C1 1-PrOH l0’
~~ - l0 2M

Ru (phen)3C1 l’-PrOH l0~~ — 10 2M

Ru (~~2 bipy )3C1 l—PrOH l0~~ — lO 2M

Ru(:2 phen)3C1 1—PrOH 1O~~ — lO 2M

Ru (Me 4phen)3Cl l’-PrOH l0~~ — l0 2M

Ir(phen)2C12 Cl l—PrOH ~~~~ — 10 2M

Ir( .~2 phen)2 Cl2 Cl l—PrOH l0~~ — lO 2M

IR(~~2 bipy )2 Cl 2 Cl l—PrOH lO~~ — 10 2M

Ir (P=P)2 Cl l—PrOH , l0~~ — 10 2M
MeOH/E tOH

Rh(P~ P)2 Cl l—P rOH , l0~~ —1 0 2M
MeOH/EtOH

Cu OEP ci-CN/MPEG io 2

Pt OEP c~-CN/MPEG lO
_2

Re (CO)3 Cl ~2 
bipy ci-CN/MPEG 5 xl0~~

Laser action was searched for with an RCA 7265 photomultiplier wired for

fast-pulse applicatAons. Typical data are shown in Figure 7 for

Ru(~ phen)3Cl 2 in l-propanol at ll5°K. The shape of the emission pulse

16

- ~~~~~ .~~
. .-  - ‘~~~: 

~~~T~T
’T  

~~~—. —--- ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _____



r -
~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -
~~~

- -- --- - 
~
-

TR 79—740.1

close ’ y follows the excitation pulse with no evidence of sharp structure

which would signal lasing . Identical results were encountered for all

complexes.

I

Figure 7. Emission Intensity of Ru(4t2 phen) Cl in Piston Cell Excited
with l000J Xenon Flashlamp Discha~qe?
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4.  TM COMPLE X LASER EXPERIMENTS USING A DOUBLED Nd-GLASS PUMP

4 . 1  INT RODUCTION

In investigating candidates for laser materials , pumping with a second

laser has distinct advantages over flashlamp pumping. Absorption can be

optimized over the entire bandwidth of the laser pump, and with good mode

quality , tight focusing of the laser output can result in low thresholds.
Fur ther , the greater simplici ty of the experimental setup lends itself
better to estimates of thresholds.

To test as laser candidates a selection of TM complexes that absorb

in the green , we have carried out the following program. We have:

(1) assembled a doubled Nd-glass laser , (2) conducted an analysis of the
thresholds of resonators appropriate to our conditions , (3) assembled
resonators optimized from this analysis and designed to enable comparison

with the lasing of Rhod amine 6G, and (4) conducted exper iments on a
selection of TM complex laser candidates. The results of these experiments

show that the TM complexes possess either extremely high thresholds as

laser materials or that some phenomena such as excited-state absorption

(discussed in detail eleswhere in this report) prohibits lasing .

4.2 EXPERIMENTAL SETUP

A block diagram of the experimental setup is shown in Figure 8 along

with a photograph in Figure 9. A Korad 0-switched Nd-Glass laser produced

30 ns pulses of greater than 0.53 energy at l.06u. A temperature tuned

CD*A crystal doubled the frequency of the infcared output to provide 30 ns

pulses of up to 0.053 energy for  pumping the TM complexes in the resonator.
A variable attenuator made up of a selection of neutral density filters

provided attenuations to as much as l0~ of the pump beam .

Q.$WITCMED Nd GLASS 
1 
i 

~~ U
A
BLING 

~ 
_____

t iger ’ 8. Block P i i i r a m  of Experimental Setup

____ - ~.__ -— -~~-.-- --

I I  ~ .5
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Figu re  9. Photograph of Exper imental  Setup

A photograph of the resonator is shown in Figure 10, and a schematic
in Figure  11. The TM complex in solution was contained in cells with

plane parallel faces which could be optically coated . The cells were

k inema t i cal l y  mounted so tha t  a l i gnmen t  could be made us ing  Rhodamine 6G ,
the cell removed , and a switch quickly made to a TM complex . Pumping ,

for the most part , was transverse to avoid p i t t i n g  of the cell surfaces.

For this purpose , two crossed cylindrical lens were adjusted to give a

sharply focused line image in the active region of the cell. The output

of the laser was observed using an EG&G “Light Mike ” photodetector .

Two types of resonators were used . In the Fabry—Perot resonators

opposite sides of the cell were optically coated with one side providing a

2% output coupling . In the concentric resonator types , one side was lef t
uncoated and a 50 mm spherical mirror placed with its center of curvature

just outside the coated face of the cell. A variety of cell widths provided

thicknesses of 1, 2 and 5 mm of active material. An analysis of the

thresho lds of this selec tion o f resonators were conducted and is described
in the following sections.

2)
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F i g u r e  10. Photograph of Res on a tc

DETECTOR

OUTPUT
COATING

/ \
FABRY PEROT

ATTENUATOR !\ / SEMICONCENTRIC

CYLIN DRICAL 
CELL HIGH R EFLECTING

MIRRORS COATIN G

SPHERICAL MIRROR

Figure 11. Schematic Diagram of Resonator
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4 .3 RESONATOR ANALYSI S

It is difficult to predict optical pumping laser thresholds for candi-

date laser materials with great accuracies. However , it is useful to

attempt a calculation taking into account all known factors in order to

determine whether the estimated threshold grossly exceeds available pumping

energies. On the other hand , if the estimate is not excessive and the

candidate fails to lase, one should look for additional factors that have

not been taken into account. Further , such an analysis can provide a

qualitative appreciation for the significant features of a particular

experimental situation and guide the design of resonators consistent with

the lowest achievable thresholds.

The analysis of laser thresholds is usually handled using rate equations.

These are a coupled set of nonlinear differential equations that relate the

time dependence of the electronic excitation and the resulting photon

emission to the rate at which pump photons are absorbed , W. Solving those

for  cw thresholds , (Wt)~~~ 
is straightforward since one simply sets all

derivatives equal to zero. However , even the cw thresholds can be considered

only as estimates since the rate equations are based upon a simplified

model and it is hard to anticipate all possible losses. Particularly

troublesome are losses which are induced or modified by the electronic

population redistribution resulting from optical pumping .

Iii pumping with short pulses , the difficulties mul t i ply.  One is now
back , face to face , with solving a set of coup led nonlinear differential

equations. Without solving these equations one cannot everi say what a

short pulse is , i.e., how long it takes for cw conditions to prevail. In

order to obtain analytic expressions one must use some artificial means of

decoupling the equations and use simplified expressions which are exact

only in certain limits.

There are variojs time durations that arc relevant to the problem .

There is the width of the pumping pulse , T, the lifetime of the excited

state , i ,  and the cavity transit time 2Z/c where ~ is the cavity length.

To obtain reasonably simp le expressions we must make assumptions about the

relative magnitudes of these time durations and the resulting expressions

will be valid only in limited ranges.

l i-i order to lase under short pumping pulses, there are two conditions

that must be satisfied : (1) qain in excess of all losses in the cavity must

be attained sometime during the pumping pulse, and (2) the photon flux in

the cavity must have time to build up from spontaneous levels to lasi nT

22
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levels (i.e., the cw level) before the electronic excitation resulting from

the pumping pulse has dissipated too much. Typically the latter represents

a change of about 12 orders of magnitude in photon flux . Pumping at a rate

corresponding to cw threshold intensity does not assure the attai ent of

either of these conditions when the pumping pulse is short. We derine the

minimum pumping rate (W t)pulsed required for a pulse width T as the pulsed

threshold for the pulse width. Obviously, the pulsed threshold will depend

upon the shape of the pumping pulse. To keep the situation reasonably

simple , we restrict our calculations to square pumping pulses of amplitude

W and width T.

One further restriction limits the validity of the expressions to

certain ranges of t .  In our model we make the simplifying assumption that
there exists a time duration during which the gain remains essentially

constant. From the rate equations we show that such a situation exits for

T << T and for i >~~ T. In the former case , the gain follows the flat
pumping pulse. In the latter case, the gain increases  m o n o t o n i c a lly  du r ing
the pumping pulse and remains flat to within 10% for a time equal to ‘i7lO

afterwards.

Our model then consists simp ly in a wave oriqinating in the spontaneous

emission beirg amplified the same amount each time it makes a round trip in

the cavity . Lasing is said to occur if and when the amplitude of the wave

reaches the level it would have attained in cw operation.

This model is shown to follow from the laser rate equations under the

assumptions stated . We are able to avoid coupling of the equations in this

model since coupling is important only near the end of the photon buildup

where we can ignore it.

Consider the microscopic rato equations appropriate for a four—level

laser. These equations must be satisfied at each point of the cavity.

dn n c n-~-~~= w - ~~--- --------~--—— q -  -
~ (1)

r 811 1, I-

~~~~~~~~..~~~~ P_ ___~~~~~—_-- (q+ ~~ ) 
(2)

r 8ii t

where n and q ire, re-;l v ’t :vely, the inversion density and the photon

dens i t y ,  and w is the  pump rate d e n s i t y .  The quantity V is the volume

taken up by the la siul mode, and T r is the spontaneous radiative lifetime

associated with the lasing transition.
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To treat the buildup of running waves in the cavity we transform from

the varibles n and q to running wave intensities j and gain coefficients g.

In a typ ical laser resonator the photon density, q, can be considered

as resulting from two traveling waves , one from the left and one from the

r i g h t .  The respective intensities are related to the photon density by:

q = ~ 
( j ~ + 

~~ ( 3 )

Further we define a quantity, q ,  which is the gain coefficient:

2___
~iY__~~fl_ (4)

8- -i - ~~ r

In a region where there is no divergence of the beam , Eqs. (1) and (2)

become :

2c 1 4 - — ci
= - - - -~ — - 1w - q (j + j ) I —

8 i ~~~t- r

~ + ~ I~~ ~ ~ - 
‘

-~ = q (~~~ + j~ + S) (6)

I f  we negl ec t  spo n t . i  ne- -~ .; e m i s s i r n  i n  ~q .  ( ( )  w -  See * h i t:

4 
= j

+
( 0 ) 0~~ X

; j = j (o)e~~~ (7)

are solutions as lon r as - r is independent o~ irm - . This is Consistent with

calling q the gain coefficient .

We consider  the behavior ioverne~1 by Eqs. (
~~

) and (6) under a

pumping pulse of im~~1 i t u 1 ’ -  w and width T. Init i ally, we can neqlec~ the

stimulated emission term Eq. (5) and the gain builds up accordine to :

2 1
= 

C
;;  ~ W ~ l — 

~ (8)
8’ I r

If the pulse is long enough , the stimul at I emission contri hrit ion results

in the stead y — u t - i t e  q i r n

2c
= 2 — w -— -

~
- -~ - - (9)

8~~- - - I  r 
~ + (j ~ + j )

r
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To analyze the buildup of the photon flux we must consider details of the

laser resonator. Consider a resonator shown schematically in Figure 12.

The active region is restricted to a thin film of thickness AQ. at the

plane output mirror of reflectivity R. We consider a volume of area tiA

and M . uniformly illuminated and for simplicity we assume i is constant

over the area .~A.

REFLECTIVITY R

•
1
_

_ _  

r
’

Figure 12. Resonator Model for Calculations

If the spontaneous emission contributes equally to j~ and j~ 
we can

separate Eq. (6) into individual equations for and j giving :

I )j j - 1 c- = g ~~ + ~ ~
) (10)

Consider the lea dini edge of a wave traveling to the right that builds up

from the- spontincous emission startle’; from zero at the left side of the

active reg i on. For t i m e  d u ra t i o n s  over w h i c h  q doesn ’t change much , th is

is given in the active reqion by Eq. (10) .

~~ ~~~ — 1) (11)

After one complete pass through the resonator this becomes:

- cR (2; i
. \

2V ~e — 1 / 
( 12 )
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For subsequent passes:

/ 2q ~~ 
2q M

— + 
~n~ lR~ 

~ (13)

By setting j = 

~n-l 
we obtain the steady state correspondinu to cw operation:

2q

= R 

1 - R e  

(14)

where q is the steady state rain given by Eq. (9). Simultaneous solutions

of these two equations gives:

= (~~ - I) + ~ 
- 1)2 + (15)

where ~ is the number of modes in the gain bandwidth (riven by:

— 
8 l ~~~v- -----~~--— (16)
c

and w~ 
is the cw threshold pumping r a t e  q iven by:

~~~v
2

r~ 
1 r 1 1

w
~ 

= - - -

~~
- - - - -

~ 
~~

--.-~~
- lnI~~

) (1

Above this threshold:

i . ~~ 
0~ ~~ 

- (18)

(where 00 
may be on the order of 10

12) and be low threshold:

w

i ,, ~
- —__

~~-- (19)

wt
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It follows from Eq. (18) that the thresho’d gain is given by:

1. 1
= ~~

- ln (~~) (20)

Related to the threshold pumping rates is the threshold inversion concentra-

tion , 
~~~~~~ 

given by:

8ii i’2~ v •t r 1
= 

c2 
~~~ ln (-~ ) w~ r (21)

The calculated threshold inversion should be comfortably below the

-( concentration of active centers if lasing is to be expected .

I f  we assume uni form pump ing of the volume , \v = A~~ A, the total cw
threshold pumping rate , wt, because;

= ~~~‘~~~
‘
~~‘ -~-! in (~~) \A (22)

Constraints on the area -A are imposed by details of the resonator.

The pumped reqion must be contained within the mode volume . For a Faby-

Perot cavity (plane mirrors), the area must be large enough to limit the

diffraction losses. These should be no greater than the losses due to out-

put coupling . If the diffraction losses are to he on the order of 2%, the

results of Fox and Li ’ give :

6 ‘; (23)

For the lowest order mode of two semiconcentric cavities with spherical

mirror of radius, .e:

1

= 2 (~~ 
- 1) (24)

In order to lase under short pump ing pulses there are two conditions

that must be satisfied : (I) threshold gain (Eq . (20)1 must be attained

sometime durin g the pumping pulse , and (2) the photon flux in the cavity

‘. 4 -
1

27

— --.- - --- -- — ~~~~~~~~ - - - -

F 
____ _____ _____________________

_ _ _  
4

— -- -~~~~~-—.~~- — ‘——-- - - . — - - - - - S -



- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - 

TR 79—740.1

must have time to build up from spontaneous levels (Eq . (19)1 to lasing levels

(Eq . (18)) before the effect of the pumping pulse (electronic excitation) has

dissipated too much.

