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Q U A N T I T A T I V E  U V - V I  SI  BLE 
DIFFUSE REFLECTANCE SPECTROSCOPY 

OF SOLID POWDERS 

Key Words: D i f f use  r e f l e c t a n c e  spectroscopy; 
Q u a n t i t a t i v e  UV-V is ib le  Spect ra  o f  
Sol i d  Powders 

T.H. F l i n t  and E.A. Boudreaux 

Department o f  Chemistry,  U n i v e r s i t y  o f  
New Orleans, New Orleans, La. 70148 U.S.A. 

INTRODUCTION 

I n  s p i t e  o f  d i f f i c u l t i e s  i n  a t t a i n i n g  h i g h  r e s o l u t i o n ,  t h e  de- 

t e r m i n a t i o n  of U V - V I S - N I R  spec t ra  v i a  d i f f u s e  r e f l e c t a n c e  spec t ro -  

scop ic  measurements on s o l i d  powders; p rov ides  seve ra l  advantages. 

Compounds which a re  d i f f i c u l t  t o  o b t a i n  as s u i t a b l e  s i n g l e  c r y s t a l s ,  

o r  a r e  found t o  be uns tab le  o r  i n s o l u b l e  i n  l i q u i d  s o l u t i o n ,  can 

o n l y  be s tud ied  by d i f f u s e  r e f l e c t a n c e  spectroscopy. Also,  s i n c e  

no so l ven ts  a r e  requ i red ,  any e f f e c t s  due t o  s o l v a t i o n  a r e  e l i m i n a -  

ted.  However, i t  is  n o t  p o s s i b l e  t o  r e s o l v e  t h e  observed spectrum 

i n t o  i t s  a n i s o t r o p i c  components, as i n  t h e  case o f  s i n g l e  c r y s t a l  

spec t ra  . 
I n  t h i s  paper we r e p o r t  a q u a n t i t a t i v e  spec t roscop ic  s tudy  o f  

K2PtC14, K3 Fe(CNI6 and NiS04-7H20 as s o l i d  powders, i n  t h e  u l t r a  

v i o l e t - v i s i  b l e  ranges. 

THEORETICAL DEVELOPMENT 

O f  t h e  var ious  t h e o r i e s  t h a t  have been proposed t o  account f o r  

t h e  e l e c t r o n i c  spec t roscop ic  p r o p e r t i e s  o f  s o l i d s ;  t h e  f o l l o w i n g  two 
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384 F L I N T  AND BOUDREAUX 

approaches a r e  nio s t s i gn i f i can t  : 

1 )  D i f f e r e n t i a l  and i n t e g r a l  e q u a t i o n  methods which group t h e  fun- 

damental absorb ing  and s c a t t e r i n g  p r o p e r t i e s  o f  a s o l i d  sample i n t o  

a r b i t r a r y  cons tan ts ’ ”  2 )  The s t a t i s t i c a l  model approach based on 

t h e  s c a t t e r i n g  p r o p e r t i e s  f o r  i n d i v i d u a l  p a r t i c l e s .  

b a s i c a l l y  more sound b u t  i s  n o t  as c o n v e n i e n t l y  app l i ed .  

achieved b e t t e r  c o r r e l a t i o n s  between abso rp t i on  d e r i v e d  f rom a s t a -  

t i s t i c a l  model and t h a t  ob ta ined  f rom t ransmiss ion  spec t ra ,  by sum- 

ming over  i n d i v i d u a l  p a r t i c l e s  r a t h e r  than plane-para1 l e l  l a y e r s .  

The genera l  s o l u t i o n  f o r  t h e  abso lu te  d i f f u s e  r e f l e c t a n c e  o f  an i n -  

f i n i t e l y  t h i c k  powder, k, i s  g i ven  by 

The l a t t e r  i s  
3 4 

Melamed 

where x i s  t h e  f r a c t i o n  o f  t h e  r a d i a t i o n  which emerges f rom the  i n -  

t e r i o r  o f  a p a r t i c l e  and i s  s c a t t e r e d  i n  t h e  d i r e c t i o n  o f  t h e  su r -  

face, m i s  t h e  average va lue  o f  t h e  r e f l e c t i o n  c o e f f i c i e n t  o f  t h e  

su r face  o f  an i n d i v i d u a l  p a r t i c l e  f o r  e x t e r n a l l y  i n c i d e n t  r a d i a t i o n ,  

and T i s  t h e  t ransmiss ion  o f  an i n d i v i d u a l  p a r t i c l e ,  

i s  q u a d r a t i c  i n  b, and s i n c e  R, must l i e  between 0 and 1, o n l y  pos- 

i t i v e  r o o t s  a r e  used f o r  e v a l u a t i n g  L. 

e 

T h i s  equa t ion  

Melamed assumed t h a t  t h e  i r r e g u l a r  p a r t i c l e s  o f  t h e  sample 

cou ld  be approximated by u n i f o r m  spheres o f  an average d iameter ,  and 

he assumed t h a t  spheres s c a t t e r  acco rd ing  t o  t h e  Lambert cos ine  law. 

