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SPECTROSCOPY LETTERS, 13(12), 847-859 (1980)  

SOLVENT-ASSISTED SELF-QUENCHING OF THE 'D3-STATE 

OF Tb3+ i n  POC13:SnC14 

J. Chrysochoos 

Department o f  Chemist ry  
U n i v e r s i t y  o f  To ledo 
Toledo, Ohio 43606 

ABSTRACT 

The near  i n f r a r e d  and v i s i b l e  s p e c t r a  o f  Tb3+ i n  POC13:SnC14, i n  

c o n j u n c t i o n  w i t h  t h e  corresponding emiss ion spec t ra ,  revea l  an energy mismatch 

5 7 between t h e  n o n r a d i a t i v e  t r a n s i t i o n s  D3 + 5D4 and Fo + 7F6 i n  f a v o r  o f  t h e  

former.  Th is  energy mismatch i nc reases  a t  h i g h e r  temperatures.  The temperature 

5 dependence o f  t h e  se l f -quench ing  o f  t h e  D3-s ta te  o f  Tb3+, which r e q u i r e s  

t h e  c o u p l i n g  between t h e  aforement ioned t r a n s i t i o n s ,  can be accounted f o r  

v i a  a mode-assisted process. 

INTRODUCTION 

E x c i t a t i o n  o f  Tb3+ i n  c r y s t a l s  w i t h  near  UV l i g h t  g i v e s  r i s e  t o  two 

5 5 3+ (1-3)  groups o f  em iss ion  bands a r i s i n g  f rom b o t h  t h e  O3 and D4-states o f  Tb . 
The 5D3-state undergoes e l e c t r o n i c  r e l a x a t i o n  v i a  a process a s s i s t e d  by 

ad jacen t  Tb3+-ions. (4) 

The f l uo rescence  o f  Tb3+ i n  aqueous s o l u t i o i l s  and in o r g a n i c  s o l v e n t s  

5 a r i s e s  e x c l u s i v e l y  f r o m  t h e  D4-state (5 -9 )  due t o  a v e r y  e f f e c t i v e  

e l e c t r o n i c  r e l a x a t i o n  o f  t h e  D3-state.  

by Tb3+ i n  a p r o t i c  s o l v e n t s  such as POC13:SnC14 w i t h  X <380 nm, g i ves  r i s e  

5 On t h e  o t h e r  hand. l i g h t  e x c i t a t i o n  

t o  emiss ion a r i s i n g  from b o t h  t h e  5 D4 and t h e  5 D3-states.  The 
5 e l e c t r o n i c  r e l a x a t i o n  o f  t h e  D3-state i n  such systems has been s t u d i e d  as a 
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848 CHRYSOCHOOS 

func t ion  o f  the  temperature, [Tb3+], and so lvent  composition. The 

self-quenching process o f  t he  503-state o f  Tb3+ is temperature dependent, 

(1  1 Tb3+(5D3) + Tb3+(7F6) + Tb 3+ ( 5 D4) + Tb3+(7Fj); kq 

associated w i th  an a c t i v a t i o n  energy b a r r i e r  o f  3.0 kca l /mo le . ( lO)  

quenching r a t e  constant (k,) o f  the  D3-state i n te rac t i ng  w i t h  the solvent,  

was found t o  be i n  the range o f  600-800 sec- l . (13) 

The 
5 

5 The temperature dependence o f  the self-quenching process o f  t he  D3- 
s ta te  of Tb3+ is no t  c lear .  The near i n f r a r e d  spectra o f  Tb3+ were studied 

t o  determine the  energy o f  the  ground s t a t e  man i fo ld  o f  Tb3+ i n  POC13:SnC14 

and t o  e luc ida te  t h e  dynamics o f  t he  coupl ing between the  rad ia t i on less  
t r a n s i t i o n s  5 D3 -+ 504 and 7 F j  + 7F6. 