Consider the first condition. The gain builds up according to Eq. (8),

giving at the end of a pump pulse of width , T:

/
g g ~~~~— t.~i _ e t) (25)

Therefore , to attain threshold gain:

WtW 
~ ~~~~~~ 

(26)

If T - ‘  t we have essentiall y tIr t - cw situation:

W -
~ 
W~ = ~~~~~

-“ in (~~
) -_ ! - A  (27)

and for T ~~

W ~ ~ 
W~ = in (~~) ~~~~

- ‘A (28)

The second condition imposes mere stringent constraints. This situation

• is most easi l -~ analyied iC the I imit wIe r e i ~- 2- / c .  In this limit the

gain can be considered constant during almost the entire buildup of the

photon flux and the diftere nce equation , Eq. (13), can be solved ea sily

giving :

ii 2qn
j (R  ~~~~~~~~ - R) 

1 
- (29)

with the substitution

(l-
~~ — ) ( ‘ - : )

R e2’
~~° = (~

) = R

1 

~~~~~~ - 
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obtained from Eqs. (20) and (25) this becomes:

1 / wI w\ i n i l — —
ii — — i  I ~ w

• - C ~\ 
w~j 

- R L R - 1 -

R( t)_ 1 

(30)

if

> 1 and n >> 1:
wt

- c R(t ) _ R  
n(i

_
~~~_)

-
~ 

~~~ ui — ~ 
R (31)

R’ ~~~~ 1

If lasirig is to occur , the number of passes must be large enough for j to

approach the stead y state level , j .  This requires a number of passes given

by: 
~

. 

f~~~~ f~\
I \  w~~/ I

0
i (i — - - - ~-\ 

0 1  ~ )
1 \  W / _1 _ JR  Ro = - - - - - (32)

- 1 In (~~)

Equation (12) can be looked at from two different viewpoints. If a step

function pump p u l s e  of unlimited duration is applied , then a delay , tt ,

occurs before the onset of lasing given by:

= n ~~~ - (33)

This delay for severil values of R is given in Figure 13.

On the other hind , if a square pulse of duration T is applied , then

lasinq will occur onl y if T St. For the shortest pulses this would

require w w~ ‘‘ 1. The lowest pumping rate required to obtain lasinq under

these conditi -ns is then the threshold for a pulse of duration T, whereas

W~ is the cw threshold . Equation (32) can then he used to calculate the

pulsed threshold and this data is given in Figure 14 for several values

of R.
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Since is typically on the order of io 12 , we can obtain a simplified

version of Eq. (32) by neglecting the other factors in the argument of t he

in function giving :

2 m O 0(Wt ) l d  ~ 
(Wt)cw 

+ 

~~ in~~j] 
(34)

Or in terms of an energy threshold:

- 
, l n Q

a (E ) — h 1W ) T ( 3 5 )pulsed t cw c in (
1

)
8

For short pulses this energy threshold is 1n d et ’ -rI - l ’ - ~i ’ t ‘H pulse w~ - l th.

These results app ly in the ran-re I < - 2~ ‘c. They are base-i upon the

assumption that the gain is essentially - - on st ant over  s— )me duration T. One

could extend ti.” results by assuming arbitr ary forms if the time dependence

and either attempt to solve the difference equ at i rr or oh’ ‘in solut ions

using a simple computer routine . However , some simple considerat jot s can

be used to extrapolate the results to higher values ( 1  1.

Actually, the restriction is too stringent. If << T and also

2/c << T,the gain is still essentially constant over the Is-n od T and -ne

should be able to get reasonable estimates as long as -T remains signif:-

cantly greater than i or 2 /c. As T approaches T, t he .iI I rox im at ion gets

poorer as illustrated in Figure 15.

In the range r >~~ T one igain has a situation where the gain remains

essentially constant over some duration (see Figure 15). The gain

increases linearly during the pump i ng pul se hut drops off by - --ely it -  - - i t  10~
in a time i/b after the pumping pulse. The b*-havi r of t hi - l i s l e ,  b - lay

is more complicated in this case . However , near threshold , there w i l l  ‘ . -

little buildup of the photon flux di n in g the pump in, pul se. I n  t h i s  - i s e  it

seems reasonable to assume that if lasing is to occur it w ill occur in the

interval t/10 after the pump pulse is over. For purposes of estimating

thresholds , then , we adopt the somewhat arbitrary square pulse approxima-

tion that a gain given by Eq. (25) exists for a time i/jO . We icc -rIi nq l y

modify the relations already obtained for shorter pulses.

From Eq. (25) the appropriate substitution to hi- made in Eq. (~~ f l )  is

given by :

I?

- ~~~~~~~~~~~
- - -

~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~ ~~~
~.
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Figur e 15. Time Dependence of Gain for Varic .us Ranges
ot Excited State Lifetime

T 1)
- i ~ 

I
R e~~ 

- 
= (~~) (36)

The numbe r of passes , n , he - sees:
S

1 I (37)n II) 2 c

The thresl,nl I for pulsed operation then becomes:

Il

~~

, ~puls ciI 
(Wt)cw ~ + 10 

~~ 1n~~~~] 

(38)

givin g in •-ner ry ih ,. -n h ld :

3 ,
4
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(Et) l d  = In A 
r [1 

+ 10 

~ :: ~
] (39)

Th i s  comp le tes  a set of relations for e s t i m a t i n g  l a s i n g  t h r e s h o l d s  in

our experimen tal setup .

4.4 APPLICATION OF ANALYSIS TO EXPERIMFtZTAL srTUAT ION

In this section, we i~ p 1y the results of the resonator analysis to

examine the prospects of lasing by the TM -om I l , -x ’ s . To provide a check

on the calcula t ions and to provide a test I I t  t h exl-er imenta 1 sit s it  i o n ,

we app l y the same analysis I I ’  the known lasi r ; , lye R h o da r n i n e  6G. The

re lev m t  p a r a m e t e r s  f~~ each of t h e — s e  m a t e n i - i l s  is riven in Table I.

The experiments dii not exactly d up i r c a ’ i t h e  theor - t ical sit i - m t  i o n .

I~hv ross ly t h i pump pulse  f r o m  t he ç—  swi t ched  l ase r  was not square  as

ass umed in the  t h e o r e t i c  i i  c a l c u li t  i o n s .  For the widt 1 i S  I m t  -us ¶ 
I of

the t ’ 1uivalen t s q u i r e  wave we t a k e  t h i - h a l f  w i d t h  an -I ; ,  ik inteosi ’ v If

the - expeniment~i l pulse. l irther it Is n t  clear I- lW well thi - pumped r e , i - ~n

w.t s supe r impose l upon the las m g mode v o l u m e . ~~~~‘ S rI~ l - ~- il i ;ned the

r e s o nat o r s  t I  g i ve  i i -  l w  st ach iev -mb le hri-shol I s  1 - r  R h o d a m i n e  (~~~ . The

lack of r i o  m l — n 1 j  ions i n h Igh - t  h - ; -  S i t  s i t  1 ) 11 1 w - u  I I  in cr the

exper iment ally ohs,-, ve.I - hresholds , hu t - h i h l y l -ss than an orb of

ma rJnl’ I i .

TARLF I

LASER MA~~ PIAL PR IPI RTIES AT ROOM TEMPERATI’RE

r

-Rh odamin .- ~~ 0.97 rn 0.05 ni - I~~~
1
~s lO °~s -

‘ Typical TM Comp lex ~~~~ - re 0.08 -rn l0~~ s (1-5) x

The , trans -ten s for ‘t; - v - I t  i s i s  r , - S n I t o r  i r e  riven in T I t l e  2 , and

the calcula te-i eni -t ry ¶ hr ,-sh lds f ,  l i n i n g  in. -  given in T i l l , -  3. I n

~~-n e r  i i , I I i .  c a l c u  I i t  - I  I I !  i ’iiholdS i n -  much lower than the experire t - ri t al ly

iv i t  1 - ihi.- p u r n ç -  enonqies. :Ii. - th res holds f t  ¶ 1 1  TM c o m p l ex e s  a n -  a l r o x i~
rn - i tel y IOOX t h -  s. t o t  Ph- i - ,m irI ~ U The t h r e s h o l d  i n v . r ‘i o n  concen r a t  io n s

- — — -— -  — -——- —-- — — - -—----- —— ——  — —— —— -~~~-—.~~~-~~~ - —— -—-- . - - k —  -~ ~
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for each of the lasing materials depend upon the interior tt-~ickness of the

cell and are given in Table 4.

TABLE 2

RESONATOR PARAMETERS

R 0.98

T 30 x lO 9s

FAB RI-PEROT

Cell 1 1 mm 3 miii

Cell 2 2 mm 4 mm

Cell 3 3 mm 9 mm

SEMICONCENTRIC

‘If 1

Cell 1 1 mm 45 mm 50 miii

Cell 2 2 mm 45 mm 50

Cell 3 3 m m  45 mm 50

TABLE 3

LASER THRESH OLDS ( J ) 

—---- - -~~

FABRY PEROT SEMICON (’LNTRIC

1 mm 2 mm f 5 mm

Rhodamine 6G 0 . 0 0 6  ~~~~~~.0l (- 0.08 ~~~0.O7

TM Complex 1.0 3 .0 7.5 10.5

P i t 1 1  167 187 91 Jl6O

____—— —  — — — - - —--— —I— .

~~~
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TABLE 4

LASER CANDIDATES INVESTIGATED

AP PRIIXIM NI I TIIRESHOLI) I 051111 1 01

- I - 0 I 0 1 3 i i i 1 1 2 J 1 o .  I F t I 
-

- - 1 ,1,1 ~.- i 

- 

I I 0 

- 

10 ~ m 
‘ 

4 ro le  1 3 (  1O~~ I. x I - 1 . ?  
1 1  - I

- i  - I  14 I 0 17 Iio i l I l y  
1

l i ~~ i~~~~~1l  M 10 -~ L 4 ,. i 0  
- 

i , - x i O Li x il  7 . 2 , 0

L 411 i-h~ i I 1 c l ~ 7 . 4  1 7  10 ~0
_ i  

4 S ~~ 10~~ 
- 

-

4 10 . 1 - 0  - - 10

7 H l I .l~~~~ f l i
1~~ t , . 4~~~~~1 0  i00 ~~~~~ 1~~~~1 I -

I I  I l  ‘1 10 l0~~
i 1. 1 10 14

2 -~ - i o ~~~ ~~ ~~~
- 

~~~ ,

1 ’  I I  -i - - - 
- io ’’

L± I I 

- 

j i~ 

- - - - —

~~~~ 

—

4 . 5  E X P E R I M E N T A L  RESULTS

The various resonators were i n i t i a l l y a l i - ~ neci and lasing was obtained

using Rhodamine 6G. The pumpinc: t-c ;re was thee a t t I  5 5 1 011 ro steps ond the

alignment touched up to op ti m i ze l a s i n i  at each ~~ep. Commonly, i t t  -ua—

tions of l0~ were possible ls-for i - lasinq w - s ra longer possible and with the

s e m i c o n c e n t r i c  r e s o n a tor , i t t ~~- n u i t i o n S  ot ~~~ w e l t -  a t - t i m -i . This indic ates

that we were able to PUniP Rhodamine 6G as much as 10~ threshold. A

threshold at 1 .J for Rhodamine 6~ in I hi- c o n c e n t ri c  r e s o n a t o r  was observed

which is i n  r e a s o n a b l e  oi ler of magnit t - f m i r  i - .-ment with ¶ t o  calculate d

value of 0.07 i.

After establishing t i -  al i 1 i 7 ~ [iIi i i t  US  iii~ t Rhodar n i ne  ~~~~~ the kinematical ly

mounted cells were removed and the Rhod mr~ine £C r ep la ced by a solution of

a TM comp lex from Table 4; no lising was oIlsi -rve (I frcm any of these.

4.6 DISCUSSION

In the lasing experiments we have pumped selections of T~t complexes a t

l0~ times thc threshold of Rhodamine 6C . At these pumping levels , calcula-

tions indicate that we should have saturated the inversion and exceeded

estimated thresholds by as much as two orders of maqnit tide . This would
i n d i c a t e  that unknown factors either result in excessively large thresholds

or prohibit- lasing altogether. A candidate , as discuss,-d -lsewhere in this

r epll r t - is excited state mi )s (’r lit ion .

3 ( 3

1~- ~.L. ~~~~~~~ — a-.— — ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~J ~~~~~ ~~~
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I f  t he  problem w i t h  la s i nq  of the TM complex is exci ted s t a t e  absorption ,

experiments can establish this arid a detailed stud y may reveal special cases

where lasing is possible. The difficulty may be due to some unknown intrinsic

loss tha t simply raises the thresholds a couple orders of magnitude . If this

is the case, thor o are several things that might be done to improve matters.

The required threshold inversion densities could be reduced by using

thicker cells. This would permit exploiting more of the available pump

energy before saturation-i effects occur. In order to use this approach

successfully , one may h a v e  to employ special techniques for stretching the
pump—la ser beam into a long line .

The other approach would be to attempt to increase the cw threshold in

some w a y .  C o o l i ng  the  TM complex is capable of reducing the excited-state

l i f e t i m e  by a f a c t o r  of l O X  to 20X and should decre-ise the pulsed thresholds

accord ing  i y .

37
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5. C O N CLC S I ~~~ A~.r) RECOMMENDATION

As discussed in tht Introduction , the tlistinqu ishinq ch aracteristic of

the luminescence of TM cl imo I cx -s is their e l i  t i ye 1 y 1 I~ I I l r  r id  j ut j VO li fe—

time . It is this featur e which clearly s e l - i r a t l -s then - m aterials from

p u r e l y  o r g a n i c  l a s e r  (i yeS itt-I which m ike them att r i c t  ive laser - in d idat i - s .

Paradoxically, we now hi r t k  it is t h i- orb ~d1iCi r i m ’ un’ of the radiative

transition which makes laser mo tion difficult or - , ‘r h a ~~s irillossihie f l

a c h i e v e  i n  7Sf complexes. T h i s  is because t hi - m a r c ia 11-; t I - r h  i 1 ~1~ -n  e m i s s i o n

must c l l r i;- ett  ~- ith ~illowed exci t - 1 1 — s t i t e  11 111 r i O  i o t ,  10 1 1 7 1 1 1 1 t - ich ievi - r ai n.

To see t h i s  m I -r e  c l e a r l y , c o n s i de r  t h. -tI -ncr ii molecular i -n i- r u - . level

scheme sh vs in Fl ;ire 11 . The it I ’ - - u I abel - - 1 S i i  - - Si’ 10 ma i re-I I i  n t  l e t s

and those lalel ed T a r -  5: 15 t r  u - l e t  ii . I~.- assume h round st I ’ 15 S- - 0
S t i  ictl y s:-~- i k i n r , tht s scheme is m i l r r u l l r I a t e  ~on  molecules c ost  i in in- t liqht

IC ms in which spin—orbi - coup I i n - :  is t ; r n i l l  and s p i n  is . 0 1  1st urn

number , but it does i~ r o - i ; 1 .  a con-.- ,- t ;ei - t nc~~~t ot  h - t i n t - m r  for u; ii -r star- .;I—

ing the bc-savi or -if TM c or t ; l l e xL - s .  C ) r q i n m -  I ve s , - m t  r i s e - I  of li - ,h t atoms ,

can be e f f ec t i v e ly 1- uris-e l v ua the S S C r in s l  t i  ‘OS , m d in some i f

these , particularly those c o n i m i n i n i  cat 1 - t o t  Su n -t i  i-nt; , T
1 

c o t  be readily

l~Oi~ llatt ’d by i u i d  m t  l - s s - - u ~~ em ci -s in -i . It is T
1 

- S phosphorescent

t r m n s i t  ion whi ch is a n m l l t I u s  t i  t Im e i-a r ’ m i l l y  t I j i f i  I i . ~rl ‘-mi ssion of TM

comp lexes , and , as w i t h  75-f com l l 1,~ x e n , t S o - m e  i s n i l  k i t s - t i c  d i f f i c u l t 1 w i t h
j ) r l 1~1u c i : t i a popul  it i - -n  r n - c-i So n in a f ir— level l- h -n~-h oiI -sc - i t t material.

One r e . m u  :t , among othe is, wh y !hos!h lres - --; f i a s F - r s  a r e  luknliw:t lies i n  t f t ’

following t e r m  in hi gain eoua t w e.

exp 
~

N T ( - T
1 

-. S0 
— 

T ~~
- T 1)]

The cross sec tion fot ~~ 
- T~ a b t ; 1 - I 7 S  o n , a spin—allowed process, will

always overwhelm the cross s e c t i on for stmri u l., t ed T
1 

S 0 
- m iS5~ ofl , - i Spin-

forbidden proci-ss , so that gain will hI t t e - ; m t  ive t or i h o - O S l y s l~~5 i i t  molecu l e s
The bandwid th of molecular transitions in c on d e n ; l - i  m e l i a  IttlI d e n s i t y  of

excited et  m t . -s in comp l e x  molecules in sur c -  C h i t  a window ” w i l l  n i t

fortuitousl y exist in the T1 .ml-s - - t St m cn s i --c t rut s  i t  the frequencies of

p h o S 1 l h o F i ’ s - n  - - . Me I ecu 1€- s f or  which ext .-t;i; i ye T
n 

T
1 

l b s l i r p t  ion spectra

have been measure I confirm this.

The sit uat i o n  in ‘ f t  ~( i r n l l l e x i s is similar but not  i d e n t i c a l .  I x t e n s i v e

s p i n — o r b i t  c o u p l i n g  which is e ill lu st  d eli  in t he si-c on -I  and th i rd row

(P(~~~ DI G PAGE BL&NK-NOT ?IU~~D~~~~~~~~~~~~~

a

L.  
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T i

EXC I TED STATE ABSORPTION

EMISSION

SO 
_ _

PUMP BANDS

F i g u r e  16. Simplified Enerqy Level Diagram Appropriate for Modules Con—
t~iini n - j First Row A toms

transition metals, t o  a 1 i ~~i e extent blurs S t d t i ~ spin labels through exten—

si -- c mixin g . It has fl -i ’s a i l 3 t m e i I  that spin labels are entirel y inappropriate

S o n  d— ~ Cx ci i 1-li St . i t, - .- l of Ru (I I )  complexes. ~ Ney ’rt hi -les s, the eyidence is

abundant that a vestige of the  s p i n — s e l e c t i o n  r u l e  r e m a i n s .  The r a d i a t i v e

lif et u n ’  ‘f Ru (II) comp l exes is it-proximately lO i
s, a f a c t o r  of l O~ less

t i m  f t 1 .  t e,:!’ect . 1  t I r  a f u l l y a l  I l - w i - i l  transition. Conversely, in f . i - 1- o ’ r  ble
- - m s e s , t h -  u—n i St  mt es respons ible for emissiomi can be seen in absorption as

a very v - i 1: f - i t u r - on the  red ed ge of a much  more i n t e n s e  band . S y m m e t r y

sr .tur si-nts 1io not explain tie I l m r t i m i l y  forbidden nature of these transitions

S imilarl y, the irst absorption of Rh (P=P)
2
C1 is quite weak (~~~ 200 cm~~~~~

m l.-) wL:ch is consistent with its long lifetime (28.5 ~is) . In this case

‘ i-c emitt ing leve l is cl e a r l y ,ms som -iated with a component of a 3A
2~ 

s t a t e

w h i c h  i s sp l i t h-u spin—orbit coupling . The analogous transition in

lr( t’ P)~~Cl is i l o  i t  - i f a c t or of 10 more intense , and , because of the

rel at ively n-irrow emission b a n d w i - I t h  of the Ir (I) complex., we considered

this m ,m ’ . - i i ~.l t o  h a v e  t h e  best chance of p iercing the ubi quitous excited—

St a t ’-  -lb s - o n - f  ion (that is , 
~
, - T ~ However , the small Stokes
1 0 tm n 1

4_ I

- .  -
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shift in Ir(P=P)2C1 leads to extensive ground state absorption losses which

may prevent lasing. In the metalloporphyrins , which have an enormous Stokes

shift and an even more narrow emission bandwidth , lasing is probably prevented

by the  hi gh l y  f o r b i d d cn  n a t u r e  of the  t r a n s i t i o n  (i = l0~~~ ) -
The common theme encountered among TM comp lexes is t h a t  weak emission

must compete  a g a i n s t  s t r o ng  a b s o r p t i o n  f r o m  the  e m i t t i n g  level. The density

of s t a t e s  and s t rong  m i x i n g  of states which lie close in energy make it

nearl y certain that transitions analogous to Tn T1 will be as prevalent in

TM comp lexes as in organic dyes. It can reasonabl y be asked whether such

losses are present in fluorescent laser dyes. In these cases the radiative

transition , is fully allowed (S1 
- S )  and has a much higher probability of

showing gain (
tm1
S1 S0 

- - ‘ S S1) than in TM complexes. Nevertheless ,

losses due to Sn * S1 a bsor p t  ion have been shown I I’ l’rt’\ent lasing in pyrene

excirners i and to diminish u-tin in crysylviolet . 7 It is quite likely that

this loss p l a ys  an important but almost neglected roli- in the spectroscopy

of laser dyes.

While it seems i - - m ; oui.mi le to attribute the l ick of laser action to

excited state absorption , the point can onl y be established experimentally.

Thus , we strongl y recommend that appropriate excit - lI - st.m te absor i-tion

measurements be curr ied out so as to eithe r definitivel y rule out laser

action in TM com i-lext-s or t o  reestablish this l l e s s u i ll  i i i  t y in what

appeared to be ~i ~l r o r 7 i m si n g  new class I ’ll laser m i t i- ri a ls.

1
1 ’
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A P P E N D I X  A

EXCITATION POLARIZATION OF’ LUMINESCENT IRIDIITM (I)
AND R H O D I U M ( I )  P H O S P H I N E  COMPLEXES

I

1

L 1::::~~TI:Ti:Tz~J~- : ~IT - 

- 
_

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ - 
-.i-—,,.~~~~ —. — ~— — —. — — -



- - - —--.

~ 

——-.— -- - - - - - - -

~~

----- -— - —— - - -

~~

- -

~~

--- ---- - - —