The r a d i a t i o n  which reaches t h e  s u r f a c e  o f  t h e  p a r t i c l e  w i t h i n  an 

ang le  dQ i n  the  d i r e c t i o n  0, f o r  u n i t  i n c i d e n t  f l u x  i s  

dm(0) = [exp (-kdcosQ) ( l / n ) c o s  0 (271) s i n Q I d 0  ( 2 )  

where k i s  t h e  abso rp t i on  c o e f f i c i e n t  and d i s  t h e  d iamete r  o f  t h e  

p a r t i c l e .  The t o t a l  r a d i a t i o n  reach ing  t h e  su r face  o f  a p a r t i c l e  
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D I F F U S E  REFLECTANCE SPECTROSCOPY 

i s  therefore ,  
,.$/a 

M = 2 ! exp(-kdCosQ)sinQcosQdQ 
W G  

= 21 ; k d  )2 [ l - (  kd+l )exp( - k d )  J 

I f  K. is the average 

a ? a r t i c l e  f o r  in te rna l ly  

i n i t i a l  ray which emerges 
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r e f l e c t i o n  coefficient of the surface of 

incident  radiat ion,  the portion of the 

i s  miM. The surface of  the spheres is a s -  

sumed t o  have ident ical  s c a t t e r i n g  propert ies  a t  each point ,  so t h a t  

the radiat ion which emerges a f t e r  a n  i n f i n i t e  number of internal  re-  

f lec t ions  i s  the sum o f  a geometric s e r i e s  i n  kiM. 

t i o n  o f  the radiat ion transmitted i s  

Thus, the frac-  

( 1  -5. jn  
T =  ( 4 )  

- 
'while the average re f rac t ive  index, n ,  i s  

(1 - rn . )  
1 

Assuming t h a t  in  addition t o  obeying the Lambert cosine law, 

the Fresnel re la t ion  f o r  specular re f lec t ion  f o r  unpolarized radia-  

tion is  v a l i d ,  then the average value of the external re f lec t ion  

c o e f f i c i e n t ,  6 for  l i g h t  incident  from a r a r e r  t o  a denser medium i S  e '  

- f'" 
m : ': ' m(Q)s inQ dQ 

3.7 
where m ( Q )  i s  the  re f lec t ion  coef f ic ien t  determined from Fresnel ' s  

p a u a t i o n .  For r a d i a t i o n  incident  from the denser t o  the r a r e r  rne- 

d i m ,  
- 2 r&' 
m .  = (1-s in  Q ) = 2 m(Q)sin Q cos Q dB 

1 C 

where Qc i s  the c r i t i c a l  angle. 
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386 FLINT AND BOUDREAUX 

The c o e f f i c i e n t  x o c c u r r i n g  i n  equa t ion  ( 1 )  can be c a l c u l a t e d  

by assuming a s e t  o f  Darameters xu, xs,  and xd wh ich  rep resen t  t h e  

average values f o r  t h e  f r a c t i o n s  o f  t h e  r a d i a t i o n  emerging f rom t h e  

i n t e r i o r  o f  a p a r t i c l e  r e s p e c t i v e l y  i n  t h e  upward ( xu ) ,  sideways 

(x,), and downwards ( x d j  d i r e c t i o n s  r e l a t i v e  t o  t h e  s u r f a c e  o f  t h e  

sample. 

s c a t t e r e d  upward, i n c l u d i n g  t h a t  wh ich  i s  l a t e r a l l y  d i f f u s e d  i n i -  

The p r o b a b i l i t y  t h a t  r a d i a t i o n  emerging f rom a p a r t i c l e  i s  

t i a l l y  i s  g i ven  by 

x = x / ( l - X s T )  
U 

For s ~ l l  a b s o r p t i o n  c o e f f i c i e n t s ,  t h e  r a d i a t i o n  can be assumed t o  

leave a p a r t i c l e  i s o t r o p i c a l l y ,  so t h e  xd = xu. 