EXPERIMENTAL 

Terbium ch lo r ide ,  TbC13-6H20, o f  99.9% t o  99.99% p u r i t y  was converted 

t o  anhydrous TbC13 and d isso lved i n  appropr ia te  mixtures o f  POC13 and 

SnC14 under r e f l u x i n g  cond i t ions  i n  the absence o f  H20 and C02. Near 

i n f ra red  spectra were recorded w i t h  a Cary-14 Spectrophotometer. Emission 

spectra were obtained w i t h  an Aminco-Bowan Spectrophotofluorimeter. 

Experimental d e t a i l s  can be found elsewhere. (10-12) 

RESULTS AN0 DISCUSSION 

A t y p i c a l  near i n f r a r e d  spectrum o f  Tb3+ i n  POC13:SnC14 is i l l u s t r a t e d  

i n  Figure 1. 

i d e n t i c a l  condi t ions.  

2500 nm. 

POC13:SnC14. The absorpt ion bands o f  Tb3+ a t t r i b u t e d  t o  the  t r a n s i t i o n s  

F4,5 + 7F6 are  n o t  shown because they appear a t  wavelengths longer than 7 

2600 nm. 

absorpt ion bands a t t r i b u t e d  t o  the t r a n s i t i o n s  F3 + F6, 'F2 + 7F6 and 

d i s t i n c t ,  because i t  i s  masked by the  broad absorpt ion band due t o  7F1-state. 

The spectrum was recorded using POC13:SnC14 under i t he rw ise  

The near i n f r a r e d  spectrum extends from 1700 nm t o  

The spectral  region beyond 2550 nm i s  masked by the  absorpt ion o f  

The spectrum i l l u s t r a t e d  i n  Figure (1 )  shows c l e a r l y  the 
7 7  

7 7  F, + F6. The absorpt ion band due t o  the  7F0 + 7F6- t rans i t i on  i s  l ess  
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SOLVENT-ASSISTED SELF-QUENCHING 849 

30 I'SOO 2'100 23 00 2 sod 

WAVELENGTH, nm 
Figure 1. Near i n f ra red  absorpt ion spectrum o f  5 x 10-LM 

Tb3+ i n  POC13:SnC14 1O:l ( V / V )  vs POC13:SnC14 
1O:l ( V / V ) ;  Room T; L = 5.00 cm 

All the  absorpt ion bands shown i n  Figure 1 obey Beer's Law. Some o f  

these p l o t s  are depicted i n  Figure 2 under d i f f e r e n t  experimental 

condi t ions.  

obey Beer 's Law; i t  i s  v i r t u a l l y  independent o f  [Tb3+] and i t  i s  

a t t r i b u t e d  t o  the  sol  vent. 

An absorpt ion band which appears a t  about 2600 nm does no t  

The near i n f r a r e d  spectrum o f  Tb3+ exh ib i t s  a s l i g h t  temperature 

dependence. 

t o  s l i g h t l y  lower energies (F igure  3) .  

and no t  very d i s t i n c t .  

i n f r a r e d  spectrum i s  i l l u s t r a t e d  m r e  c l e a r l y  i n  Figure 4 i n  which the  

op t i ca l  dens i ty  a t  several wavelengths i s  p l o t t e d  against  the temperature. 

In general, a t  h igher  temperatures, pa r t  o f  the  spectrum s h i f t  

However, t h i s  s h i f t  i s  very gradual 

The s l i g h t  temperature dependence o f  the  near 
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850 CHRYSOCHOOS 
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Figure  2. Beer-Lambert P l o t s  o f  Tb3+ i n  POC13:SnC14; Room T: 
L = 5.00 cm. ( a )  2320 nm ( b )  2160 nm ( c )  1980 nm 

(d)  1885 nm (e)  2260 nm ( f )  1820 nm and (9) 1740 nm 
0 POC13:SnC14 1O:l ( V / V ) ;  POC13:SnC14 11.5:l  ( V / V ) ;  
A POC13:SnC14 14.6: l  ( v / v ) ;  A POC13:SnC14 24:l  ( v / v )  
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SOLVENT-ASSISTED SELF-QUENCHING 851 