~~~ 

-

~~~~

-- ——.-- .-—

~~~

—-

~~ 

- — - - -

~~~~~~

- —;-____‘ 
~•1~~

~ Ri-pri t ited t n  iii I n .rga li u- U ht ’ii i ~.a r~ I 7. :i I m-~m i ( I ii 71. I

( - i ’  rig ht c I i ’ o-. li~ t i m e Anit’ru.-an I h i - u i il t~~- i ei~ ei i i i l  rcpri iued i i  ~~ - r r r i i _ . ~m i i  m.f rhc • •,~,i-rmg ht ,,t~onr r

( onIribu~ ion from ( . I I~ I ab, ratorics I n~W aIth~im. “lasi.achusct ls 02 I 54

F~citation Polarization of Luminescent Iridium (I) and Rhod ium(I ) Phosphine Complexes
L.I-O’-.-\K1) J \\1)RI W S

Rt-~- ’i m .2 11-r , I I
F~ ;mtj tto n polarii.mtmun of thc luriimncscent complc~e~ ( Mt P PhICI m d  [\l t F’ P).j ( - ’I EM = Ir(I) . Rh( I . P=P =

•- i . - l 2 - bis (di phcn~Iphosphino)cthtlene : P P L 2-bii.(diphcn~Ip hoo.phini )c.Shancl hj mc bi en measured in I-prop~nol ai

I h-i °( I)ct imled ~pimirom l j ~~i~ n r7r c , ) r .~ ire i r r . mii c in Icruui~ l i i  the ~pmn o rbit . ouplin~ model ~hmch h m ~ c~ulm~cd tu describc
rhi .mb~.tirpiion Ol d’ mcta l ions complcwd ~ it h i-- .iccc ptor Io ~t i n d~ ( iii1iparrwin~ mrc made with an carhcr rii.igneti, orcular
doo.: h r i s i r i  -itu d~ of thes ,~ comr ie ’m e~

Int roduc t ion a P il,ireid polari ier I- sc i i it ion  and emission bcat iis w er e  at right

There has been considerable effort osc r the s c a rs  devoted angles Saitip les w er e ~~niained in a (I 5-c m quart, tube held in a
quart , Ikwar and c.s,kd s it u ‘

~ : 1’ ~ thermocouple ts.is immcrscd
to understanding the electronic ab sorpt i on spectra ot dire~t ls in the samp le Samp le concentrati on w a s  ~ X tO
transit ion-met a l t i ns complexed w i th  u -acceptor ligand-~ l’ ilari,aiton I’t i s  defined
B~ far most at tent ion h,io. focused on thc ‘s it ( ’\ ) and - , 

- ~~~~ + , -PtiC\ )~ anion s . The intense luwest energ% absorption bands
in squa re -phi nar te trac~ .irio comp lexes itere rif i nails i i i- where !~ intl I - 

are emission intensit ies w i t h  parallel .mnd perpendicular

ter preted b~ ( ir a ~ and Ballh~mu se n ’ as metal to ligand o r ientat ions 1 ihe d etecr ion ptolariicr w i t h  respect to the excitation

charge-transf e r I MI ( Ii t r .mns i t ions  from the highest ms cupied NmI i r ,e r  is hich is held se rimcall ~ ( ‘ i. rrcci ion w as  made for the

meta l d orbitals to the lowe st unoccupied ligand r orbital ( i  palari,aiion se n s i mismi ~ of the detection iimonochronmator using Aiumi
and \lc ( , lsnn s procedure ~di. Piep ho et ml refined this model on the h is is  of \ll pal.i r i, atio n sp ectr a w ere measured near l~s5 “C in

magnetic circu lar dichr oisui ~ \ICI)) studies iii include the saitir,iicd l.propanol \ i ihis temperature. I -propanol forms a stable
effect s of spin orbit coupling I- urt her ‘slUt) studi es rn :i intl strain-free glass although sese re cr.icking d~ -s occur below 170
varie R iii Pt( II) coniplexe . b~ Ici and \I.isimn ’ and single. O( Since oi ls inmpart.tni that rotat ional relaxation time of the emitting
cr~s t.m l polari,ed .ibsorption nieasurc rneflts on \ i(( \ la~ b~ molecule be long compared w i th  i t s emission lifetime. F’ w i -  checked
Co ss nian . Hallhausen. and ( ira-v and on Pti (N 1 ,i b~ a’ a function of temperature intl w as found i be constant up ii I iS

man and (iras were interpreted using the spin orbit “( L’ suaIi~ emission i s i s  monitored at the luminescence maximum
cou pling model iii Piepho et il • On the other hand . N,  In the cisc of ilr( I~- P11i( I. however , extensiv e overlap between the
scattere d-w ave calculations on P t ((\ i ’  have led Interrante 535- nm a bsorption b.ind and the 545-nm emission ba nd required that

and ‘s tessiule r i iii question seve ra l assignments princi p.ulls due the palariiation of the ci K-nm band be measured h~ monitoring the
red edge I emission This intrnduccd no error because the emission

to t heir ca lcu lated reordering of metal d-orbita i energie s pelziri iat tin is i s  found invar iant thr oug hout its bandw idth The
Recent is . t his work on tet rac~atuo c i m plexe s has been Used .icc ur.ics -ml !’ is est imated to s i r ’, between ±10% ai band maxima

~i s  a basis for interpreting the absorption of square-p lanar and *~~l~ s- in regions of low polaritation and wc.i k absorption
Rh(I) and Ir~l) comp lexes. ’ 0. 1 1  In particular . MCI) spectra \Ialerials. The comp lex es were prepared from IrCl(COHPPh ,)1
of IM(P P):I( ’I .mnd [M(P - -~ Pbj (’ l IM = Rhk l) . Ir(l); P P m d  RhCII(’Ol(I’Ph h and the free ligands Smrcm Chemicals)
= c i t - I  .2-bis(dipheny lphosphino)eth~ lene; P— P = I 2-b is- according t o  ‘t a s k .  .ind ( atone s 4 procedure Care w as taken that
(diphcnv l phosph ino)cthanef hue been used bs Geoffrey et handling and s~nihcs is 1 thc Irli) complexes were done in

~ to make detailed spectral assignments -\s pointed out saturated s lveni~ I -Propanol ( I sherl i s i s  used as received

b) ( iras .4 ’

~ i t i s  desirable to complement ‘slUt) data wi th  Results
absorption polartiatron to pr os mdc a firm basis for assignments. I- s c i t i t ion spectra uncorrected for polariiation induced by
We base done this for the above comp lexes bs taking ad- the emiss ion monochromator and the calculated excitation
sant igc of their photolumiricsccnce .it low temperature s in pxol.i riiation spectra ire show n for f lr(P -- ‘P)2ICl and
rigid organic glasses (Rh(P -

~~P(~~Cl in Figures I and 2 ‘shsorpt ion between the
use it t he method ol phot smelcction*~ polari,ed excitation lismo lowe st encrg~ bands in each spectrum was too weak to

s pectra were recorded of dilute solid solutions in I -propanol. permit reliable measurements . so the polari,ations arc omitted
For luminescent molecules. photoselection is a convenient ~irt d in these regions It is worth noting that the excitation spectra
powerful method for obtaining polariialions whic h does not arc a lso uncorrected for was-clcngth s iriations in lamp intcnsit~require single cr~ st im ls The disadvantage of the technique is and ex citation monochromator t r~insnmission so t hat the cx-
t hat excit ation polari i.irim ins are measured relative to the c i t a t ion inte nsiti es bear little resemblance to a bsorption in-
orientat ion of the emission oscill.itor and ire not dircc t l~ tcnsit ics. part icularl~ below 4(X) rim. This is u I  flu consequence
related t o the molecular framework . We wi l l  show - however , in measur ing P since .ill that i s  required is that the excitation
for t he particula r cases studied here, th at trans it ion tii iiiVtCflt remain consi.int for consccutise I~ and 1 measurements.
o r ien ta t i o ns  rc l m i i s c  to molecular cms ird in~tt es ( in- plane or l ow- -tem perature absorption and cmissio tm spectra for these
out-of~planc) ca r l be inferred rem the sign intl magnitude of complexes has- c been published 0
the cxcuation rs l. ir i , .ui io ns The first band f ir each complex i s  positis-el~ polariicd wi th

Fxperiniental Section F’ ranging from 0,10 to ( 11 4  The differences among P for
t his hand arc d isc to the prec ision of the measurements and

PoI*ri,alion SIe,svrenwnts . \ l 5O- ’s~ tenon art disperseil w i t h  ire not regarded is signil’i c.m n n \n intense hand with strong
a 0 25-rn I m o d  ‘ t b  n o n . . hr- rea r I 145 .i I i  is _ is used f r  C S ,  it.iiion
and a 0 S-rn l’e rk : n I Imer m.ono..-hr om a i ,o r ml  - I ) .  equipped w o i h  ~ 

nega t ive pol.mrintion ( 0 74  to (I ~(ll comes next in each
R(~ ‘t 

(‘
~~ 103 \ photomultiplier , w i t  used for  dc t e~ t non the s l i ts  of s pectrt im_ I ol low ing this , a w ea k hand , a lso negat ise l~ po-

thc ex citat i o n monochromator were sct at 0 5  mm is hich 4 -rresponds hiri,ed. is res ulted in Rh( P - P).JCI and Jr ( I’ P)-.JCl itt

to ~~l 5 nm spectral res olution the entinat i , i n he irs i s i s  pissed 370 m d  — 405 nm. rcs pcct isels This feature is not seen
through- i (sian Thocnp.on p- ° ori,cr m d  emission is _ is detes ted through in IRh(P Pl- ~( I or LIr IP P)

~
I(’l. prcsumahls because the
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Table 1. Summary of Assignments, Rand Positions, and