= 1, 

S ince  xu + xd 2 xs 

X = xu / [ 1 - (1 -2xU)T ]  (7)  

For c l o s e  packed spheres, x can be taken t o  be 0.284 which c o r r e -  

sponds t o  a s o l i d  ang le  o f  (4-m) sterad ians .  

use the  f a c t o r  0.1 f o r  x i n  d i f f u s e  r e f l e c t a n c e  measurements on 

V205 powders. Th is  i n f e r s  t h a t  smal l  c r y s t a l s ,  because o f  t h e i r  f l a t  

faces, can l i e  c l o s e r  t o g e t h e r  than spheres o f  t h e  same e f f e c t i v e  d i -  

ameter used i n  t h e  model f o r  d e r i v i n g  t h e  theory .  Melamed's theo ry  

i s  s u p e r i o r  t o  the  p rev ious  ones, due t o  t h e  f a c t  t h a t  i t  comes c l o -  

s e r  t o  p r o v i d i n g  an a p r i o r i  t h e o r y  o f  r e f l e c t a n c e ,  i n  which t h e  fun-  

damental p r o p e r t i e s  o f  t h e  abso rb ing  and s c a t t e r i n g  a r e  i nc luded .  

EXPERIMENTAL 

Companion5 had t o  

U 

The p a r t i c l e  s i z e  dependence o f  t h e  d i f f u s e  r e f l e c t a n c e  spectrum 

has been i n v e s t i g a t e d  by seve ra l  who a t t r i b u t e  t h e  i n -  

crease i n  absorbance when t h e  p a r t i c l e  s i z e  i s  reduced t o  t h e  reduc- 

t i o n  o f  t h e  specu la r  component o f  t h e  r e f l e c t i o n .  

dence o f  absorbance on p a r t i c l e  s i z e  f o r  bo th  l a r g e  o r  smal l  absorp- 

T h i s  i n v e r s e  depen- 
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DIFFUSE REFLECTANCE SPECTROSCOPY 387 

t i o n  c o e f f i c i e n t s  shows t h a t  even i n  t h e  case o f  f i n e  powders the  i n -  

f luence of  specu la r  r e f l e c t i o n  cannot be neglected. 

t h e  p a r t i c l e  s i z e  dependence o f  t h e  abso rp t i on  c o e f f i c i e n t ,  t h e  f r a c -  

t i o n  of  r e g u l a r  su r face  r e f l e c t i o n  which e x i s t s  causes t h e  d i f f u s e  

r e f l e c t i o n  spec t ra  o f  powders t o  have g r e a t l y  f l a t t e n e d  maxima com- 

pared t o  an analogous t ransmiss ion  spectrum. For very  smal l  p a r t i -  

c l e s ,  t h e  apparent absorbance increases  and r e s o l u t i o n  o f  t h e  spec- 

t rum i s  inc reased due t o  t h e  m r e  complete e l i m i n a t i o n  o f  t h e  f r a c -  

8 t i o n  o f  specu la r  r e f l e c t i o n .  

Samp 1 e P r e  pa r a  t i on 

I n  a d d i t i o n  t o  

A f t e r  a number o f  t r i a l  measurements w i t h  va ry ing  p a r t i c l e  s i zes ,  

a mean p a r t i c l e  d iameter  o f  10  2 1 microns was adopted. 

p a r t i c l e  s i ze ,  smal l  changes i n  t h e  mean p a r t i c l e  d iameter  (10 m i -  

c rons )  a r e  r e f l e c t e d  by extreme ( n o n l i n e a r )  changes i n  the  d i f f u s e  

r e f l e c t i o n  curves and t h e  abso rp t i on  c o e f f i c i e n t .  I n  the  10  mic ron  

range, smal l  d e v i a t i o n s  i n  p a r t i c l e  s i z e  (+ 1 mic ron)  produce e r r o r s  

w i t h i n  t h e  e r r o r  range o f  t h e  method and y e t  smal l  changes i n  t h e  

abso rp t i on  c o e f f i c i e n t  a re  de tec ted  w i t h  s u f f i c i e n t  r e s o l u t i o n  i n  

t h e  d i f f u s e  r e f l e c t a n c e  spec t ra .  

Below t h i s  

Samples o f  K2PtC14, K,Fe(CN) and NiS0(7H20 powders, prepared 6 
from Reagent Grade chemicals and r e c r y s t a l l i z e d  f rom s o l u t i o n ,  were 

ground i n  a h i g h  speed p u l v e r i z e r  equipped w i t h  agate j a r s  and agate 

g r i n d i n g  b a l l s .  Sample m ix tu res  w i t h  re fe rence  standards (MgO, KC1, 

e t c . )  were c a r e f u l l y  weighed o u t  and d ispursed i n  a m i x e r - m i l l .  

