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JOURNAL DP LIQUID C H K O M A T O G W H Y ,  6(S-1), 77-104 (1983) 

RECENT ADVANCES I N  HPLC OPTICAL DETECTION 

Seth R. Abbott and James Tusa 

Varian Instrument Group 
2700 Mitchell  Drive 

Walnut Creek, CA 94598 

ABSTRACT 

HPLC o p t i c a l  d e t e c t o r  advances a r e  rev iewed in t h e  f i e l d  of absorbance ,  
fluorescence, phosphorescence, and elemental  emission detection. The develop- 
ment of W-doped s i l i c o n  photodiodes having exce l len t  response throughout the  
UV, m i n i a t u r e  gas  d i scha rge  lamps (Hg, Zn, Cd) w i t h  h igh  o u t p u t  UV lines, and 
high throughput W in te r fe rence  f i l t e r s  allow op t i ca l  systems with shot noise 
l e v e l s  below au. However, t h e  fundamenta l  no i se  l i m i t a t i o n s  i n  such 
sys t ems  a r e  now the rma l  changes in t h e  o p t o e l e c t r o n i c  components and f l o w  
ce l l s .  Future absorbance de tec tors  may requi re  thermosta t t ing  t o  achieve the 
minimal  n o i s e  and d r i f t  per formance  i n h e r e n t  in t h e  o p t i c a l  des ign .  The 
emerging development of UV-doped photodiode a r rays  a t  reasonable cos t  o f f e r s  
mul t i channe l  absorbance  d e t e c t i o n  and on-the-fly spec t r a l  information. Data 
system design f o r  processing the  multichannel da ta  is c r i t i c a l  in t h i s  f i e ld .  
On-column absorbance de tec t ion  using packed microbore fused s i l i c a  columns has 
been demonstrated, allowing a flow c e l l  volume of <10 nanol i te rs ,  compatible 
with micro HPLC. In a s imi l a r  development, on column fluorescence de tec t ion  
us ing  an open t u b u l a r  g l a s s  c a p i l l a r y  column has  been demons t r a t ed  in zone 
e l e c t r o p h o r e s i s .  A s i g n i f i c a n t  amount of research in fluorescence de tec t ion  
using l a se r  sources is now underway. Sens i t i v i ty  advantages of approximately 
10-fold have been demonst ra ted  due t o  h igh  l a s e r  ou tpu t  and ano the r  10-fold 
improvement f o r  d e t e c t i n g  long  r a d i a t i v e  l i f e t i m e  molecu le s  due t o  pu l sed  
l a s e r / t e m p o r a l  d i s c r i m i n a t i o n .  Dual photon e x c i t e d  f l u o r e s c e n c e ,  o f f e r i n g  
unique s e l e c t i v i t i e s ,  has been demonstrated. This technique requi res  the high 
output power of the l a se r  source. Room temperature phosphorescence HPLC detec- 
t i on  has been demonstrated, u t i l i z i n g  t r i p l e t '  t r i p l e t  energy t r ans fe r  from a 
donor s o l u t e  molecule  t o  a mobi le  phase a c c e p t o r  a d d i t i v e  (e.g., b i a c e t y l ) .  
This energy t r ans fe r  technique o f f e r s  the expansion of the emission technique 
t o  p h o s p h o r e s c e n t  m o l e c u l e s  a t  nanogram s e n s i t i v i t i e s .  F i n a l l y ,  t h e  
development of micro HPLC columns o p e r a t i n g  a t  1-10 pQ/min o f f e r s  p o t e n t i a l  
compat ib i l i ty  with element spec i f i c  GC de tec tors  such a s  the  flame photometric 
de tec tor  (S ,  P s p e c i f i c ) .  
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7 8  ABBOTT AND TUSA 

I. I n t r o d u c t i o n  

Through a h i s t o r i c a l  qu i rk ,  t h e  development of HPLC occurred  subsequent  t o  

t h a t  of CC. Much of t h e  e a r l y  development of  HPLC w a s  t h u s  done by r e s e a r c h e r s  

t r a i n e d  in GC. T h i s  l e d  t o  an e x p e c t a t i o n  on t h e  p a r t  of t h e s e  s c i e n t i s t s  t h a t  