F igu re  3. Near i n f r a r e d  a b s o r p t i o n  spectrum o f  5 x 10-2M Tb3+ 

i n  POC13:SnC14 1 O : l  (V/V); L = 5.00 cm; Reference, 

POC13:SnC14 1 O : l  (V/V). ( A )  50°C (B)  -16°C 

To e l i m i n a t e  t h e  e f f e c t  o f  changes i n  t h e  c o n c e n t r a t i o n  o f  Tb3+ due t o  t h e  

thermal expansion o f  t h e  so l ven t ,  t h e  r a t i o  (0.D)A/(0.D)370 i n s t e a d  o f  

(O.D)x, was p l o t t e d  vs. t h e  temperature, where (0.D)370 i s  t h e  o p t i c a l  

d e n s i t y  o f  a narrow and r e l a t i v e l y  i n t e n s e  a b s o r p t i o n  band o f  Tb3+ i n  t h e  
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I 

*'I5 45 7'5 
0 1 . .  
-15 

T, "c 
Figure 4. Variations o f  (0.D)A/(0.D)370 w i t h  the temperature; 

5 x lO-'M Tb3+ in POC13:SnC14 1O:l ( V / V ) ;  L = 5.00 cm. 
( A )  7F3 + 7F6-transit ion ( a )  2370 nm (4220 cm-l) 
(b )  2230 nm (4484 cm-l); ( c )  2220 nm (4504 cm-l). 
( B )  7F2 + 7F6-transit ion.  
(b )  1970 nm (5076 cm-l) ; ( c )  2030 nm (4926 cm-l) . 
(C) 7F1 + 7F6-transit ion; ( a )  1880 nm (5319 an-'); 
( b )  1885 nm (5305 cm-l); ( c )  1850 nm (5405 cm-l); 
(d )  1800 nm (5555 cm-l). 

( a )  1980 nm (5050 cm-l); 
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SOLVENT-ASSISTED SELF-QUENCHING 853 

near UV spec t ra l  region. 

2370 nm (4220 cm- ) exh ib i t s  a s l i g h t  increase w i t h  increasing temperature 

whereas the  op t i ca l  dens i t ies  a t  2230 nm (4484 cm-’) and 2220 nm (4504 cm-’) 

decrease s l i g h t l y .  

7 3+ o f  t he  absorpt ion envelope a t t r i b u t e d  t o  the F3 + 7F6 t r a n s i t i o n  o f  Tb . 
The lower energy component gains i n t e n s i t y  a t  the  expense o f  t h e  higher 

energy components a t  h igher temperatures. 

the  op t i ca l  dens i t ies  a t  1980 nm (5050 cm-’) and 1970 nm (5076 cm-’) 

decrease s l i g h t l y  a t  higher temperatures whereas the op t i ca l  dens i ty  a t  

2030 nm (4926 cm-’) gains very s l i g h t l y .  

I n  p a r t  ( A )  o f  Figure 4 the op t i ca l  dens i ty  a t  
1 

These th ree  wavelengths correspond t o  d i f f e r e n t  components 

I n  pa r t  ( B )  o f  Figure 4 

These wavelengths correspond t o  

components o f  t he  absorpt ion envelope a t t r i b u t e d  t o  the  7 F2 + 7F6- t rans i t ion .  

S im i la r l y ,  i n  p a r t  (C) o f  Figure 4 ,  which i l l u s t r a t e s  components o f  the  

absorpt ion envelope a t t r i b u t e d  t o  the  7F1 + 7F6-transi t ion,  t he  o p t i c a l  

dens i t ies  a t  1880 nm (5319 cm-’) and 1885 nm (5305 cm-’) c l e a r l y  increase 

with increasing temperature whereas the  op t i ca l  dens i t ies  a t  1850 nm 

(5405 cm-’) and 1800 nm (5555 cm-’) a re  v i r t u a l l y  temperature independent. 

Energy parameters o f  t he  near i n f r a r e d  absorpt ion bands and the  

emission bands o f  Tb3+ i n  POC13:SnC14 a re  given i n  Table I. The energy gap, 

BE1, between the  D3 and D4-states o f  Tb3+ i n  POC13:SnC14, determined 

from the  emission maxima, namely 

5 5 

5 5 - 5  7 - 5  7 
AE1 = E( D3) - E( D4) = vmax( D3 + F j )  - vmax( 04 * F j )  

var ies  w i t h  the  temperature. 

determined from fou r  pa i r s  o f  emission bands, were found t o  be 5747 cm- 

a t  55°C and 5679 cm-’ a t  -16OC. 

absorpt ion spectra of Tb 

The corresponding average values o f  BE1. 