Subsequent t o  t h e  g r i n d i n g  phase and p r i o r  t o  mix ing ,  t h e  samples 

were examined under a microscope f i t t e d  w i t h  a micrometer eyepiece. 

I f  the  mean d iameter  (30 minimum p a r t i c l e  coun t )  p e r  p a r t i c l e  was n o t  

10 # 1 microns, t h e  g r i n d i n g  process was cont inued.  
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Equi p w n t  

Samples were mounted i n  a s p e c i a l l y  cons t ruc ted  double-beam c e l l ,  

which c o n s i s t e d  o f  a b lack  b a k e l i t e  b l o c k  w i t h  c y l i n d r i c a l  c a v i t i e s  o f  

1 cni diam. x 1 cm depth.  Accu ra te l y  determined masses o f  powders were 

i n t roduced  i n t o  t h e  c e l l  c a v i t i e s  by a p p l y i n g  u n i f o r m  pressure  t o  suc- 

cess i ve  l a y e r s  o f  2 mn, u n t i l  t h e  c a v i t i e s  were f i l l e d ,  

were f i t t e d  t o  a Beckman DK-1 spec t rophotometer  w i t h  r e c o r d i n g  r e f l e c -  

tance at tachment,  and t h e  d i f f u s e  r e f l e c t a n c e  spec t ra  measured f rom 

200-700 mu a g a i n s t  MgO as t h e  s tandard .  

The c e l l s  

The raw s p e c t r a l  da ta  were processed by programming Melamed’s equa- 

t i o n s  f o r  t h e  DEC System PDP-10 com?uter. 

Data P rocess ing  

A1 1 observed r e f l e c t a n c e 5  ( R o )  were conver ted  t o  abso lu te  values 

( R w ) ,  as de r i ved  f rom independent measurements on MgO. 

the  me and Gi c o e f f i c i e n t s  were d e r i v e d  f rom t a b u l a t i o n s 4 ”  u s i n g  av- 

erage r e f r a c t i v e  i n d i c e s  ob ta ined  f rom s tandard  handbooks. 

Values o f  

Equat ions ( 3 )  and ( 4 )  were programmed f o r  t h e  PDP-10 computer, 

and the  abso rp t i on  c o e f f i c i e n t ,  k ,  c a l c u l a t e d  by t h e  Newton-Rapnson 

success ive  approx imat ion  method. 

To conver t  t h e  abso rp t i on  c o e f f i c i e n t  i n t o  a molar  e x t i n c t i o n  

c o e f f i c i e n t ,  use i s  made o f  t h e  Bouguer-Lambert” r e l a t i o n  and t h e  

Lambert law f o r  a t t e n u a t i o n  o f  r a d i a t i o n  i n  an absorb ing  medium which 

i s  

I / I o  = exp (-4n/Xo)Kld ( 8 )  

s t h e  wavelength o f  i n c i d e n t  

t o  l a y e r  th i ckness  o f  t h e  ab- 

Cit?nt u s u a l l y  employed i n  spec- 

where K1 i s  t h e  abso rp t i on  index ,  l o  

r a d i a t i o n  i n  a vacuum, and d i s  equal 

s o r b i n g  medium. The a b s o r p t i o n  c o e f f  

t roscopy ,  k ,  i s  r e l a t e d  t o  K, th rough 

FLINT AND BOUDREAUX 
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DIFFUSE REFLECTANCE SPECTROSCOPY 

k = (4v/Xo)K1 

t h e r e f o r e ,  

I / I o  = exp ( - k d )  

f r o m  t h e  Beer-Lamber l a w  

-EdC I / I o =  10 

389 

(9) 

( 1 1 )  

where E i s  t h e  m o l a r  e x t i n c t i o n  c o e f f i c i e n t  and c i s  t h e  m o l a r  con-  

c e n t r a t i o n .  E q u a t i n g  ( 1 0 )  and ( 1 1 )  g i v e s  

k = 2 . 3 ~ ~  ( 1 2 )  

k ( r e f l e c t a n c e )  = k ( t r a n s m i s s i o n )  
n -  
f.5 

E q u a t i o n  ( 1 2 ) ,  co r responds  t o  t h e  Beer-Lambert  Law, I / I o= lO-Ecd ,  f o r  

b o t h  t r a n s m i s s i o n  measurements and d i f f u s e  r e f l e c t a n c e .  Thus, equa- 

t i o n s  ( 1 2 )  a n d  (13)  a r e  t h e  r e l a t i o n s h i p s  f o r  r e l a t i n g  a b s o r p t i o n  