HPLC d e t e c t i o n  s h o u l d  p r o v i d e  t h e  s e n s i t i v i t y ,  s e l e c t i v i t y  and  q u a l i t a t i v e  

i n f o r m a t i o n  i n h e r e n t  in gas phase d e t e c t o r s  such a s  t h e  s t r u c t u r e  s p e c i f i c  mass 

spec t rometer  and t h e  e l e m e n t - s p e c i f i c  f lame photometr ic  d e t e c t o r .  

Researchers  in t h e  f i e l d  of coupl ing  HPLC t o  t h e  lat ter d e t e c t o r s  have been 

f r u s t r a t e d  by t h e  p r o b l e m s  of  i n t r o d u c i n g  1 mL/min f l o w  r a t e s  o f  a q u e o u s  o r  

aqueous-organic s o l v e n t s  i n t o  gas  phase d e t e c t o r s .  A r a y  of hope f o r  t h i s  f i e l d  

h a s  r e c e n t l y  a p p e a r e d  w i t h  t h e  d e v e l o p m e n t  of  m i c r o  HPLC column t e c h n o l o g y ,  

provid ing  a r e d u c t i o n  in o p e r a t i n g  f l o w  rates t o  1-25 uL/min. lB2 

W h i l e  a c a d e m i c  r e s e a r c h  h a s  f o c u s s e d  a p p r o p r i a t e l y  o n  t h e  h i g h e r  r i s k  

p r o b l e m  of i n t e r f a c i n g  g a s  p h a s e  d e t e c t o r s  t o  HPLC, i n d u s t r i a l  r e s e a r c h  h a s  

f o c u s s e d  on t h e  l o w e r  r i s k  t a s k  of  a d a p t i n g  c l a s s i c a l  l i q u i d  p h a s e  o p t i c a l  

d e t e c t i o n  t e c h n i q u e s  t o  t h e  s p e c i f i c  n e e d s  of  HPLC. R e s e a r c h  h a s  c e n t e r e d  on 

W-VIS absorbance and e m i s s i o n  ( f l u o r e s c e n c e )  d e t e c t i o n .  

As o p t i c a l  d e s i g n e r s  began t o  unders tand  t h e  p e c u l i a r  needs of HPLC such as 

m i c r o v o l u m e  f l o w  c e l l s ,  low f l o w  s e n s i t i v i t y  and  u l t r a - l o w  d e t e c t o r  n o i s e ,  

d ramat ic  performance improvements were achieved.  I n  t h e  decade between 1970 and 

1980, t h e  n o i s e  l e v e l  of W absorbance d e t e c t o r s  was reduced from - 5 ~ 1 0 - ~  a u  t o  

- 5 ~ 1 0 - ~  au and t y p i c a l  f l o w  s e n s i t i v i t y  was reduced from Z X ~ O - ~  a u  per  m!L/min 

organic  s o l v e n t  t o  Z X ~ O - ~  a u  per  m L / m i n .  Concomitant w i t h  t h e s e  improvements 

w e r e  a r e d u c t i o n  in c e l l  volume f r o m  10 uL t o  0.5-5 ut and a r e d u c t i o n  i n  

d e t e c t o r  t ime c o n s t a n t  from 1 second t o  25-50 m i l l i s e c o n d s ,  a l l o w i n g  optimum 

performance w i t h  "microbore" and " f a s t "  HPLC. 