.. ,‘
~~~~~~

. ~~~, Pola riiauonm mn l-Propanol a t — t 6 5 ’C

• miss~gnment
- o0  x, nm P X n m  P ‘- ‘A 1

- a m  l~
(
~ 

-P),lCl llr (P—P),lCI
538 +01 0 527 +0 11 l- 0 ( ’A ,0) ~

or 449 026 443 - - 0 3 0  A ,0 ( mA ,0 ) f 5 20 ~~
a 1

‘\41f 5” II 20
- ~~ , 383 ~ m t O  382 -0 07 l-~~( ’E0)

125 -~- 0 0 3  5323 0 000 A ,0 ( ’F~ )
3 15 1) 14 319 +0 17 F.,,~( ’E0)

- P ,lfl
4 8 1  ~ f f  14 413 + 111 2 I- 0 ( ’A ,0 )
4 t h  12 5  4 12 ii 2°) A ,0 A ,0 ) ~ a 0 — a 1

m Ill
i S ’  ii 17 151 s f 1  I l l  ‘ u ~ t’ u) a o u  a ,1
118 , i i  IS 338 11 1f f

/ 321 ‘ i l  f f6 128 • m m lO I I I ,, I ‘1-,.,,) e0 •- a 11/ 
\____P.

j  ‘.
~ -,

“ these h.mtads ire sho ulders ishish are clearly resolved only in

* 
polj ri~ed spectra

l-aitla. ’r I cd cs ~ ,t ~ t it ’ s i r - - I  liii’ l’ l - ’i in I - pro-pin 1 Pu
.it Ifo ~ “( -~ - *011 10 i I I I I cglu ulaicd Ps .ilues ire _ ‘- —

4 o h - - s n  bs c i r ufc -. ,~~ 
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Figw, 3. Partia l molecular orbital diagram appropriate for iridium(l)
and rhodium( ll pliosptitne complex es; O~ symmetry is assumed.

0)

are orthogonal and collinear, respectively. In the special case
of tn-plane absorption and emission, the maximum for P is
reduced to +~~~r. In practice these limits are rarely, if ever,
realized . Overlapping bands of different polarizations, for-
bidden vibronic intens ity within band envelopes, and excited
state distortion as well as instrumenta l imperfections all serve
to lower P from its theoretical maxima , In spite of these
potential difficulties, experimental photoselection results
frequentl y approximate theoretical limits welt enough to be

400 soo is reliable guide in assigning symmetries of excited states,
We assume that t he d° bidentate phosphine complexes

Fl~i.e 2. Polarized exci tation spectra of (Rh(P=P)21U1 in 1-p otianol studied here have 0ss symmetry in the electronic ground state,
at  li5~ 

“(‘ taken w i t h 
~~ 

) and I~ t- ~ -) . calculated P values are As such, all s~mmetry-al Iowed electronic transitions can beshown by circles classi fied as in-plane ( - u . )  or out-of-plane ( z )  polarized, P
latter complexes show somewhat broadened absorptions. and for the lowest energy band in each complex (Table I) closely
this weak band is obscured by the adjacent intense band which approximates +7, and is . t herefore, assumed to be in-plane
h.ts positive polarization- The polarization pattern of the three polarized. If this band were out-of-plane, a much higher value

highest energy bands differ between the Rh and Ir complexes. for P could reasonably be expected because (his band is well
In Ir. the sequence is positive, negative, positive with the middle isolated from higher energy transitions (Figures I and 2),
band only attaining P — 0 because of the extensive overlap Further, t he high degree of polarization of the second band
with the highest energy positive band. In ( Rh(P—P ) JCl the (close to ~/ 0 )  rules out systemat ic errors or massive excit-
three bands arc positively polarized, w hereas in 1Rh(I~==P)1J(~l 

ed-state distortions which could lower P. The in-plane as-
the highest energy band shots ’, somew hat diminished polar- signmcnt is in accord with recent MCD results of Geoffroy
izat ion relat ive to the preceding t w o  Band positions and ct al ’° wh ich show this band to be degenerate. We conclude.

— 
e xci t at ion po lar i ,.iti mmns measured at these maxima arc col- therefor e, t hat positive polari zation corresponds to in-p la ne
lected in Table and negative polarization to out-of-plane transition moments

-‘s partial representation of molecular orbitals appropriate
Discussion for these lr (l) and Rh(l) complexes is show-n in Figure 3 The

By proper averag ing over a ll molecular orientations , it can metal d orbitals follow the ordering of Piepho et al. ° for
be shown that photosclcction of a random ,irr .ms of absorbing Pt(CN)~ and the a 25 and c0 ligand ~~° orbitals conform to
molecules leads to polarizat ion limits of .i/ ~ ~ P ~ +~ /2 )~ Gray and Ballhauscn ’s t conclusions. This model predicts that
These limits occur when the absorbing and emitting oscillators the visiblc absorption of tr( I) and Rh(l) bidentate phosphines —
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Table II. Double Group Theoretical Star es Generaied Irom Follow ing Geoffroy et al, tm ° the 383-, 325- . and 315-nm
Lowest I nergy w ° - d One-Electron Transiiions bands in (lr(P- P)1ICl arc assigned to F4 (

i1:
4 ) iA i~ A~- 

one-e lectron ( ‘1-~ ) ~~~ and F, (
i1:

,) • i .\~~~ , respectively. All of these
tr ansition double group tspmn-orhit) ~sc ited st ates origi nate from a~, c5 This is in agreement ts - t th the po-

__________________ 

‘ - I  i t  b 
farization spectrum which shows the 325-nm band to be A ’,.a ,u ~~u 

~~~~ i.
t
~~ : 

A
(

O~~ 
. I 

‘~~ although it strong ly os-cr laps the adjacent 1- ., band, P for the
I I~~). H,u i l  i, ). )

~~ 
I ‘t-~~ ana logous transition in Ilr(P--—P)1]Cl becomes slightly negative

a ,0 b.1 t~~u ‘K 0 ), H~~ i ‘K o u f I’ u b ‘ K u) ( 0.02) near its maximum, Sernicmpirical calculat ions by
L
~~ ~~~~~

,g ‘ U f - I -
U I-  I_ u i _ I ‘ u i I u~ Gcoffroy et al, iO show that the various F5 and -\~~~ states are

-\
~~~ 

I - I 
~~ b K~u ( °l st tm tb ou ( ‘I U i thoroughl y mixed sci that absorption intensities among these

- - - transitions should be roughl y the s ,iIfle. This expectation is
should be dominated by .illowcd ‘sit ( I lr.ins it ions ot the t~pc re.i li,ed in low -temperature absorption spectra
a,, • d. The evidence 1 ,ts been summariied b~ ot hers ~‘ rhe situation in Rh(P - - P)~(’l is less clear. P values for the
that t he losses i energy bands do fit the criteria for ‘s it ( 1 352 -  and ~3~ -nni bands clearly indicate that they are F, in
transitions , character . w hereas the 321-nm band has somewhat diminished

The one-electron transitions ,i • d gise rise to t hree sing let posit ise pola rization The corresponding transition s in
and three triplet s .iies of w hich two  arc opticall~ accessi ble IRhIP P).lCl all show F’ = 0 10 It appears that none of
from t he -\ ,~ ground state from spin and s y m metry con- t hese hands can be clean s ass,~~i,iicd w ith the A~, component
sider;ttions (‘F , • ~~ and ‘s \~~). Spin orbit coupling 

~ i- , ~~~ • e8 ) . t h is , perhaps , is not too sur prising in si e s
splits the triplets to yield .i tot a l  of 12 st a tes of w hich s ix  are of c,ilcu lations on j Rh(I’ -~ P)~1Cl which predict the intensities
optic.ill~ acces.stb lc (the I , and \ - , double group si,i ies ) 1 he 

-~ transit ions to s t , i l Cs of trip let origin should be more than
intensit y of t ransi t ions to spin orbit oi,iies of triplet origin wil l a factor of 10 less intense than transitions to states of singlet
depend on the extent of sing let cha racter acquired by the origin 10 The low -temp erature absorption spectra show the
spin orbit perturbation I or convenience, the double group j ilte ils iiics of these hands ( 32 1 ,  3~ S . 352 . and 410 nm) to s-ar~s t , i t e s  are listed in I able I I less than a factor of 2. ’ ’  It sceti~s certain t hat F, ( iF5 ) •

The low est energ~ band in eac h comp lex is positi~eIs ~~~~ 
~~~ • c~) must lie in this reg ion and perhaps also F, ( ‘F ,)

larized and i s  ,issigned to the in-plane transition I \.) • ‘s (e • a , j .but detailed assignments must await a more- 
‘s

~ 1~ 
\~ pointed out hs (ieoffr,i~ et ~~~ this h,mnd is st r inger ret  mc d ihcoretical model than prescntl~ available.

in IrtI ) th .mn R h (I) comp lexes w hich is cons is te nt  w i th  the 
~cknoisIedgment W e  thank the ‘sir l orce Office ofincrease in spin or bit ct iuplir rg I he intcnsc . nc g .tt isc l~ pa 

~ c icn t i f ic Research for support ol this work under Contractlariicd second band is ass igned to the out-of-p l.ini. \~, I 49 ~0 ~ ‘ ‘ -(n) I• -‘s i - The intensities- -~ind poLi nii.iiiiins of these t w o  bands 0 - - -

are co~s istcnt w i th  the ordering ut Piepho em al for met.tl d Reg istr~ ‘so Ir) I’ P1:I( I . .~t’ ) ° ) h i -  P I - t Ir I P - PI~l( I-
orbitals which places .i~ 1 as t he hig he si  occu pied orbital On I S  i-hi t i~- 2 . Riot ’ I’ I-~( I. — -  o4 44 - RhII P),]( I. L0&-4 -

t he other hand. lnte rr , inme and \ic s s mncr ’s’ ca lculation on References and ~~ules
Pt(( \ )~ . which predicts b. to be the highest occupied ci l b  II ft ( , , , t o and ( I K.tIIh,muscn . 1 4”, ( S m  S., - - ~~~~~r-I ’ I I Ao”
orbital , leads to difliculties lfb~ is highest , t he second band ~ ti, -.,- - - , I l l . and II It (m r . i s , J i - mr S~~’r .5., - 90. ~‘2l ( h % S i
could only arise from the ‘ s - , ciimponent ,it 1-~ ~ , i . , Cr ). ( 0 )  

~ 

K P , cpho , I ’ ’ s  S,t ,,,i , . j rod S J \t~ , af lc rs , J li’, ( hem .S~~’ -

1 lowese r , t his interpretat ii in requires that , at least in the case 
~ ( ~~ ~~~~~~~~ I, I It,iIIh, uscn Ill H I r i s  J 4m ( hem S s  -

of Rh(l I complexes , the I , com ponent 01 1 a - , e~ ) lie ~~~ , s~~1 i ’~ i~
in t he s.ime spectral region. This is not ob’~ers ed in the spectr.i , f~~i II 1s ’ r i n d S 

~nd : i  ~~~~
and we conclude that the melal d.orhii.il ordering of Piephio 

~ (1 \ t m r s h  m d  3 S ~t ii ic r , ‘n r c  ( h,- ,’m - 15 . “ 2 (1 ( IQ ’ i,i
et a l, 1 is a ppropriate for the se iridtum( I) and rhodium( I) I K Hr,,ds , It R I isnn , I i  t i,e ,Or ~~ It H i r i s . 3 Prone , Jr - and

is s h s I S o k o  Inom-g ( hem , I~ 40- S 11-r r,,o~p inc 
- - I) It B ( O s  - In- ”~ 

(5 , -n, - 15. 251.0 1 i°) i- b-‘s previousk unreported we a k band w i th  neg. ii ise polari- 
( 1(11 (I I Gcoit rot, it isc o I t i irenti , ,i nd Oh K \I, i s on Iisorg (h e m

,;ilion is resolved ,is a shoulder near 3(l~ fl it ) in J Irl P~ PI-J ( I 
~ ~so i in’’

and 370 nm in IRh( P~=P)~I(
’l. The riri gi n of the Ic , i tur c is ( i i i  1 I (koffros , SI S W rig h orr G S h ammo nd, m d It B Gras , )

unccni on It possibls is  i s ibronic tr mns ition iss ioc I itm. d wi t h 
(I I ~

“c \l br es, h l J~~ f / \~ r 6 5-1 (1961)
.4,,,, ( ‘ s . ) ‘ A~ since t he separation of these bands is 2(s(K) 

h i t )  F Sl u m ,  and S I’ \Is( ,hnir J ( ‘hen, Phi., - 37 . 2 4 1 i i  91,2)
cm in bolh comp lexes i 14 ) I S ,isk ,i and I) I ( atone. J 4,,, (5 ,-rn .5,-, - *5. 124 (1961,1
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R A D I A T I O N L E S S  DECAY IN RHODIUM(I) AND I R I r - : ’ ’~t ( I )  COMPLEXES :
POLARIZATION AND SO!~VEN T RELAXATI ON STUDIES

I ,, -on i i ~1 J - A nd rc’ws
(TE Labor ot -r ic’s Incorporited

40 Syl’.- i n  Road
;s it ham , M i ss  o-hii ; i - t  t s Q ? 1 5 4

ABSTRACT

Radi a tion,less decay in th ~ comi -l ex Ir (cis—l ,2—h i s( -ti~ (I ny l p~ osphinto

ethylenel chlo’ m i t o ’  .in i its Rh (I ) analo ’ -i have 1- - ‘- n ‘1 i,i r~scterized i n  1— i’ r o ’ p inol

in- I o i 1 ~~~ c - ro 1 - Decay in t hy  Rh (I) o ’i i n ~~iex  . i n , l , t O  1 l t ’ o : -~, - r  i o X t  - n t , in the

I r ( I ) c~’n p I t -x is controll- ’d :iv s o ’l v o n t  r i o ; i - l i t ’ ;  m l  no ’  by t - ~’ 1 t - o - i . , t U m - .

Exc i tat ion  polar i zat x~ ’n m i n i  . c t ’ ’ - I - n - : t  h - t~ -~ - -n I -nt emission d -cay studIes

show that  nei t he r so1u~~’ - nor so lven t  - - t o io - n,il re L i x it i o n  p l a y  a role in the

decay .
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INTRODUCTION

R, ’ci ’t t ly , sc’v,- r - al Ir (I) and R h ( I )  l i i d m ’ n t  it i -  phosphiru’ ’oim~ lexes h i - :-’

been added to the r ip  id l y e x p a n d  x nq 1 1st ot h- ~~ - ° - ii” i i - -  nt  - r i I t o r n

m e t - i l  complexes .  These complexes 1, o’- - m p ( ’ iT It (- the ~,mi ~ i .l l i  . i n i  c i s — l , 2 —

bis (diphenylphosp 1nino )et’i ’~ lene (P=P) ~m its - -thar i e . i ri a lo q  .in i - : - - r - t  t h e

° t i-ore p lanar cont loj ur a t i o n  common i n  d
8 o- , st -m s - Thei m l um , - - s - - c .  c~ - h - i s

h,’ c- r r  ‘ ‘ha, a c tc ’ m  ized .ts met 1 — t  - — I  i~~and -~ h .iroje t m o no ft-i (M! ’ ’~ - -m l  . i s s i . i n m ’ oi

to t he F~~ component - - t  a 
3A 2~ 

S t - i t , - which i.iins int - i c i t ’ :  t h i  i b  Si i n—

orbit coupling . This assi nm- - n t  has been cot r ib - r i i t  i l  l i v  r’i ,i i n e t l c  ci, i - u l a r

d ichroism 2 and polarized - - x . ’ i t  i t 1 m spect ra . A l  so, I al i - it j - : i ’  1 i Ii ‘t t i’ , -o 1 1- -

in t h i ’  ranoic ’ 1 0 4s t o  l0~~ s which is consist - -n -
~~i t h  t t i m’ p a r t  1.1 1 ly - -r 1 1  l I en

character of the emission.