c o e f f i c i e n t s  d e r i v e d  f r o m  t r a n s m i s s i o n  s p e c t r a  and t h o s e  d e r i v e d  f r o m  

d i f f u s e  r e f l e c t a n c e  s p e c t r a .  An e x p e r i m e n t a l  compar i son  between t h e  

two c o e f f i c i e n t s  was c a r r i e d  o u t  f r o m  v a l u e s  d e r i v e d  f r o m  t r a n s m i s -  

s i o n  and d i f f u s e  s p e c t r a  o f  c o l o r e d  g l a s s ! '  A t  a l l  wave leng ths  con-  

s i d e r e d ,  t h e  r a t i o  o f  k(reflectance)/ k (transmission) i s  g r e a t e r  t h a n  

2.0. A l t h o u g h  t h e r e  a r e  o t h e r  f a c t o r s  t o  be c o n s i d e r e d ,  i n  any case ,  

t h e  f a c t  i s  t h a t  t h e  a b s o r p t i o n  c o e f f i c i e n t s  measured i n  t r a n s m i s s i o n  

a r e  p r o p o r t i o n a l  b u t  n o t  i d e n t i c a l  t o  a b s o r p t i o n  c o e f f i c i e n t s  mea- 

s u r e d  i n  d i f f u s e  r e f l e c t a n c e .  The p r o p o r t i o n a l i t y  f a c t o r  as d e t e r -  

m ined  e x p e r i m e n t a l l y  appears t o  v a r y  i n  t h e  range  2 . 2  - 2.9, due t o  

s u r f a c e  s c a t t e r i n g  e f f e c t s ! '  O f  c o u r s e  t h e  t r u e  c o n s t a n t  s h o u l d  be 

L . 3 .  

The f a c t  t h a t  t h e  e x t i n c t i o n  c o e f f i c i e n t  d e r i v e d  f r o m  d i f f u s e  r e -  

f l e c t a n c e  s t u d i e s  s h o u l d  be p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  i n  t h e  

same mdnner as t h e  Beer-Lambert  Law i s  v a l i d  f o r  d i l u t e  s o l u t i o n s ,  was 
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FLINT AND BOUDREAUX 390 

s u b s t a n t i a t e d  by t e s t i n g  the  Kubelka-Munk f u n c t i o n  F ( b )  by G. 

Schwuttke!’ The Kubelka-Munk f u n c t i o n  can be w r i t t e n  as f o l l o w s  

= o r  l o g  F ~ L )  = l o g  c + B (14)  
5 ,  

where s i s  t he  s c a t t e r i n g  c o e f f i c i e n t ,  c t h e  c o n c e n t r a t i o n  and 6 a 

cons tan t .  Thus F ( L )  i s  dependent upon t h e  e x t i n c t i o n  c o e f f i c i e n t  and 

the  c o n c e n t r a t i o n  as l o n g  as t h e  s c a t t e r i n g  remains cons tan t .  

c o n d i t i o n s  a r e  e s s e n t i a l l y  met i n  a sample d i l u t e d  i n  a r e l a t i v e l y  

l a r g e  q u a n t i t y  o f  i n e r t  s tandard  o f  h i g h  b. 

These 

Cond i t i ons  were such i n  these i n v e s t i g a t i o n s  t h a t  mole f r a c t i o n  

As an exam- concen t ra t i ons  were e q u i v a l e n t  t o  mo lar  concen t ra t i ons .  

p l e :  

one o f  t h e  i n i t i a l  samples. The mole f r a c t i o n  i s  

0.0035 grams o f  fi2PtC14 and 0.0600 grams o f  K C 1  a r e  used f o r  

Mole f rac t i on (K2PtC14)  = Moles(KzPtC14) 

Moles (K2PtC14) + Moles (KCL) 

0.0035 g/415 g/mole - 
(O.O035q/ 415 g/mole + (0.0600 q/74 .6  g/moles) 

Since t h e  c o n c e n t r a t i o n  of  Y2PtC14 i s  sma l l  compared t o  KC1 

Mole f rac t ion(K2PtC14)  = Moles(K2PtC14) 

Moles (KC1) 

6 
= 8.43 x 10- moles (K2PtC14) 

8.00 x moles (KC1) 

= 1.05 x lo-‘ 
I f  t h e  sample i s  d i l u t e d  w i t h  enough d i l u e n t  KC1 t o  f i l l  t h e  sample 

c e l l  ( 1  cm x 1 cm), t h e  molar  c o n c e n t r a t i o n  o f  t h e  f i n a l  sample i s  

= Moles (K2PtC14) / volume o f  t h e  c y l i n d e r  ‘( K2PtC14) 

C(K,PtC1,) = 8.43 x moles / 7 r 2 h 

18.43 x moles/ 3.14(0.5) 2 (1  c m ) ] ( l x 1 0 3  ern" 
1 i t e r )  

‘( K2P tC14) = 
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DIFFUSE REFLECTANCE SPECTROSCOPY 391 

TABLE I .  