1 

S im i la r  values were obtained from the 

3t 

5 5 7  
AE2 = E( D3 + 7F6) - E(  D4 + F6) 

Values o f  AE2 determined i n  t h i s  way are 5770 cm-’ a t  55OC and 5664 cm-l a t  

-16°C. 

energy Components o f  t he  ground s ta te  manifold,  AE3 i s  about 5720 cm-’ a t  

-16OC and less  than 5720 cm-l a t  55OC. 

I n  add i t ion ,  the  energy d i f f e rence  between the  highest and the  lowest 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
1
8
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



854 CHRYSOCHOOS 

TABLE I 

3+ Energy parameters o f  t h e  near  i n f r a r e d  a b s o r p t i o n  and emiss ion bands o f  Tb 

i n  POC13:SnC14 a t  -16°C 

T r a n s i t i o n  i max (cm-1) E(5D3) - E(5D4) 

Absorp t i on  Emiss ion cm-l cm-' 

7 + 7  4360 -- 380 

7 * 7  5020; 5310 -- $300 

F3 F6 

F2 F6 
5460 -- -- 

7Fl + 7F6 

7 + 7  5720 -- -- 
FO F6 

5 + 7  20533 -_ 250 
'4 F6 

5 + 7  2631 5 -- $200 
'3 F6 

5 + 7  
'3 F6 

5 + 7  
D4 F6 

503 -f 7F5 

-- 25974 $500 

-- 20242 $500 

-- 23866 $500 

5 + 7  -- 18248 $360 

5 + 7  -- 22675 ,400 

-- 17035 $370 
5D4 + 7F4 

-- 21 691 $350 5D3 + 7F3 

5 + 7  -- 16025 -- 

-- 21141 $300 503 + 7F2 

5 + 7  -- 20576 _-  

D4 F5 

D3 F4 

D4 F3 

D3 F1 

5782 

5732 

561 8 

5640 

5666 
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SOLVENT-ASSISTED SELF-QUENCHING 

From these  va lues  one o b t a i n s :  

a55 

AE = AE - A  E > 50 cm-l 1 3  

The v a l u e  o f  AE inc reased  f u r t h e r  w i t h  i n c r e a s i n g  temperature.  

rep resen ts  t h e  energy mismatch between t h e  t r a n s i t i o n s  which have t o  be  

5 3+ coupled t o  l e a d  t o  t h e  se l f -quench ing  o f  t h e  D3-state o f  Tb 

T h i s  v a l u e  

. 

Under these c o n d i t i o n s  t h e  e f f i c i e n c y  o f  process ( 2 )  should i nc rease  a t  

lower  temperatures.  

exper imen ta l l y .  

b a r r i e r  equal t o  3.0 kcal/mole.(") 

T h i s  i s  j u s t  t h e  o p p o s i t e  o f  what has been observed 

Process ( 2 )  i s  assoc ia ted  w i t h  an a c t i v a t i o n  energy 

I f  t h e  l o w e s t  energy component o f  t h e  ground s t a t e  m u l t i p l e t  ('F6) 

i s  a r b i t r a r i l y  t aken  as zero, t h e  average energ ies  o f  t h e  rema in ing  

components o f  t h e  m u l t i p l e t  can be es t ima ted  f rom t h e  a b s o r p t i o n  and emiss ion 

spec t ra ,  

E(  7 F j )  = ( [E(5D4 + 7F6) - E( 5 D4 + 7 F j ) l  + [E(5D3 + 7D6) - E(5D3 -t 7 F j ) ] ) / 2  (3) 

Such energy es t ima tes  a r e  sumnarized i n  Table I 1  a long  w i t h  a p p r o p r i a t e  

l i t e r a t u r e  va lues .  It i s  apparent  i n  t h e  case o f  Tb3+ i n  POC13:SnC14 t h a t  