An i n t t ,-~~e stm n o j  aspect of the M (P P)
2
C1 t-1 Ir(I) , Rh (I)J corrit-lex ’’s is

the extreme t e m t o c ’ m ’ .it ii r e dependence ot tt i - emission in ’ .irr° y i e ld . Whil ’-

M (P P)
2
C1 emi t in otl assy or - - 1 , i n l c  sol v- - :its m l  7 7  K -,‘ i t i ,  yIold ~ w~ ich a, :’:-

unity , t hc ’v  ,ire t o t  i i  ly ,-‘:, ‘‘mjSsj’,-e in -l i- -ia ssc’o . l 1~i i  I s o l . i t  ion  it ambient

t e m p e r a t u r e .  Sin c - it has long been i ; : - : - ‘ I at i ’oI that sol’,’en: V I SC OS it ’ :

can e x e r t  an i m p o r t a n t  in t l  1,-nc , ’ on m ’ - l e c u l . m r  ors ’~-t m ii .in I i- h ~‘ i~~~- ’ - - ic-’ml

p r o p e r t i e s, we have investio tate o l t he  tb ’m l’er ,m i i - ’ dc-ioe: Ieni”’s of th ‘r-~~n oion

for these complexes in the -m l~ms—f orminq solver t s l~~~o i i o t  , m f l o - l  m l  ot lyc e’ : - - 1 .

-rhe ai ms are to separate th e i f t m ’ c t s  r o t  i - n u t - ,  i t  ure i n - I  v i  si’osi - . on

radi.itionless decay and t o -  use iuminc’scen, ’t ’ is a probe o O  so o l : t t ’ — S o ’o l \ ’ , ’ r l t

i n te r a c t i o n  in  t h e  t ern Ier.it 1, r .tnori ’s where f’floiSS jOfl lot , o rmeS ne - :l iqible .

F,’,PEflMENTAI,

Steady St,i ti’ M ea sur i’mi-n t ,; — Emission st-ec ° ra , m t  i ’ns  i t  ies mn - i eXcit .i—

o ic-a polarization were measured on -i fiuorirnet”r consist iii - ; of a 150W X-

a t . : , a 0.25m Jarrm’ l Ash 82-410 excitation monochrom etem , a 0,Sm Per~~i n

Elmer El emission monochri’,m,-t ,~r , -i n RCA C3 1 0 14 phot o n - i ’  ~p l i e r  a n d  a

hL’-,- 411 m j c r o ’ — n i c r ’ - , ,a r ’w ’n’ t  . ‘r  . Exci t-at ion a nd  emission i - e m s  were

oriented a t  ri ght angles. Samples w er e o - oi n t m i ne ci in a 0.5 -rn Pyrex ‘ t o -

which was enclosed in - i  - j u i i t , ’ dewar arid ( ‘ ( h o t e l  wi t h N , gas. The t i-mr - i -i .mture

of the f l o w i n g N
2 

was sensed by a Pt resi st in - ’ - thermometer which c’nt i -lied

a heater in the gas flow through a f e e r i t o i c k  cit o ’rii t - An i m - ~ i — ’ r ’ : ’ ;t  .i ni i n

- i thermocoup le was immersed directly in the samp l e .  Th i s  .i~ i i  ‘us was

modified for polarization measurements is previously ‘ im ’o c r it ’ - - t. ° Emission

spectra are uncorrected for o t e t ee t o r  and momiicehrornc-ter d i s t o o i t ion. F,mm s~~ion

in ’- t’nsjt ies were assumed proportional t o o  t he  p r o d u c t  of i s -  i k  h e m - .tht m u

bandwidth at half maximum .
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Lifc’tirn c Mt ’,msurements — An N
2 

1,mi- i pumped l ye laser (Stilbene 3 , 5 n~
p u l s e w i t h , l ’ s  t - -: ;c lution) wan used t o -  c’xcit r~~P=P )2Cl complexes in their

second  absorption han d ( 4 1 8  nm b r  R h ( I )  and 450 nm for Ir (I)) - Sample

te mpo-i i t  ir e w.i- ~ ‘ - t :  - i l e d  and monitored with an arrangement identical to

t h a t used in  li t ’ t 1 .1 0! in s t i ’ r . Decay o~~u rv& s were m’ ,’ - ovo ’r~~d using a P.~ .R.

M o l e !  li - I  lo ~ -x 0 ir 1 : ’  c’ : :  0 or. 0- - ‘ -my of t o o t - i l  emission was measured u s i n g  a
-ilass cu ’ f i l t e r  ( S c h o o t  t - 0 4 2 0  0 0 1 ’  1)0530) and ,o C31034A RCA photomultiplier.

‘ h is tub ,- is ,guit-p ~-d with a GaAs pho t - - - .ithode and has i nearly f l a t energy
response ‘Vu i th e - - - - r  r a l  range — - I  ~‘(P=P) 2

C1 luminescence. Since a

o: m ’ct  r il l y l i t  t o - s p o . o ro s c - mi ght Is l r n t 0 0 0 t  t a r o t foot so-m e decay measurements ,

t o -s uits wet,’ ct, ecki.-J w ith i: S—20 p O t  o r .  it ip lie r (RCA 7265) and were found

t a  be i- l e nt ic,m l w i t  the (‘iA-i t lo t ’ ,l~ t t i . Por t ions - o f  the -rnm ssion spectrum

a Rh (P=P) 2 C1 w,-,, - i sol it , - ol f o r l i t , - t i m c - measurements usino interference

ii: ers (Bai r 4t—A t -sn 1- ’, -48 ‘ 2 rim a n d  i - 7 8  . 7 nm , - 0 - l i - \ ’ : ,  i t  m -~~n : ; i n d i c a t e
to - - w i J  ‘ - - i t 50~ i k  t r.insm i Or s i o n

T i n - - R e s o l \ t- i  S~ , -  i - a — Time u - s o l v e d  -a - , ‘ ra -t Rh (1’~ P)1Cl emission

w e r e  r..- c - - t  b e - I  u s i n g  t b  0.25m J i i  ri -i A n t i  equ1~ p, ’- t wi th in  RCA 4832 photo—

multip lier i i  d ye 1 , io;o - : excit It ion it 41~ rn . The RC t ime constant of the

- a t  i - ’ n  c i r c u i t  w i : ;  g ~o t o X i m . i t .- l y 350 ns oc ‘ ° - . . o l ~~ ,otc-r oo ’tonult ip li e r

l o ’ i o t  and ‘ n- - sam i n - i  0 1 , 0 ’  e 01 ‘ 0 - -  roo - h - l  l i - I  l O o i X o ’ , i t  was ;,- t i t  501) n s .

M i t  - m i . i l s  — T t -  I t  ( I )  . i n i  Rh ( I )  ‘ - -rn: it’ X u -o -i w ,- i - - p r i - r - i r  e l  u S t n o t  Vaska

mi Catrr n ,- ’s ’ net h ,-ol. C . m r - ., - i t i k , - n  ‘ ex, ’ L m - l e  t ) ~~ o iurinq - - :nr hesis and

a t o r  ao;,: ot ir (P - P) ~C 1  - l — ~~ : -
~~~ 

m l  I t  i o ~h, -r) and -m i ; c ’ - m o l  (Baker) were ri~~e,l

as r ec t - i vo ’ ol . A l l  s,mn:- 1 - - so o l u ’ i ons we :  - , i t  ur .i ’ c- o ’ W i t  , , i i i  comp im-x

° : o c o - n t r  i t i - ’ r  w i n  m~~~ - i o - x i m a t t - l y 1 - I~~~
1 ’-t , c x - - : ’  t i  t o -  - in , -  i - - s o lved

a - ’’ r a l  r ’ a a o : , - r ’ , - n ’  s w h i - ~ h ‘w- - m e  i ec~ o m . i , .’J with 3 - lO 4M sol’,m t ions .

RESULTS

Ir (P VI 2C1 — The ii St i t -  -t m o o n  b o . o n t  t i o l emission spectrum -f

I r (P 1’) , ( ‘ I i i i I —  t tio l ii iss a t  - - shown in F i r m  c R— l - ~~~~ t i e-  - well wit h

i r c ’V~~ ou S l y  } - i l - l i s o - - t  ‘a 0 ‘ r i  i n  l ’ l . -\ .0 7 7  ~
‘ , - Too a ia o ,~ i o  i i  ino.m t :on these

a ‘ - - ‘ i m i t - -  m u t t  i m , m - s - s  w i t h  i 300 cm~~ 
- - ~. s o~~~~~~~~[ .m ’ 85~ ~ and on

emm as i- - i .  h a l t w i ’ to - i ’ 0 i i  f ,m.i x Irn -.mn ( I I W I D ’ )  - , 150 cm 1 
- t o , tw ee n  85 ° ,ond

1~~o 5  W iii l— ~ i -: m o ! , ‘he , ‘m:S Sii on i n o i m i . : , - i o  - ‘ s m a l l  r , ’ol shi ft (,mi o i o uao x .

50 cm 1 ) an - I  i I r - ’-,t i , - char i- i n  han ,iwi ,t ’ h.

Thi- ‘ - tin - i i ’ iii - - i - ’p,’ii l’ -nces o~ t he  , ‘i i i i s s u’ n  t u t u irne C I i n  1—propanol

- m n - b r i l y c - ’ m  i i  m m ’ ’ s o wn to F t - t i m -  ‘0— 2 . V - r  I ’), ~~ n - - n t  o I - t a l  -m i s s i o n

4 
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was detected . At all temperatures in both solvents no deviation from

exponential decay was detec ted over the three l/e lifetimes emission could

be monitored . At 85°K , the lifetime of Ir(P=P)
2
C1 in 1-propanol was 9.-i s

which can be compared with 8.2 ~.ms reported for this complex in EPA at

77° K.

Figure B—? shows that the temperature dependence of the emission life—

t i n , ’ is complex in then, - jigs forming alcohols. Below 125 0 K , the da ta in

1—propanol and glycerol are identic .ol with r sharply inc reas i n g  w i t h  no

maximum evident down to 85°K, I n  1—propano l , on inflection point (00 - cu r s  ‘it

125 ° K si- in .ding t h e  activation of a second olec a channel. This p i o - i - so

l i l o i dl y dominat es r’.ioii ative l u ’c oy so t h a t  ab ove 170° K emission is neg liruible.

In  ulycerol , the ,i ctlvat ion oo f this second process is s h i f t e d  100 °K to  h i gher
t , - roperatures , so tha t emission becomes ni’o il i o i ib l e above 27 0 K  in this

solven t.

Re l i t L v e  total intensity measu : -:- ’ n t ;  were also made in each sol o -nt .

t-O-in m t o ’me:ot could he ii ode down to 1050 K in i — t o t - oo :oan (ol and 2 0 0  K i n

glycerol. Bel ow t h - a - I c - m r - u n  i t  i t - es e x t e n s i v e  sol- :, ’ - t  c r ’ , io ’k ino i  rna l- ° .i , ’’omr ,at e

relative intensity mc-asur-en ’iits impossible. T hu - maximum intensiti e s ( low e s t

temper a ’our - : o o i n t r o ) w- o - r -  ii b it i ’arily n e r ’ m . i lj , t eo l  to  l ie  u-’r t O -  v~~. T cur v e s

( F i gur e 3—2) and , p lo tted in this manner , it i s  seen  t h a t  l i fetimes m d

intensities change  w : t  l~ t cr’opt - t i t  ure in  p .o mil e I i n h  ion in h~ - t h sol von t s
Also shown in Figure B—2 are t i n ’  t e m : o , - r . I t  i i  b-~ o m- n t o u r - ‘-a of t h ,

excita tion j o o o l a r i z , i t  i o n  ( P )  . F - :  t 0,- or , - rn, - ,osu: - ‘ , ‘t ~c - :a- cond .mtorr o m n t u o o n

band a t  -14~~ nm was ; o o m r n i o , ’ o l  - m n  emiss  i r o n  w , i o ;  m o n m  t o r i  u - I  it tO - - ‘- 4 5  max i mu m .
The tr ans ition m o ’ r n t ’ n t  t o r n ’ the moim p hand is per:-i - i - t i c u l . or t~~ - the T i  r 4 ~ lan e

(A20 A 1g ) and t h e  e m i s s i o n  momen t l i e s  i n — 1 o ] . i n i  
~~~~~~ 