H P L C  d e t e c t o r s  h a v e  a l s o  b e n e f i t t e d  s i g n i f i c a n t l y  f r o m  a d v a n c e s  in 

p e r i p h e r a l  o p t o e l e c t r o n i c  t e c h n o l o g i e s  in m e e t i n g  t h e s e  p e r f o r m a n c e  improve-  

ments. Examples a r e  t h e  development and use  of small, s t a b l e ,  h igh  i n t e n s i t y  

d i s c r e t e  l i n e  g a s  d i s c h a r g e  W sources ,  W-enhanced s i l i c o n  photodiodes and W- 
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ADVANCES I N  HPLC OPTICAL DETECTION 79 

enhanced photodiode a r r a y s  in W absorbance d e t e c t o r s  and t h e  use  of t h e  laser 

as a n  e x c i t a t i o n  source  in f l u o r e s c e n c e  d e t e c t i o n .  New e x p e r i m e n t a l  t echniques  

i n  o p t i c a l  d e t e c t i o n  b a s e d  on t h e  l aser  a s  a s o u r c e ,  s u c h  as p h o t o a c o u s t i c  

spec t roscopy and two-photon f l u o r e s c e n c e  a r e  now under a c t i v e  study. 

F i n a l l y ,  t h e  d i f f i c u l t i e s  e n c o u n t e r e d  by r e s e a r c h e r s  i n  i n t e r f a c i n g  m a s s  

s p e c t r o m e t e r s  and e l e m e n t - s p e c i f i c  gas  phase d e t e c t o r s  t o  HPLC have provided a 

d r i v i n g  f o r c e  t o  t h e  development o f  narrow bore  HPLC columns o p e r a t i n g  a t  lower  

f l o w  r a t e s  and reducing  t h e  degree  of t h e  l i q u i d / g a s  i n t e r f a c e  problem. 1 mm 

s t a i n l e s s  s t e e l  c o l u m n s  ("microbore")  r u n  a t  2 5 - 5 0  p f / m i n  and  0.3 m m  f u s e d  

s i l i c a  columns ("narrow bore") r u n  a t  2-5 &/ain have t h u s  s p u r r e d  a new wave of 

HPLC d e t e c t o r  r e ~ e a r c h . ~ - ~  

Advances in c u r r e n t  HPLC o p t i c a l  d e t e c t i o n  and  t h e  d e v e l o p m e n t  of  new 

o p t i c a l  d e t e c t i o n  techniques  a r e  d i s c u s s e d  from t h e  v iewpoin t  of t e c h n o l o g i c a l  

advances s u p p o r t i n g  t h e s e  developments  in t h e  body of t h i s  r e p o r t .  

11. Impact of New Technology on HPLC O p t i c a l  D e t e c t o r s  

A. L ight  Source 

(1) O p t i c a l  Absorbance Detec t ion  

S i g n i f i c a n t  a d v a n c e s  i n  HPLC d e t e c t o r  s o u r c e  technology have occurred  in 

b a t h  d i s c r e t e  line g a s  d i s c h a r g e  and  d e u t e r i u m  c o n t i n u u m  s o u r c e s .  The f i r s t  

g e n e r a t i o n  of o p t i c a l  absorbance d e t e c t o r s  were f i x e d  wavelength W d e t e c t o r s  

which u t i l i z e d  a r a t h e r  l a r g e ,  l o w  p r e s s u r e  mercury a r c  lamp t o  provide 254 nm 

d e t e c t i o n .  The u s e  of  i n t e r f e r e n c e  f i l t e r s  t o  i s o l a t e  w e a k e r  m e r c u r y  l i n e s  

a b o v e  2 5 4  nm (e.g., 365 nm) p r o v i d e d  a n  e n h a n c e m e n t  t o  d e t e c t o r  s e l e c t i v i t y  

a l b e i t  w i t h  poor  s e n s i t i v i t y .  M i n i a t u r i z a t i o n  o f  t h e  m e r c u r y  l a m p  soon 

f o l l o w e d ,  a l l o w i n g  i m p r o v e d  o p t i c a l  d e s i g n  w i t h  m i c r o v o l u m e  f l o w  cel ls .  

F i n a l l y ,  t h e  need f o r  lower wavelength W l i n e s  t o  expand d e t e c t o r  u n i v e r s a l i t y  

was met by t h e  development of m i n i a t u r i z e d  z i n c  (214 nm) and cadmium (229 nm) 

gas  d ischarge  lamps. The m i n i a t u r e  Hg, Zn, and Cd lamps are now wide ly  used i n  

f i x e d  wavelength HPLC d e t e c t o r s .  The 214 nm z f n c  l i n e ,  in p a r t i c u l a r ,  p rovides  
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80 ABBOTT AND TUSA 

a near -universa l  wavelength f o r  which r e l a t i v e l y  s t r o n g  a b s o r p t i o n  is observed 

f o r  -90% of a l l  organic  molecules. 