E(5D3) - E(5D4) > E(7F0) - E(7F6) 

5 Therefore,  t h e  e l e c t r o n i c  r e l a x a t i o n  o f  t h e  D3-s ta te  o f  Tb3+ v i a  t h e  

ground s t a t e  m a n i f o l d  o f  an ad jacen t  Tb3+-ion i n v o l v e s  t h e  d i s s i p a t i o n  o f  

an excess energy. T h i s  energy appears t o  be taken  up by t h e  s o l v e n t  ( s )  

( 4 )  
Tb3+(5D3) + Tb3+(7F6) + S(V=O) -+ Tb 3+ ( 5 D4) + Tb3+(7Fj) + s ( V # o )  

Both t h e  amount o f  energy which must d i s s i p a t e  and t h e  e f f i c i e n c y  o f  

process ( 4 )  i nc rease  a t  h i g h e r  temperatures.  It i s  p o s s i b l e  t h a t  a t  

h i g h e r  temperatures t h e  s o l v a t i o n  sphere o f  Tb3+ becomes d i s t o r t e d  and t h e  
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26.C 

22.c 

- 
'E 

l i  

'2 

0 

m X  

4 .a 

0 

5 - D3 .. 

I 
I 
I 
I 
I 
I 
I 

D4 * 

I 

I 

6 4 1  I 

I 
E I z z I  5 1  I 

I 

- 
P - 0  J 

F i g u r e  5. Energy l e v e l  diagram o f  Tb3+ i n  POC13:SnC14 (ground 

s t a t e  m u l t i p l e t  and l o w  e x c i t e d  s t a t e s )  and v i b r a t i o n a l  
l e v e l s  (16 '17)  o f  t h e  P-0 and P-C1 s t r e t c h i n g  modes o f  

POC13:SnC14. 

s t r i c t  s e l e c t i o n  r u l e s  which may c o n t r o l  process ( 4 )  become p a r t l y  r e l a x e d ,  

l e a d i n g  t o  a more e f f i c i e n t  se l f -quench ing  o f  t h e  5 D3-state.  

V i b r a t i o n a l  modes o f  POCl3 assoc ia ted  w i t h  r e l a t i v e l y  h i g h  energy a r e  

t h e  P-0 s t r e t c h i n g  mode a t  1290 cm-' and t h e  P-C1 s t r e t c h i n g  mode a t  484 and 

58E cm- . (16 '17)  

upon t h e  a d d i t i o n  o f  SnC14. 

hand s h i f t  t o  s l i g h t l y  h i g h e r  va lues  upon such an a d d i t i o n .  

1 The f requency o f  t h e  P-0 s t r e t c h i n g  mode s h i f t s  t o  1215 cm- 

The f requenc ies  o f  t h e  P-C1 mode on t h e  o t h e r  

These two 
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v i b r a t i o n a l  modes a r e  t h e  most l i k e l y  ones t o  p a r t i c i p a t e  i n  process ( 4 ) .  

The e n e r g e t i c s  o f  t h i s  process a r e  i l l u s t r a t e d  i n  F i g u r e  5. 

l e v e l s  i n s e r t e d  i n  t h e  v i b r a t i o n a l  l e v e l  diagrams o f  t h e  P-C1 and P-0 

s t r e t c h i n g  modes a r e  n o t  t o  sca le.  

o f  these modes t h e  t r a n s i t i o n s  D3 + 5D4 and Fo + 7F6 cannot couple 

n o n r a d i a t i v e l y .  However, i n  t h e  presence o f  t h e  aforement ioned v i b r a t i o n a l  

s t r e t c h i n g  modes c o o p e r a t i v e  energy t r a n s f e r  can t a k e  p lace,  a t  l e a s t  i n  

p r i n c i p l e .  The process o u t l i n e d  i n  F igu re  5 i s  j u s t  once of severa l  p o s s i b l e  

mechanisms v i a  which t h e  D3-state o f  Tb3+ can undergo se l f -quench ing  i n  

P O C l  : SnCl 4. 

The r o t a t i o n a l  

I t  i s  apparent  t h a t  w i t h o u t  t h e  a s s i s t a n c e  

5 7 
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