‘ ‘
~~~~ -~~~ 

, o ’n n a e - ; i o ’ n t

P is a l a r q e  r o e o i u t i v e  numlw-r (—0.26) close I ’  I t o ,  ‘ t:o ’ o ’ r e lj ’ , o I  l i m i t - o f

P was found to in’ I l i ’  same in  - n h  so], ,‘ , - n t  an - . t i I ’ ’ . i r i a n t  over  t o - ’
t e m p e r a t u r e  ranges 105 to 155 K in 1—pr oo p -m nol and 210 t 2 6~ ’ K  in

glycerol. The lower t c - sop -  - r a t  u r e  limit w- mo - i - 1 , - t i m : , - - I by solvent ‘ r -io ’k i nq

and the upper limi t by the sensitivit’: of the t- to o - t oaelection apparatus.

Rh (P-P )
2C1 

— Fiotur e 3—3 shows the first absorption band and emission

.sp e c t m i o f R U ’ = P )  in 1—propano~l glass. In . i n i  c - i ’m- - n t  w i t h  t b -  pr  i ’ \- i oom sl y

i - l o o n  t - - I spectrum t h e r e  is i lack of mirror symmetry and ,i loi r-u- St ook,’S

s hi  I t  (4000 -rn ’ at - I - I  K ) .  f ’ - i i f l o e r , the emission maximum under -i-s-a ~o t e l

shi t t of -- 1 0 cm ’ ( t  r o l l  5°R  nm t o o  61R nm) o ver  I hi ’  t i n t , ’ H 5  t o o  1 7 0 K ,

while I h i -  IIWII M i nc reases  f r o m  975 t o o  1100 cm 1 o o v , - m  I t o, ’ n im, ’ t -so - , - r m t  or e

rano lt’ .
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~ T rn , c

- -_ _ _ _

?im~’oo~~ n— I . absorPtion (1.2 X 10 4M , = 1 cm , 36 5
0 ) and Emission

(9.4 x l0 6M , 117°K) of j~~p=i’ ) 2
C1 iii l — P r o ~~ano1.

si-i

ii 0 

H. 

- 0 3

S

0~ . - O O % - L  • • (.0 ’ - ,

0~ - (

Figur e 3—2. Ir (P - I’). i’,~m I o e t , a t it ,
~ nm- to- ’nd en ce - 0  Vr- 1issjon I i  f ’ t m mm - in 1—

i t l 0 F 0 , i i i u o l  I ) ,in o t ‘ i l ’ 1’ o ’ , ’t i - I (•) and ‘~‘ -j a t  i ve  E m i s s i o n  I n t e n s i t- .’
i’ X i ’ i  I m l  h u n  p o l o m  i~~’ . m  i on i n  1—I ’m oO l - ,t t 0 1 0 i  (n i )  and glycerol
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Figure B— 4 shows the total emission lit ’’time , ut - l at ivo- total intensity

an,! emission polarization in 1—propanol ~~i - l  ulycero] m s .m 0 - i n  - t o o o : o  of

t e m p e r a t u r e .  The l i f e t i m e  curves are di st i t i c t i  d i f f e r e n t  f r o m  those

observed wi th t h e  Ir (I) comp lex. In l— p r o o i - ~ino1 , I t iSi ’s nO i t sl y f r o m  nea r

ze ro  a t  150°K , at t a i n s  a p la t c -io , a t  120°F - mii i remains cnonstant to 85Th-’ .

The aver anle i in the plateau r e n l i o n  was measured t - o  l o t - 28.5 2 IS. A

s i m i l a r  t ero t 0 0 0 r ,m t ur c’ dependence  is seen in g l ycet o o l  except 0 o f  the i vs. T

cu rve  is t r , i i o s l , i t  ed 100
0 

K t o  h i g h e r  t e mp t a t  ure and  t O ”  l o w  t e m i o e r . m t u r e

l i m i t i n g  ‘r is nearly ,ichie’,’enl at  200° K in g ly ol (25 -s) -

US inot the GaAs i ’n T l i i ! o t o m ’ n! p h o t o m ul t  i l o l  icr , c w o n  f o u n d  to be 0, -x I s - se n t j a l

below l20°K in 1—propanol and bc° l ow 2 1 0 K i n  ot l - ; c e i ’ i ’o l .  Above t t , - o n -  t o r n -i-

a t on e , s m a l l  t o t  t u - r o t o r o l o i c i b l e  d e v i , i t  i c o n s  f r o m  e r - : ; - - ° : o o ° n t  i a l i t ’ ;’ occur in W h I o ~~t

the p - :- .mrent ,Iecav constant hecom, ’s sl i g h t l y  lonoi ,-t w i t h  t i m e . The 1 i ~ e—

t i n s -  in  th es e h i q h  ‘ u -in t o - r a t  u : , ’ r v o l  ions s to ws in F i - o u t  o ’ B—4 i - u - r o t u-s ,-flt

approx m a t  ions i n  w h i c h  t oes e  small o!eV i i t  i o °n s  f r o m i i  0, - o r i t y  were i m o o r e !

i 0 n l  t t i , .’ best  f i t  O’,’o’r t t o o ’  i- - n t  t o  ob ’ o n m ’ ,’ w i n  o o o - - I  - . 1  ima t - - i .  T h i s

proced ure seems justified in t O i t  t h e  van - it ions i n  ,ot d i f f e r - -nt to- : - : ‘ - i —

t n  ta-s alw ,a’’s t r e .o t 1- .- c’x c.’m ’—le o ! the vi r i a t  ions it a O  const c t  t eno r o ,al i i . - .

The t , ’ m t o u - : , i t u r , ’ - I  , i , ’nce of t h e  r i -h a t ye I - I - i l  - - mi ssion i n t i - n s i t o  is

also shown in  F i g u r e  1 3 — 4 .  ‘;- -
~ n , i l i z - i t  t o n  of t h e  h i - i f  ‘t  m t  - - T o o ’ i y  ~ o o i f l t c o  t o o

lii- on the a vs. T cur\’,-:o shows I h a  I in  t ‘n a  i t  leg  .in I li t et  iro n ch . a i - o - : u - - i:’,

p ar a l l e l  f . is h i o n  i n  t o o o t  to s o l v e nt  -~~~ T h u - o°xci’ 0 ion pol or i sa ’ i O n ,  f o r t ’  t o ’ -

second m t - n i - - n o  - t ion hind (A
20 

A
1

) is I t o -  - s.onr’ - in t - -  -: t o  s ol - .- - - T o t  a ( — 0  . 2 3 ) and

is n-,’i rian t up to fl7 F i n  I_ i t O . o n o o l  i n , !  2~ - 7 ’ K in  o tl yc e r ool.

The w . m v - l e n q t t o  o l e : o € - i o , l e n o - i-  01 emissi n t - a m y  w a s  n t  a ti u n i  f - - : Rh I t ’  10 )  2 C 1

in  l — p r i p o ,m n o i . I° r r t  i ons  - a  t h e  I ;n’, l : , - s c e n o - , -  Sr - a ’  truim o ’u -n t -i i~~ I a t  541~ I i !

678 nm’to (the emission 1- lu ,- m ob i - - I  eob r e s  as o h -  o ’~~~ in Fr -r u m o 
~~

— 3 )  w e t . -  i 501 -o t

‘w i t h  i : O m - t f u -: ’ ’no :m’ t i l t - -cs. AS n o i t e o l  . - , m r l i . ’r , ,b- -.’.i ’ ,’ is cx i- - ’:, - n ’ i - m i  b e l o w

120°K i n  1 _ l o t  o r - - i n - - i  s-to , - : t o - t , m l  e m i s s i o n  is  t o - l e c t o  ‘ t .  II oo ;-,s’’,, -r , a I  82 I- , t h u

bl ue i - i l - i t -  Jo ’ o ’,i ’.’ is si ho t ly f ist .- : (21 .5 - s) .oi ~~b d o- r u n t  - - - t i e  o h - c ay  sli r h O  l y

5 1 -  - w a  (30. 3 ~.s) th in the l o t - i l  e m i s si o n  o l e - ’.my . T h i s  - a n o m a l o u s b o i h , a v i o ’t

is exi ce rbu m t - - I  m o o  the t i - n : - - - r a ’  i i :  - is r i m - ! . A t  l 17 ° K , the l o i n - ’ - t i - - b c - c oy

o; fi 0 5 0 0  a d i s t : - - t  I i s t  o ’iom~ o o.ti -n t , wh im- - ms the ri- i  e l - r u -  1,—c -i - ,’ rema ins - .i :l y

exponential o n !  e - l u i l  t o o  t h u I - - t m ] ,  e m i s s i o n  oier t’ ( F t - r u n - I t — S t .  Th i s

- t a m  i’. - t o - o : o  also appli e s a t  1 10 ’ K ( n e a r  I i i , - m i o i ; ° o  - i r  t 0 0 0  I t o , - vs. I

curvm’ in F i o ; u r ’ i -  13—4) ex c ’ e l o t  t h a t  b o t h  O l m 0 o ’,iV i t ,  ,icc(’l-’ ’,O c’d i - i - I - i l  i’ ,

t o  t ti m 117 °K o ! , t t . i .  T h i s  - u - n o - r u  l o . i t t e i  I , i OO SI i t  h i o t h er’ t , ~ r s I o , o r m l o i r m o r o

un  l i 1 emission i , , - c u o m e ; n e -o i l iq i b u i ’ -  ab ove o m o t r u o x  i m a t  m- l y 150 K .
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Time-resolved spectra were also recorded for Rh(P=P)2Cl emission in

1—propanol at 94° , 114° and 124 ° K and the results are summarized in

Figure 13—6 . Althou gh scatter in these data is high , the results at 114°

and 124 K show a definit m- ru- n! shift of the emission maximum with time . At

°) 1 K t t o i s  shift is much less , hut even at this temperature ,o slight shift

.‘an be obm ~ t t-ct c - i l  a t  85 ;.s de la y  ( , 000! i r o x . I l i n , ’ m -  l i f e t imes ) . A l s o  note  t h a t

t h e  pe’ak position at t = o u n d e r o r o e s  a red s h i f t  w i t h  i n c r e a s i n g  tempera-

t u r e . Figure t i - t o  a lso o i t r o w n o  t ha t - i  s m a l l  dec re asm -  i n  b a n d w i d th  w i t h  t i m e

0 - _ i n  be k!,’ I i -ct en ! .

DISCUSSION

The result Ti present c - - i  i n  F i g u r e s  3 — 2  and  3 — 4  d e m o n s t r o I  m -  t h i t  I to , - ,i :o i -o r c - : i t

I c r 0 1 0 . 1  o ture 01e 10, ’f ln ! e nc t ’ 01 t tic’ emission v im-I d  of M(P P) 
2

Cl n ’o o r i p l . X o ;  in
n i l iSs t ‘ i  T i i f l i j  i lc o h o l s  on in tn s,~~ o 0 t i t  c ’ !  i n t o S o o 1\’ i ’ i OI — .t , ’:-ia o 1. - to t and

- - 0 - o n cm m t l i l t ’  dependent  p i  , o o ’ , - o o n o . ’ n ; . This selu ,mr , it ion is ~~~~~ o c u l a r l y St r i k i : i - i

in  the c. iooc- - 1  Rh (P - P) 
2
C1 f o r  which t he intensity and lit  i t  ime 0! .ot -m in

l _ i i . o ;o , m : i o u l  I t o -  closel’. m a t  ‘h a t  in  g1~~cerol  c - x - - u -i ° t t u r  ,i s h u t of , o t u i o r o u x .

100” K t o -  to i o m t i , - r  t c - n b c - r o t  ar c - ’ ; . This shows t o - mt the v,ir m i t  ion of y i i - I t  for

R h ( P  1’) 2Cl  m ’m i . s s i o n  is i o u - - m i  1, ’ t~~’rn 1o ’t i I u r e  i i o , h ’ i - , - : o o ~ , -: it a i d is - ‘ -n ’ r oll . -! h’,

-0  t - i i i f l u ’ t ’ i  specificall y m i - iao ’c m i t ’ -  I with sol’,- u ’nt . F-’ r o u m  t h e  p a i - a l l e l

loe t i m v i o o r  of m t .  - n i t ’ ;  , on o!  l i f e t ime , the y ield V, m m i . i t j u o : i  is it t r j h i i t . i h i m -  to

cti ,in -;m’ s i r o  r i b i  i t  r - -iolc gc 
~

, The S i t  a m :  1 0 0 : 0  i n  I t  ( 1 °  i ’ 3  , C ’l  o n

ci org 0 1  m-x o r - h i i t  t o ’  - u - is a nn o i o - ti 1 , u i  - I - ‘i ’ o ’o ) n  ti- i h u t  (‘ii 0 t - . I , ‘ilO~~0 c o i  1 n I T

n b c - i - ,  to _ i c - rot ~. r o - ,- ’ o s I - .  r , i  i , m t  j on l e s s  i ,‘ i . i x i t j n - n .  1llis I c-:’. o r- , ’r ,ot ar e  1 
o is e vi  1 t ’ . ’ l - o w  12 0 ” K s h e-ri - - bc b i t  ,m in  1 — ; o t o u 1 o _ i i o o o l  m o !  ‘ ‘ I n - - i  oo l , i m ’ , °

i - n o t - i l .  o\I  t h i s  t c a n i - e m , i t i r - - , -in infle ction 1u . o i ’ i t  0 0 - c a r  n o  in I to, - 1—

~o t o~
o ,itO O1 n’nrrv ~~, ,it id ml u o o :. - 120 K o o ’ — . ’o t o ’t  n’ i o t i a  j ooi ’i l e s s  dec oy - at  be, - in--

m e t  i ’. - - , t i - i t ,  ‘O h m ’  n l . i t  a i i :  - i i , ’cc ’ r  o o l  S t o w I t o - i t  I lois ~ ecot i i i l o t ‘ ‘ o ’c ’5S is ext c’no!,’il

r - - - i - ; t i l v  l O O K t i  t i i - : l , c r t - - n o ; - . ’r m i  i t c -a  i t o - b therefor,- m o r a l  !u c ~ - m SsOCi,ot,- o! wi th

so l v, - u ot  .

Since i t  is k :o- - wio t h i t  1 — :  t - ~~, o t o o u l  a c h i c v c - s  ‘.‘- r l u e s  t o u r  v i s co s i t y  and

d r , ’ l u ’ o ’I  m l ,  r’ m — I a x . i t  i cn  n - m t  u - n ;  - - - ‘m i - - mr u t i l e  t o  o t l ’ _ o ~~~’ t o I  oo io l y m l  t c -no ; -er i t u m i ’S

l o o Ser  by 80° to 90° K , it n i m ’ , ’mo ;  m c ’ , i n , o o : i , m l - l . ’ I - ,o: -o so c i . r t  - - t hi” solvent

‘n 1. - n t  r a . ] i , l t  i i u i o l , o o  - ! , - o ’ i ’, i n  ‘- i ( p - ~’P) 2Cl with vis coel .mal i c  } o r i o p i - r t i c - o .

This -t o m ’ ’ ’- T o o t me ,un t h a t  n o . 1 - - o i l  ar  - ‘ - t o n ; t  n I  S o u ch  os l u r n i n o - s c i ° n n -e l i f e t  inme

nc ’c--b h o ’ ’  c o r r e l - m t m - ol i n  a n y  s i mp l e  f , e a b i t u u i  w i t  t o  . i  1 , 0 _ i . - i - - -  a o l i ( ’ p a r a m e t m ’m  such

-is  v i s c o s i t y .  Indeed , - i t t h . -  m l , ! t 0 0 0 i n t _ s  - i t  I t o ’ -  i v s .  t,’r lu b - i ’ r ot ur e c u r v e s  t o o t

R h ( P P ) 2 C 1 ( a p p r o x .  128° K i n  i —p r op , on o i  and 2 2 8  F i n  ‘ r Z ’ 1 ’ c m -ru ’ I) the viscosity

3-10
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Figure B—S . Plots of ‘r ~e ( I n t e n s i t y )  vs. Time for Rh(P=P)2C1 Decay in 1—
Propanol Monitoring 548 nm (•) and 678 ram V) -it 92 K (A),
l17°K (B) ,and l30°K (C). Solid limoes are calculated fits using
modified Lessing model (see text).
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- 5 4differs by about an order of magnitude (1.4 ‘ 10 p in glycerol and 2 10 p

in l -p r o nan o l) . ° Also , the complexes behave somewhat differently in the

same solvent, i .e., the activation of solvent dependent radiationless decay

in Ir(P=P) 2C1 occurs over a broader temperature range and is shifted approx .

20°K to higher temperature than in Rh(P=P)2C1. Nevertheless , the results

overall appear compatible with the existence of a parameter which we call

solvent ri g i d ity which in some fashion controls the activation of radiation—

less decay . We now c o n s i d e r  two Phenomena w h i c h  can sha rpen  our p re c e p t i o n

of molecular motion d u r i n g  this - i c t i v a t i o n , name l y ,  e x c i t a t i o n  p o l a r i z a t i o n

and wavelength dependent e m i s s i o n  decay .

According to Perrin , the loss of l u m i n e scence po la r i z a t i o n  of s p h e r i c a l

molecules due to rotational diffusion can be described as follows :

f
1/P — I - -‘ 1  = (1/2’ — 1/3 ) (1 — 1):) (1)

w toc - r m -  p is t h e  l i m i t i n g  1 o b o l ~a m i z _ 1 t i o n  i n  t h e  , ibooo c ’ i i c , -  0! n i o t m t i o n , D i s  the
0

viscoo .sit ,‘ nlc ’}o O ’ n o t , i i t  iSott ot ° i e  m o ’ t . m t i o u m u , m l o ! i f f u s i o n  c o n s t a n t , and r i s  t he

exc r t e d — s t m t , ’ ii  t o t  i m m - . S i  t i c,  t h e  l i m i t  i raq  b o o l a r i z , m t i o n  P is observed for
0

both M (P P) 
2
C1 -i)rO b leX o’a ito e.ich solvent ,m t all t .“mpera tu res  , i t  f o l  lows

t b - m t  D < <  i~~~~ u n d e r  a l l  c o i : i n b i t i o n s  s t u d ied  he re , i . e . ,  t h e  r o t a t i o n a l

r e l a x a t i o n  i t t  : i o o t  o - o o r  r u - I  m l  , -d w i t  to the i mu c r -  ise in radiat i onless decay. To

he moor , - F o n l _ o ’isi , t bo ,’r c- us no o l e t o ’ c t , m b j e  m ’ o u t , m t  l u a u  di ffu sion about axes

co n t a i n i r o - i  I t o ,  MI’ 2 p l a n e  d i i i  i n ;  I to , .  e x c i t e d — n o t  u e l i f t ime , s i n c e  o n l y such

i - t a t i o u i o  ml s i l l  o t , - b 0 0 0 l , o r i r e  ‘ mj s 5~,o~~ R o t , o tj o n  abo ut t h o u -  , o X j S  I’ , - r b i e n , l i C u l , m r

t o  t b ’  MI 4 p 1- i n c  o ’. i i u i u o i t  ( l m - b i i O l , I t  i Z i ’ heo/aoise th o u  1) 4 1 l n l ’ e r o s y m o m r u u e t r y  m a k e s  t h e

ln— ; - 1 - m n c ’  I r u n s i  t i o n s  de .;c-ii .’t i t  o - . We can concl ude , I t o - - i  c t  o o r m - , that o ver  t he

t em ;u - ’t a c - i t , ’ l ingo ’ t h u - m t  s 0 1 -.- u ’ n t  b m - l - , - i oct eiit r i - h i t  r on l e s s  - 1 ’  c i , ;  i s  a c t i \ - i l o ° ! ,

t h c ’ a - m ; - l . °x es  r e s i o ! c  in e n v l r o t i : n m ’ n t  n o s u f f i c i c ’ u I  l y r i g id I - -  i n h i b i t

n u i t  i t  ion m b - i l  it 1.- m a t  t w -  h - n i n c i b . , m l  i x i s .

The ’-!  f e et  of s o l v - - n I  - - i  i e f l I  i t  i o o r o i l  r - ’l a x , i t iota on luminescence a~~- c - o - I t ~~m

w i T i  t i n  t o t  r ’ ’o n o - ; i o i , ’c ’ t  ii ’,’ L H - o o u - n  t and M , i I , i o i , a . This effect was used t o o

i o m r o . m I  u o ’ ’ ° - h - I n  ‘op i m - i u c y  s h o t ’  c o i u o u n o r o l y i u b s e - r v , ’ , !  be t  Wu ’, ’t i  m o l e c u l a r

11 i - o r , - ’ ;  ‘c-i ;  - ‘ in m i - m i t , I .l
~ ’— t m I uc- m a t - n - ’ utl, o s:um-s ,Iuo,! Ito i t  n : e ’ c - n  I n  f l u i d

so l ut  i - - t o .  TO t h u  e - ; o o  lve’n ’ n , ’ l i x , i t  i o ’ i i  t i r u - - is f a s t  o - ’ in ut - ,i r,°,! w i t h  t b -  . ° x c i l m ’ , t —

l i l t ,  - 1 i - - i:’ - - , I t o ’ - :  th - new t o  I -ct n i  ‘ii i c i i i  st m- i but jo - mo at  - i t ,  i t  on cxci t m l  ion

3—12
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will be accommodated optimally by the surrounding solvation sphere and a

potential energy minimum will be achieved during the excited—state lifetime .

On the other hand , if solvent relaxation is slow compared with the excited-

state lifetime , as in a rigid glass, then in general , the optimum solute—

solvent configuration cannot be realized and an emission blue shift results.

A blue shift is the normal observation because solute—solvent interactions

a r e  u s u a l ly stronger when the solute is excited , although in principle a red

shift could occur. I n  recent years, beginning with ~~~~~~~~~~~~~~~ although earlier

a t t e m p t s  w e r e  made by Bakh sh i ev , m ° t he  dynam i cs of solvent relaxation have

been i n v e s t i g a t e d  by choosing e x p e r i m e n t a l l y  the  interesting condition of

solvent relaxation times similar to excited-state lifetimes. For these

studies, solutes which develop large dipole moments in their excited states

-( and ar e  dissolved i n  polor solvents are usually choseio . This is precisely

the  case en c o u n t e red  here , i . e . ,  a p o L ur  m e t a l - t o - l i g an d  charge  transfer

e x e  i t e l  s t  ,ate j r  an a l coh o l i c  s o l v e n t  ( h o w ev e r , v i o l , ’  I t o  f r , m  ) . We ,o t  t r i b u t e

t e m m m e r a t i i r e  i nduced  s h i f t s  i n  emission spectra (Figure 8—2), nonexponential

w a v e l e t o o t t b ;  i t m ’ c a y  kinetics (Figure 3 — 5 )  and t i me— d eD e n d e n t  e m i s s i o n  spec t ra

( F ig u r e  8 — 6 ) ,  to n u n  i o - i o t o t i o n al  r e l a xa t i o n  of d i t o o o l a r  s o l v e n t  mo lecu le s  d u r i n g

t he c x c i i , ’,! s t o t u ’ l i f u - t i m e .  We now proceed to o extr ,m u -t solvent relaxation

r a t e s  f r o m  i i  f i - t  ime d a t  a t o  e~~tab l  i s h  w h e th e r  i o n  t o o t  , m c o r n  e l - i t  ion e x i s t s

between t h i s  r e l a x m t  ion  and solve :o t dependen t  r a d i , u t  i i ” i o  l e n a  n lec iy  i n

R h ( P = r )  ,) C l . To , ! u o  I h i s , t h e  m u u i t o - l  i t e s c n j b ~~d r , - o - u’:it l y I - n ’ L e ssi n q ,  ct al  •
u1 , 12

w i l l  h’ used .

The Less i nq . 0 ; - ;  - r o , m c h  u s  un  h eu r  is  t i c t o o n m o i  I . m t 1 0  ‘i i  w h i c h  r e s t s  ion t he

i o l l o w i nq  b 0 0 0 s t i l , l t (  s: ( 1 )  t h o u - c x c i i , - !  s o l u t u - is  s u r r u o t i t i o h i o b  by m s o l ’ . -- r o t

m o l e c u l e s  w t o i - t o  n . - l~ m x  i o o !u ’ I ’m ’to~!m -nt l y , u t o t o -xo’ n on ,’nt i . m l l y s’ , t h  r a t i ’ k 5
, ( 2 )  i f

‘ v 5 i s  the hypo t b c e  i c u l  sh i t  t ( m u ’ I u x i  i ‘n Wi It h I  i n  0 0 ,  l u m i nescence  spect rum

be t weet a t o o t  m l  l y r e l a x , - 0 ! so l o i l  , ‘—solv, -n t cont  i - t o i r - i t i o n s  ~mio nt ~‘,or’o; - l m ’t ,‘l y

u n r e l a x - - I ‘-o t o f - i i i  i t  i on :;  C t  to o-  m t  i i l  l y 1 o ro id;io ’,’,! Ft  ,, o n k — C o ’ i o o ! o o u i  s t a t e s  w h i c h

emit at , theto r , ’ I o x m ’ ion io t ,‘,in ’tu u ;nil ’ .’ent m o l e c u l e  ; - n 0 0 0 !u i , - ,’s a spi’o ’I m

s h i f t  ‘ ‘ , no , (3) the quantum y i e l d  of luminescence as well as band shape are

indep en hent o i l  the st .mt - ’ of solv e-t ot nt-l ax ,o t jot-i. These l’ u ’storlate s lead to the

f o l  l o w i ng  o oo ’t of e i l uu ~u t  i o n s :

N (0  • t ) = — (k, + n’ - ) N ( 0 , t

: i ( l , t )  —~ k~ + ( r n — U I  N ( l , t )  + mk ((0,t )

N t i n , l ) - - 