A f t e r  t h e  i n t r o d u c t i o n  of t h e  f i x e d  wavelength 254 nm Hg lamp d e t e c t o r s ,  a 

need  f o r  a s e l e c t a b l e  o r  v a r i a b l e  w a v e l e n g t h  d e t e c t o r  was p e r c e i v e d  by t h e  

chromatographer. E a r l y  v e r s i o n s  of t h i s  d e t e c t o r  were s imply  s t a n d a r d  spec t ro-  

photometers ,  jury-r igged w i t h  small volume (10-15 Id) f low cells. The c l a s s i c a l  

W source ,  a deuter ium lamp, was used in t h e s e  d e t e c t o r s .  However, HPLC needs 

f o r  h igher  lamp s t a b i l i t y  and improved output  in t h e  low W (sub  220 nm) r e g i o n  

soon r e s u l t e d  in m a n u f a c t u r e r s '  i m p r o v e m e n t s  in t h e  d e u t e r i u m  s o u r c e .  Lamp 

s t a b i l i t y  has  g r e a t l y  improved in r e c e n t  y e a r s  through b e t t e r  unders tanding  of 

optimum cathode tempera ture  f o r  o p e r a t i o n  and Cont ro l  of lamp f i l a m e n t  and anode 

supply voltages.6 Low W o u t p u t  has  been improved by r e d u c t i o n  in absorbance by 

t h e  lamp envelope. 

C u r r e n t  d e u t e r i u m  l a m p s  a l l o w  d e t e c t o r  o p e r a t i o n  a t  l o w  n o i s e  l e v e l s  in 

b o t h  t h e  uv and  v i s i b l e  r e g i o n s  of t h e  s p e c t r u m .  F i g u r e  1 s h o w s  t h e  r a d i a n t  

i n t e n s i t y  s p e c t r a l  d i s t r i b u t i o n  of commercial  fused  s i l i c a  envelope deuter ium 

lamps. Output is -1Ox lower  in t h e  v i s i b l e  (350-700 nm) than  t h e  peak of t h e  UV 

(-220 nm). I f  t h e  d e t e c t o r  n o i s e  were s h o t  l i m i t e d  t h i s  would y i e l d  - ~ O K  

3 . 1 ~  g r e a t e r  n o i s e  in t h e  v i s i b l e  than  W. However, most absorbance d e t e c t o r s  

I f 1 I 

100 200 300 400 500 600 7 
Wavelength (nm) 

0 

Figure  L.  Radiant  i n t e n s i t y  s p e c t r a l  d i s t r i b u t i o n  of  deuter ium lamp ( r e p r i n t e d  
wi th  permiss ion  from r e f e r e n c e  6) .  
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ADVANCES I N  HPLC OPTICAL DETECTION 81 

a r e  n o t  s h o t  n o i s e  l i m i t e d  ( s e e  later s e c t i o n  on thermal  n o i s e ) ,  and s i n c e  t h e  

quantum e f f i c i e n c y  of  s i l i c o n  p h o t o d i o d e s  i n c r e a s e s  w i t h  w a v e l e n g t h ,  v i s i b l e  

n o i s e  is g e n e r a l l y  w i t h i n  a f a c t o r  of two of t h a t  achieved in t h e  uv. 