DIFFUSE REFLECTANCE SPECTRA OF 

K,PtCl, I N  KC1 

Concent ra t ion  = 2.6 X lO-’M 

XMaxima (mu) / 341 351 385 490 495 579 

R 0.30 0.84 0.86 0.97 0.96 1.00 

T 0.88 0.90 0.90 0.93 0.93 0.93 

k 0.6 0.5 0.5 0.3 --- 0.3 

E 100.3 83.6 83.6 50.2 ---- 55.8 

Concent ra t ion  = 5.9 x M 

XMaxima (mu) / 341 351 385 490 495 579 

R 0.28 0.32 0.36 0.51 0.54 0.89 

T 0.20 0.31 0.40 0.65 0.69 0.91 

k ---- ---- 6.0 2.4 2.1 0.4 

E - - - - - - - - 44.1 17.7 15.4 2.9 

R Absol Ute D i f f u s e  Ref1 ectance 

T Transmission 

k Absorp t ion  C o e f f i c i e n t  

E E x t i n c t i o n  C o e f f i c i e n t  

(K2PtC14) = 1.07 x lo-‘ moles / l i t e r  

(mo les / l  i t e r )  ( f i n a l )  There fore ,  C ,n,t,al)(rnole f r a c t i o n )  = C 

RESULTS AND D I S C U S S I O N  

( ’  . . 

Powder samples rang ing  i n  concen t ra t i on  f rom about 2x10-’ - 

6x10-* and l ~ l O - ~ - l x l O - ~  molar ,  f o r  K2PtC14 and KC1 and K2S04 as 

t h e  r e s p e c t i v e  d i l u e n t s .  

as d i l u t i o n  was found t o  be unneccessary. 

The WiS04-7H20 was measured i n  pure  form, 
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FLINT AND BOUDREAUX 39 2 

TABLE I 1  

COMPARATIVE ELECTRONIC SPECTRA OF K2PtC14 
- 

b 
C r y s t a l  Spectrum a S o l u t i o n  Spectrum 

( ) ( m u  ) ( Pol  a r  i za t i on ) 

565 573 ( X Y )  

476 495 (z) 

4 90 (XY) 

392 385 ( X Y )  

264 351 (XY) 

21 7 341 ( 2 )  

274 ( ? )  

O i f f u s e  Ref lectance‘  

(mu) 

5 79 

490 

495 

385 

35 1 

341 

264 

215 ( ? )  

( ? )  ques t i onab le  values 

a. See re fe rence  13. 

b. See re fe rence  14. 

c.  This work. 

Comparisons w i t h  s i n g l e  c r y s t a l  and aqueous s o l u t i o n  spec t ra  a r e  p ro-  

v ided i n  Tables I 1  and 111. 

2- Near U V - v i s i b l e  d i f f u s e  r e f l e c t a n c e  spec t ra  o f  t h e  PtC14 

chromophore a re  presented  i n  p a r t  (because o f  space l i m i t a t i o n s )  i n  

Table I an3 F igu re  1 a, b. 

S i m i l a r  da ta  a r e  a l s o  presented  ( i n  p a r t )  f o r  K3Fe(CN)6 and 

f o r  NiS04-7H20, i n  F igu re  2 a, b and Tab le  I V  r e s p e c t i v e l y .  

I t  can be r e a d i l y  seen t h a t  good agreement between powder, c r y -  

s t a l  and l i q u i d  s o l u t i o n  spec t ra  has been ob ta ined  f o r  a n i s o t r o p i c  

( J S h s y m e t r y )  PtC1,’; and i s o t r o p i c  (Oh s y m e t r y )  Fe(CN):- and 

Ni(OH2I6 o p t i c a l  chromophores. 
2+ 

Of course, t h i s  i s  due i n  p a r t  t o  
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D I F F C S E  REFLECTANCE SPECTROSCOPY 393 

TABLE I 1 1  

K,PtCl, EXTINCTION COEFFICIENTS 
L -7 

Error  b ( m u )  Crys ta l  a Powder 

i s )  (El 

351 57 62 9 @I: 

335 45 45 ' A  

190 17 18 6 :A 

a95 20 20 0% 

579 ( 5 )  6 - -  

3a 1 70 67 4 7; 

Error  = +4f6 

a .  See r e fe rence  14. 