~~~~ 

‘4 (in- ,! ) ~ N 0mm — 1 , t ) (2)

1 -I t

1~~~~~ ~~~~~~~~~~~— ~~~~~~~~~~~~~~~ — ~~ - ‘~~ 
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where N(i ,t) is the time-dependent population of solute molecules surrounded

by i relaxed solvent molecules , and kf = 1/i where T is the experiment~1]

excited-state lifetime . Summing Eq. (2), we obtain Eq. (3).

= k f ~ ( t )

m
~~( t )  = N ( i ,t )  ( 3 )

i=o

This result imp lies that i f  emission from all populations of solute molecules

is detected w i t h  e q u a l  probabili ty then this total emission must dec.m’1-

exponentially if the  y i e l d  is independen t  of s o l v e n t  r e l a x a t i o n . Thus  t h u

assumption ot invariant y ield can be easily checked expe rino~- ro t a l l y with ~a

detector which is spectrally fl.at thr oo i~;hc oo it the emission band . Finally,

we assume that the intensity “f the n-mission band is ;i iov - -t nc ’d by -i Gaussian

distribution , because thu steady state Rh (P=P)
2
Cl em i o:’; i u o n  is he l l  described

as Gaussian. This leads to the followin g expression Oa r I(v ,t) which is the

time dependent intensity at wavenumber c (;ot ;ootoioo; /cm
3 

s cm 1
)

k m

I (v ,t) = -- 
i 

- , ~~~ ‘ ( i ,t I
- 

- I - i t - n2 I
i =0

I 2
— I - —  (v 0 

— - ‘ 

~ 
in ) I - ii 2/ N V ” ( 1 )

where k r is the radiative deca y n i l  ,‘ , \ - - v  / a~~u )  1/2  a s ,  m norma l i 7 . i t  i on l i -  I or

i n s u r i ng  t h a t  the  i nten; rat e it ,-mis~~i uo i o s1’,’ct rum o o t  c ’, o n ’t; ; u o u o i 1 . i t i o n  N (i

15 U n i t ’ ;  and ‘-v is  the  IIWIIM.

In our  -ipp i  i c , m t  i o n  0’ P01 , (4), m is , °o o o ’ o , ’f l  I . ’  b. 5 because o u t

I, , - o o n o i n o r ’ s ’2 recent result t o - it  thou - f i t  t e l  ; - o n - i r - m - t ’ ° r s  f o r  flu , - decay - o f  4—

d i m e t h yl mno no—4 ’ —n aitr oo sti lb cne in nl i! uo; t ’0 l ether am ’  independent i t  m f i n

m ‘ 4 .  T h ’-  set  ot  F ’;: ; . ( 2 )  w e ’ r e  f o  i ; t  s o l v eo t  u s i a - i  t h e  R uro-i ’ - — F ’ ;i t t - e

numerical irm teg n.u f i-no t or n ’, l o i n , -  a nd  I t i c t ;  I ( ,t) w,is c.ol cu la t e ’ i t . Values for

ire fixed by the t ii t,o l emi s s io ui o oh-co y c o ’ i o o ;t , mi ut a n d  ~ . i s  a f i t  I c - h

p ar an e t e n .  For the S ; o e - - ~~ f - i l  o ur m o - u , ’ ’  u - m o ; , v is the obsc u cation w.iveleni; t to ,

V is t . i k c ’ i i  t i  be the emission maximum mt 8’~ K (lm ,720 cm~~ ) , ‘o- is  t h e

observed s tead y — s l o t . ’  b a n d w u - b t h  a t  t b -  t m - m I - ’ r i l u r e  of I t o , ’  pulsed exl’’nim (’nt

an d ‘ v , the  r e l , o x o I  i o n  w i d t h , i s  the ’ second fitted i - a n  a rne -t e r .
S

11— 1 4
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It was possible to fit the small variations in emission decay constant

at 92°K with this model by choosinq k = 2 l0~ ~~ l and = 100 cm’
~~.

The calculated values of 27.3 is (548 mm) and 31.4 s (678 nm) agree within

the experimental uncertainty with the observed decay constants of 26.5 and
o 30.9 ~is. However , at higher temperatures , where the spectroscopic effects

of solvent relaxation become more pronounced , it was not possible to choose

a set of kinetic and spectroscopic parameters which could simultaneousl y

r ep r o d u c e  t h e  blue and red edge olecay. Acceptable fits could be obtained

only by modif ying Lessing ’s ~uodel in two respects. First , the assumption

that e ,oct i  - o o ; - o i l i t  l o o n o  N (i ,t) of solvated Rh (P=P)~ ions .ut -m given tempera-

ture has the s,uru - emi ssion -i spectrum except for a shift ‘-v
5 tn was abandoned .

Instead it was ,issumm ’d tha t the emissi ooi ; bandwidth decreases with solvent

relaxation . This spectral narrowin g seems reasonable when -i utoe considers

t I - i - i t t u ,  e x c i t  en!  stat , - is created with an i io. o;- t u r o o ; r  j,i t ~° solvat uu. n sphere

w h i c h  r e l - m x e s  t o o  some o p t i m u m  e n u - r o m y  n~ an f  i - ~~i m m l  i t .  Such a process w o u l d

seem to  i t - n b - _ l cd ’  I t o ’  t o n - i , - n o t  s co l v a t i o n  s i t e s  , - x ; o m - n  t , -n i - e , !  by I t o - -  c ’nrp lex  and

i t  i s  t hese which in , - ult i m i t i - l y responsit u l e I o n  the inhomoqeneous width

o f t h e  t n i n s i  1 i o ’ i o . ~0 ; - - - I  i i i  ~o . o r r o w i n om was i t o c o o r  1 -- ’r m t  o ’d i n t o  b ; .  ( 4 )  by

sub~~t i t - i t i n g  ‘
~ 

- ‘- v  — in , i . e - . , t h e  e m i s s i o n  h a l f ; ~’ i o t t h  was L.ssumed to

!u ’c r o ’ o s u ’ by the o m o ; 0 0 0 t  of t h o ’ relaxat n o n  s h i f t .  W i t t o - o :i t ‘his change , par—

u 1 0 1 e t u - t :  w b o t 0 ’h led I - - i . ’- ’ - -o - t able f i t s  at 0-48 nm wi’;ild ;or 4 dj c t , ‘x o ’u’ss ive

i n i t i a l  i n ’ c -n n o i t y  - : n o ~~~b o: o ut 678 nm which w e - n e ’  not observed . I’d best , only
,a s L ;  i t o! g r o ’w t h  ,n o i l d  b - c ’  ,!e t eat  c- i t  a t  I to , - re - n t ed - f l -  u n d er otov  c o n d i t  a a r o n .

The ’  second m i u b i f  i - - m t  i o n  t o ;  t h a t  v • ‘h, posit la i n 0 1 I t o - e m i s s i o n  peak
0

at I = 0,  is I i - m ; - e - m  i t - o n - - !- -o -c ’n- t eoot . This vms m u - i - :  i r e ’ , ! h o - , ’ the r e s u l t  t ha t

I to c . u l c u l o t , ’o ! l i t s  i t , ’ l i i i , ’ s e n s a l i v u -  t o  ‘ h o -  n - - l o x - a t  ion  ‘.‘io! t t o , - ‘- ,v , and- 
~~ 1t h e  be-st I its m t  a 11 ‘ c ’:- .o - -I it - i n -a it , ’ - - h o t  i i  n e i l  w i t h  ‘a,o = 100 — 120 cm- -s 1

( T u b  I , 3— 1)  . Th i i i  ac ’.o n s I ho i I i f  - - ‘ a is  c lv  n;, - i o  t - ~~~~ I a .720 cm ( t toe

; u o o s m  t u o n  - I I t o ’ ’ n o I e , u - h - ,- :0! i t - ’ 55 ° K e mj s s m o n  m a x i m u m ) ,  t hou c ’\’m’ i ’. comp lete

r i - I a X - i t  i - - i n  - m o o t o - o t  n’; m ‘oh io ’,’ ‘ I ’ , , - - ‘t ou ; erve t s t - - i l ’ .- s t al  - -  c - m i s s i o n  m a x i m u m  it

117 ’ K (Ii , • i~~o cno 1 ) oo 1 tO - P (1” , 200 ~‘m 
1 ) In oun o t , ’r - t o - ’ coons i t ot u ° f l l

w i l t -  t b ’  S t e - i o t y — s t . i t u - r e s u l t s ,  it is n- ’- - ’ -o o s , i i - ,- I - . i s s u me -  V - o n  h - r o i o es -i
C-)

rod sh i f t  wi ’h i i l n ’ r e u s i i o - ;  . - u  i t  u n  c - . Pa r - - a t  t o ,  I c - i l  i v , t h u  ,o I c u l a ted

f i t s  or e  not espc’i’i oil y  i m ’ t 0 t O l~ i v , - ti ) t h e  b - r e ’ c t ; m  u o l - ,i ,- o t  
~~~ 

wi th i r the

ran-re l~ c , !~00 I - - F., ‘~ O cm ’

The rcsui l Is o~° ‘ i m e ’— r e s , o l u ’ e o h  -t o ° , ‘ I t , i - ; ;rto r ’i i 0 ~ - I  in F i-n o r m  e’ 3— 6 ‘; ; i ’ i - - , r t

these m o d i f r , - , i ’ i o n s .  The ; - e - a k  ; o o s l ’  i - - t o t; ‘1 o ; - c - - - t r , o  t eeo c -i t m t = 0 (i.e..

the m it i - i l  500 ns) show ,i t u t ’uo- - : - -d m e - I  s h i l l  w i t ’ ; i ’ o - ’ i c - . i s l i o o m  t e m pe r a t u r e .

3— iS
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TABLE B-i

PARA$ETERS USED FOR FITTING 678 AND 548 nm DECAY CURVES SHOWN IN FIGURE 5

k~~ 
‘ - ‘  k

L T  
— 

f o ’; -. ( HWHM) * * . _ - 
S S

130 K 7.24 l0~ s~~ 1080 cm”~ 120 cnn~~~ 2 . 5  -. 1O 5 s~~

117° K 3 . 3 3 - lO~ s~~ 1050 cm ’ 120 cm 1 1.0 10~ 5
1

L 92°K 3.46 1O 4 S 1 j 1000 cm ’ 100 cm 1 0 . 2  l0~ 
1

*Decay constant measured by monitoring total emission.
**V -alue of HWHM of steady-state emission band .

Further , t he’ time dependence of at 114° and l 2 4 °K do not appear t o

permi t o x - I t  m ;’olation t o o  the v measured at 94°K. Very simi l ar observations
f 0

have  b c - c - n  ru - ;000r ten! 1 - o r  the time—resolved fluorescence spectra of 4—

- umi nophth alim ii!e - in hydroxy l i c  s o i v e n o t s .~~ In this case the temperature

dependence of ‘,~~ w i n o , i t t r i b o o i l c ’ol to an “u l t ra f ast” exci p lex f oo nr ,o ,mt ion

o i n or e s,  I cab ’  le on i ro-mnos econd time sc,i le which was fo u l  b owed by “ n o r m a l ”

sool ’.’,’oo t r , l ax ,ition . It is po ssib lu - that a similar mechanism is responsible

t n ) r  i t ; , ’ v s h if t u d i s e r v c ’o !  t i er , ’ . F i o t oire 3—6 also shows that the emission

bandwidth o i : o o ! - ’ t  - “ - : 0  i slight b u t  detectable decrease with time , where,is

I t o , -  Pessi n i -n model re- -luires t h a t  an increase must occur - !urinq rel ,ixatior ’i.

It should t o - - s t ; o -o o o ;e ’ oi that the observed o ;peo ntral narrowing is a small effect.

‘tb- - - h u t - i  i b o n i W t i  i i i  Fi-;u n c 13—6 ire the full w i0It t o a t  o o t ~~~— f i f th peak heiqht . Tb ,’

con i - - t ’ - .h  b jt;niw i- !th s inn - or; - o r  - i t - - I  jiot o F-;. (4) o n  o o h m ! o l v  o v e r c o m p e n s a t- - f o o t

this ef I, -n -t , b u t  no ~m t t , - to ; ; - t w i n o  m u , i o l u ’ t o o  oi’timize t h o u -  u ’xt - ‘tot of spec’ n a i l

t o m  r n - - w o o ;  r i n  t t i c -  model

The so l i - I  line fi t - ;  t o o  the 548 and 678 nm h- 0 - i ’, ‘ o f  R h ( P = P ) 2 C1 i n  1—

o r o ; o  m e l  shown in  F i g - i r e  13—5 wet,’ o - i l c u l a l , - - b u s in i l b ’  ; - m r . i n i - t e i  to l i s t  ‘i !  i i i

Table B—I . Al t h o u gh t h e  c v iI e n t  m o ; r m - i - r u e i u t  h, ° I w e - c - r u  e x p e r i m e n t  and t h e  nod i f  i c - - i

t c - n o u ; i n g  no b e l  d i i , ’ :-; n i t  1’ n o ’ - .- - -  that s o o l v e’ri t n c ’ l a x . i t  i o n  a s  r e s p o n s i b l e  f o r

w a v e -  l e n g t h  ote- p e ’n ote’ n a t ‘beci’ .’ , i t  i5 - t i f f  i o ’ t i l t  t o o  u i o o ! e ’ r : ; t , m n d  I t i e o o e  result to i n

terms of an intramolecular mod, 1 , i .,‘ . , Or f i s t  o o r t  c i !  c o r i u t u l e x e s .  (‘ o r l o o r o ! u ’ r

t h ou - l i t  - i - i t  117 ° K where the , t e - ’c ,o ’1- o u f  t o t  - i  I emission is st r i Ct ly exponent ia 1

and ‘- - i - i - i l  t o ’  the 85” K i t e ’ nai’; consi m iot  . F i o t o i r e  l i— S  o; !uo owo ; t h , i t  wa ’_ ’ c - I e n g t  t o

o ! e - l c ’r oden t  o l - - o n o y  e O  fects are to u u t i - o ; i n c i ’ o !  c - v - - n  I t o ’ o o r - i t u  it this t- —r o ; ’e r i t iir ’ e

l i e s  in  the  p l a t e a u  n c - -ri on of F i o i o ui ~ t O— S . I f w ,eve - l i - t o - i t  h o ! u ’ ; - ’  r o o t ,  - io t decays

we- re- due t o o  various populations of o t i s t o o t  I c - !  complexes , it would l o t -  r ein c r k —

u t i l e  t h a t  h ’ ’t  r e m i s s i o n  q u an t u m  y i e ld s  i t”  1 1 , - n t ic~ u I as implied by

. -x t 0 0 0 n e n t  i a l  t b -r oy i f  tot - il emission . I t  o o e ’ c - m s  f a r  in u r e  p r ob a b l e  th a t

e

R— 1 6
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solvent relaxation causes the behavior shown in Fiqure B-5 , since solvent

effects would be expected to exert a much smaller effect on emission yield

than molecular distortion as well as provide a sensible interpretation for

all the results outlined earlier .

In Table 13—1 the solvent relaxation time , k
5

1
, range from 4 to 50 uS ,

and it is of interest to compare these values with those calculated from the

Debye-Stokes—Einstein relation I Eq. (5)1 • 
i3

k5~~ = = 3 ~v/kT (5)

At 130 °K , the extrapolated value for the viscosity is 1.2 ~~~ Poise 5 and ,

assuming ,a molecular volume of v = 104 ~~-24 cm 3 
(calculated from the

-f 0 - - -300 K d e n s i t y  of 1-propanol  and an assumed 20% solvent contraction) , -r
5 is

found to be 200 u s .  S i m i l a r l y  at  117° K , ‘~ = 3.1 ‘ io
6 Poise 5 and T is

60 ms .  A l t h o u g h  some e r ro r  e x i s t s  in the  e x t r a p o l a t e d  v a l u e s  fo r  c~ , it

seems c l e ar t h a t  th u Debye—Stokes—Einstein relaxation times are much longer

than those calculated from spectral effects. One possible explanation for

t h i s  d i s ; - a r i t v  is t h a t  the molecular motion required for spectral effects

is much s m a l l e r  than that required for a macroscopic viscoelastic property.

For example , a twist of an hydroxyl group may be important spectrally ,
whereas rotation i n f  the alcohol as a whole or even cooperative effects

among seve n- il solvent molecules is probably required to exp l a i n  viscous
f l ow .  This would lead to much smaller eff’- ; - ti ~’e mo lecul .mr violumes for

o h o c ’ c t  n i l  ef  f c ’c  t o ;  th .mn I b i t  c -m l c ; i l . i  t ed  f r o o m  a s i m p le space f i l l i n g  model as
done ,ib o ,ov u- , w i t h  a co.ocom i t i n t  o l i - c n , - ,os e in o

5

CONCLU SI CNS

The descri;’to ion ,0-hich o m en - i - -a rem t t u i s  5’, oi l ’ , ’ i s  t h a t  ac t  i v a t  j o t ,  of

rad i.ili on l c ’so; ic - coy ira Rh(P=P)2Cl i n  hy droxylic solvents is nearl y exclu—

sivel y contrnolli’;! t i ’ S ’ solvo io t r i o t i d i t v .  Polari;’,i tion results show that

durinç ac tivation the comp lex n b c ’s not  f r e e ly  n n o t , l t e .  On t h e  ot h e r  hand ,

s o l v e n t  r , - b  a x - i t  ion  lou -s occur  d u r in g  art i v - o I  ion , h u t  , l o t a  t o k c ’io at 117° K

shows that soF’i -n t rc ’laxa t i o n  lou -n; not ~~n o o mo t e rad i ,a t i o n lu - s s  decay amid is

On ly  o ’i ’ t e m p o n a u o u ’ o o i m a  w i t h  i t .

The e f f e c t  ad’ s o l v en t r n ’ r i ~ t m t y  on l u m i n e s c e n c e  v i i ’l d s  has been noted

f o r  m e t - i l  comp lexes  i ru n  o t t  0 0 0 r i t  i nq Ru ( II) ~ Rh ( I I I ) ~ ,iri ,t Cr (III) . 
- 

In

at 1 cases , a ot u t  i s f o o c t  n o r v  ex ; ’ l  iuo, ’d r o u m u  is lacking. T h e n  ,‘ have also been

recent reports ad I ‘-mu - , ’r it uare depend -nt charoot, ’s in t h e  r o a t u m  e of t he

Jn--1 7

I.
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emitting electronic state which have been attributed to viscoelastic proper-

ties of the ~~~~~~~~~~~ In these cases, a potential energy barrier is

thought to be imposed by the rigid environment thus preventing population

of an emitting level which is geometrically distorted with respect to the

ground s t a te. In t h i s  regard , i t  is interesting to note the recent result

that analysis of the 4T2 
- 
4
A 2 absorption for Cr (NH3) 

~~ in crystals atg q 6 44°K shows that bond expansions of 0.12-”o must occur in the T2g 
state relative

to 4A 2g •
?O Perhaps the best understood of these diverse phenomena are the

f l uo re scence  y ie ld  dependences  of c e r t a i n  sterically crowded bou t ,ohienes ,°1

stilbenes~
’ “ and e t h yle n e s ’~ on solvent  r i g i d i t y .  In  these  cases a

decrease in radiationless decay with increasing solvent riqidity is attributed

to the quenching of vibrational motion about an essential bond thus preventinq

geometrical isomenization. We think that there is a strong pos sibilit’,’ that

geometrical isomenization is also responsible for the rigidity dependent

rantiationless decay in M(P=P)
2Cl complexes . It b~ os long been establishe’-I

that cis • t ran s  i s o m en i z a t i o n  accompanies  p o p u l a t i o n  of l i gand field st-ut es

i n  square  p l a n a r  P t ( I I ) comp lexes ,”’7 and it seems certait u that ital ian such

as square planar ‘ tetrahedral could easily activate radiationbess decay.

Furthermore , a l a rge  m o l e c u l a r  d i sp l acemen t  w o u l d  be i n v o l v e d  wh i c h  s h o u l d

be quite sensitive to environmental rigidity. The emission of Rh (P 1- ) 2r1

shows a large Stokes shif t which is attributable to - i o s t ” r t r o n  in the

emitting Eu level. In f a c t  it must be this distortion , rather th a n  t he
p o p u l a t i o n  c o f  an MLCT state , which  gives rise t oo  the sol’o’u °i; t rc -l - ox - i tion

i - f f i ’ c t s .  T h i s  f o l l o w s  because the a n a l og o u s  ~-i lC’1’  sl u t - ’ is n c - o o ; - n o n a i h l e  tot

the Ir (P=P) ,(‘l emission , and solv enot relax -ut ion i ’ t ’ c - ,  t s  , in in l  t t o ,  S t o o ~~,-o;

s h i f t  are n e a r l y  neg l i g i b l e .

All of the -above remarks apply to Ir (P=P)
2C1 radia t ionless decoy as well ,

c ’x c e pt  that the tendency to isomerization m .my ilot be so pronounced as in t t o c ’

Rh (P = P )
2C1 case. This could explain the observ.u ’ion t b - i l  tt o ,  emission yield

d€c rease  occurs  more g r a d u a l l y  w i t h  i n c r e a s i n g  t c ’ m p e - i . o t ; i r - f i ’ i t h e  I r ( l b

complex and that the mid point of the T vs. I o - n u o , ’ r a t u r e  c u r ve s  lies -i ~ - ; ’ m - ‘ x i  -

m a t e l y  20Th t o o  higher temperature. Finally, t h e  I r ( I )  complex d i f f e rs  f r o m

t h e  Rh(I) material in that a thermally activated r m - h r i t  i u o n o l e s s  o l e o ’. u’ , ,  in

add i t ion t o -  t h e  so lv en t dependen t p at h , also exists. The o i l i o l i il of ‘ h o i s

observatioo ro is unknown at present.
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The purpose of t h i s  program has been to inv e s t i g a te  the p o s s i b i l i t y  that
l u m i n e s c e n t  t r a n s i t i o n  o o i e t a l  c o m p l e x e s  (TM comp lexes) mi gh t  se rve  as the  basis
f i o r  a new c l a s s  of lasers tunable in the visible s p e c t r a l  reg ion. At the
beg i n n i n g  of t h e  p r o g r a m , s u f f i c i e n t  spec t ro scop i c  and photoph y s i c~~l data were
a v a i l a b l e  to p e r m i t  ca lculation of threshold requirements for these new m a t e r i a l t
and they  wm ,-r e  found to lie well within the range of conventional pump sources.
This threshold anal ysis assume d perforce that losses which are unknown do not
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exi st. V i r t u a l l y ,  none of tin- se materials i s  c o m m e r c i a l l y a v a i l a b l e , so
that a Iar qe portion of the first year was devoted to synthesis and
pu n t  ication of coinip l exes which appe ared mos t p rom isi ng for las er
app lications . This amounted to five groups of materials; iuu e t all opo rphy ri ns;
ru then ium (II), i rid I urn ( I I I )  and rhenium (I) conip l exed with nitrogen
he terocyc lu’s and sq uare planar rhod i uo o (I) and ir i d i u m  ( I )  phosphines.
Emission spectra and 1 i fe t ir unes 0-lu-re rou tinel y rn C- asur c-d and compared with
l i t e r a t u r e  d a t a  to posi t ive l y id en t if y all synthesized conuoplexes. A l l
prom ising conip i~ -~ es were te sled with the h iqh er energy pump. in addition ,
a freq uency doubled , Q-sw tched Nd:g lass laser was assembled and used to
pump comp lexes i n speciall y desi gned low-loss resonators.
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