D .  This work. 

( , Uncertain va lues .  

T A B L E  I V  

COMPARATIVE ABSORPTION COEFFICIENTS 
FOR NiS04-7H20 

. fvlaxima k a  b so l  n k:rystal k( t h i s  work) k (  Englert-Boudreaux) 

2 80 2.3 4.0 2.3 1 . 9  

€50 1 . 5  _- -  1.6  1 . 4  

680 1.8 1.8 1 .7  

1170 2.0 2.5 2.1 

a .  See r e fe rences  15 a -c .  

1 . 4  

1 .8  

b. There a r e  c o r r e c t i o n s  t o  those  given i n  r e fe rence  16. 
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FLINT AND BOUDREAUX 394 

8L 

7 -  
6 -  

h - 
'E 5- 
V 
Y 4 -  
Y .  

3- 

F I G .  1 .  a )  Upper Curve: KZPtC1 

c r y s t a l  ( s o l i d  l i n e )  3 51 mv. b 

powder ( x )  vs. K2PtC14 c r y s t a l  

/KC1 powder ( x )  vs. K2PtC14 

Lower Curve: K2PtCl4/KC1 

( s o l i d  l i n e )  490 m. 

the  f a c t  t h a t  t he  o p t i c a l  i n t e g r i t y  L.: these mo lecu la r  u n i t s  i s  

p reserved i n  each o f  these media. 

The d i f f u s e  r e f l e c t a n c e  spectrum o f  PtC1:' c l o s e l y  matches t h a t  

o f  t h e  c r y s t a l  and n o t  t h e  s o l u t i o n  spectrum. Another i n t e r e s t i n g  

f e a t u r e  i s  t h a t  t h e  p o l a r i z e d  490-495 mv bands a r e  5 rm! o u t  o f  

phase. 

The e x c e l l e n t  r e s u l t s  were ob ta ined  by c a r e f u l l y  c o n t r o l l i n g  

t h e  p a r t i c l e  s i z e ,  shape, and reduc ing  t h e  specu la r  component o f  
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DIFFUSE REFLECTANCE SPECTROSCOPY 395 

V I 1 I I 1 I I I  I ,  

I 2  3 4 5  6 7  8 9 1 0  

Conc. x 10' (moles/liter) 

FIG. 2. a )  Upper Curve: K3Fe(CN)6/K2S04 powder ( x )  vs. K3Fe(C14)6 

(as )  ( s o l i d  l i n e )  a t  254 mi l .  b )  Lower Curve: K3Fe(CN)6/K2S04 pow- 

de r  ( x )  vs. K3Fe(CN)6 (aq)  ( s o l i d  l i n e )  a t  417 mp. 

t h e  sample. 

vere l i m i t a t i o n  o f  t h i s  s t a t i s t i c a l  method. Large d e v i a t i o n s  i n  

p a r t i c l e  s i z e  r e s u l t e d  i n  erroneous r e s u l t s  be ing  obtained. The 

s i e v i n g  and mic roscop ic  examinat ion  employed i n  t h i s  s tudy  m i n i -  

mized t h i s  e r r o r .  

Cont ro l  o f  t h e  p a r t i c l e  s i z e  i s  p robab ly  t h e  most se- 

The i d e a l  spher i ca l  geometry o f  t h e  p a r t i c l e  which was assumed 

i n  t h e  d e r i v a t i o n  o f  t he  model, was main ta ined i n  essence by g r i n d -  

i n g  t h e  samples t o  a diameter o f  o n l y  10 microns. Much sma l le r  
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p a r t i c l e s  tend 

t i o n  o f  t he  xu 

Reduct ion 

t o  f r a c t u r e  and would have n e c e s s i t a t e d  a m o d i f i c a -  

f ac to r .  

o f  t h e  specu la r  component r e s u l t e d  i n  d i f f u s e  r e -  

f l e c t a n c e  spec t ra  which were w e l l  de f i ned .  Al though t h e  expected 

broadening o f  t h e  maxima was observed, t h e  spec t ra  s t i l l  compared 

very w e l l  w i t h  s i n g l e  c r y s t a l  data and w i t h  s o l u t i o n ,  p rov ided  the  

c r y s t a l  and s o l u t i o n  spec t ra  a r e  e q u i v a l e n t .  Reduct ion  o f  t h e  

specu lar  component was ach ieved by cho ice  o f  d i l u e n t  s i n c e  the  

s c a t t e r i n g  c o e f f i c i e n t  was as h i g h  as t h a t  o f  t h e  sample. 

f o r e ,  compounds w i t h  lower  r e f r a c t i v e  i n d i c e s  were used as d i l u -  

en ts  and r e s u l t e d  i n  b e t t e r  reso lved  spec t ra .  

There- 

Minimum e r r o r  was a l s o  achieved by m a i n t a i n i n g  t h e  d i f f u s e  

r e f l e c t a n c e  values i n  t h e  range o f  0.3-k-0.7, which was a t t a i n e d  

by d i l u t i n g  the  samples. However, d i l u t i o n  a l s o  has t h e  p r a c t i c a l  

l i m i t a t i o n  t h a t  t h e  sample s i z e  becomes smal l  and hence major  e r -  

r o r s  a r e  i n t roduced  v i a  contaminat ion  by hand l inq .  When t h i s  l i m -  

i t  i s  reached, p a r t i c l e  s i z e  r e d u c t i o n  w i l l  a l s o  reduce t h e  d i f f u s e  

r e f l e c t a n c e .  Low d i f f u s e  r e f l e c t a n c e  values can a l s o  be inc reased 

by i n c r e a s i n g  t h e  p a r t i c l e  s i ze .  I n  t h i s  s tudy ,  o n l y  d i l u t i o n  was 

used. 

I n  conc lus ion ,  i t  appears t h a t  Melamed's s t a t i s t i c a l  model i n  

which the  fundamental p r o p e r t i e s  o f  t h e  absorb ing  and s c a t t e r i n g  

p a r t i c l e s  a r e  d i r e c t l y  r e l a t e d  t o  measurable q u a n t i t i e s ,  p rov ides  

a r e l i a b l e  method f o r  o b t a i n i n g  abso rp t i on  c o e f f i c i e n t s  f o r  pow- 

ders  i f t h e  c r i t i c a l  v a r i a b l e s  and p roper  c o n d i t i o n s  a r e  main ta ined.  

geferences 

1. P .  KubelKa and F. :kink, Z. T e c h .  P t y s i k  L;, 503 (1931).  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
1
6
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



DIFFUSE REFLECTANCE SPECTROSCOPY 397 

References 

1. 
2.  
3. 
4 .  

3 .  

6. 
7 .  

3. 
9. 

10. 

11. 
12. 
13. 
14. 

15. 

16. 

P. Kubelka and F. plunk, Z.  
L . V .  King, 
A . L .  Companion and F.H. Vinslow, J .  O p t .  SOC. Am. 53, 1043 (196C).  
N.T. Relarned, J .  Appl. Phys. 2, 560 (1963). 

A . L .  Companion, "Development in  Applied SpectroscoDy." Plenun Press, 
Vew York, 1965. 
G.  Duyakaerts, Spectrochim. Acta. 7, 25 (1955). 
R.J. Gledhill and D . B .  J u l i a n ,  
D . G .  Goebel, 
0.6. Judd, J .  Res. Natl. 8ur. S t d .  9, 329. ( 1 9 4 2 ) .  
P. Youguer , "Traire  d '  Optique Sur l a  Gradation de l a  Luniere ,"  
Par i s ,  1960. 
G.  Kortum and D. Oelkrug, Naturwiss. 53, 600 (1966) .  
G.  Schwutte, Z .  Angew. Physik 2, 303 (1953). 
J .  Chat t ,  G . A .  Gamlen. and L . E .  Orgel ,  J .  Chem. SOC. 436 (1953). 
P .  Day, A.J. Thomson and R.J. P .  ' l i l l i a n s ,  J .  Chen. Phys., 2, 1973 
[ 1965). 

a )  0. Bostrups and C . K .  Jorgensen, Acta. Chem. Scand. 2, 1223 (1957) .  
b )  O.G. Holmes and D.S. McClure, J .  Chem. Phys. 2 6 ,  1636 (1957): c )  
H.  Hartmarln and H. Huller ,  Disc .  Faraday SOC,  2 6 7 4 9 1  (1955) .  
€.A. Boudreaux and J .P .  Engler t ,  " A  Ouanti ta t ive Technique for Charac- 
t e r i z i n g  Ligand Field Spectra ."  :lodern Aspects of Reflectance SDec- 
troscopy, eJ .  by W.14. Vendlandt (Plenum Press ,  Yew York, 1963) m .  

Techn. Physik g, 593 (1931).  
Phi l .  Trans. Roy. SOC. London E, 375 (1913) .  

3 .  Opt.  SOC. Am. 2, 239 ( 1 9 5 3 ) .  

J .  Opt .  SOC. Am. 56, 783 (1966). 

47-52. 

Received: March il, 1osC 
Accepted: April ? ,  :cs2 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
1
6
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1