(2) Emission D e t e c t i o n  - The laser as a s o u r c e  

Laser-Induced Fluorescence  wi th  Temporal Resolu t ion  

The development of t h e  laser o f f e r s  s e v e r a l  f e a t u r e s  t o  t h e  HPLC d e t e c t o r  

des igner .  Its h igh  i n t e n s i t y  a l l o w s  improved f l u o r e s c e n c e  s e n s i t i v i t y  f o r  t h e  

case of s h o t  n o i s e  l i m i t e d  d e t e ~ t i o n , ~  and a l s o  has  a l lowed t h e  development of  

two-photon  f l u o r e s c e n c e  e x c i t a t i o n ,  a new o p t i c a l  d e t e c t i o n  t e c h n i q u e .  In 

a d d i t i o n  t o  its h igh  i n t e n s i t y ,  t h e  pulsed  laser a l l o w s  t h e  chromatographer  t o  

u t i l i z e  tempora l  r e s o l u t i o n  in d i s c r i m i n a t i n g  f l u o r e s c e n c e  of t h e  a n a l y t e  v e r s u s  

t h a t  of i n t e r f e r e n c e s  ( s o l v e n t ,  f low ce l l  walls,  sample matrix) having s i g n i f i -  

c a n t l y  d i f f e r e n t  e m i s s i o n   lifetime^.^ It is o f t e n  s t a t e d  t h a t  t h e  c o h e r e n t  

o u t p u t  beam of t h e  laser can  be focussed  down t o  a d i f f r a c t i o n  - l i m i t e d  s p o t ,  

and t h a t  t h e  laser t h e r e f o r e  o f f e r s  enhanced c o m p a t i b i l i t y  w i t h  narrow,  micro- 

vo lume f l o w  c e l l s .  I t  s h o u l d  be  n o t e d  t h a t  s t a n d a r d  s o u r c e s  c a n  a l s o  b e  

focussed down t o  a d i f f r a c t i o n  - l i m i t e d  s p o t ,  a l b e i t  w i t h  more s o p h i s t i c a t e d  

f o c u s s i n g  o p t i c s .  

Work t o  d a t e  on laser- induced f l u o r e s c e n c e  has  demonst ra ted  approximate ly  

10-fold s e n s i t i v i t y  improvement v e r s u s  s t a n d a r d  d e u t e r i u m ,  t u n g s t e n  o r  xenon 

l a m p b a s e d  fluorometers.’ This  has  been d i s a p p o i n t i n g  in t h a t  t h e  l a s e r  o u t p u t  

is -LO4, l a r g e r  than  t h a t  a v a i l a b l e  from t h e  t y p i c a l  f l u o r o m e t e r  source  (watts 

VS. m i l l i w a t t s ) . 8  The u s e  of  t e m p o r a l  r e s o l u t i o n  w i t h  p u l s e d  lasers h a s  

r e c e n t l y  been shown t o  o f f e r  up t o  100-fold improvement in d e t e c t i o n  s e n s i t i v i t y  

f o r  compounds w i t h  l o n g  f l u o r e s c e n c e  l i f e t i m e s ’  ( s e e  d a t a  in T a b l e  I). F o r  

e x a m p l e ,  R i c h a r d s o n  h a s  d e m o n s t r a t e d  0.5 p p t  d e t e c t i o n  o f  t h e  l o n g - l i v e d  

f l u o r e s c e n c e  of  p y r e n e  (690 msec l i f e t i m e ) .  F o r  t h e  t y p i c a l  l O O P f  p e a k  

observed in HPLC, t h i s  r e p r e s e n t s  d e t e c t i o n  of  50 f e m t o g r a m s  o f  pyrene .  

T e m p o r a l  r e s o l u t i o n  a l s o  p r o v i d e s  d r a m a t i c  s e l e c t i v i t y  a g a i n s t  c o - e l u t i n g  

i n t e r f e r e n c e s ,  as s e e n  in Figure  2. 
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82 ABBOTT AND TUSA 

TABLE I 
DETECTION LIMITS OF LASER INDUCED 

MO LE C U LA R FLU 0 R E SC E N C E * 
COMPOUND e LlMF CONVENTIONAL 

- NAPHTHALENE - 1 PPT 
ANTHRACENE 4 nsec 4 30 
FLUORANTHENE 45 1 100 
PYRENE 690 0.5 100 

TRYPTOPHAN - 5 0  (270 exc) 2 5  (220 exc) 
ARGININEIFLURAM - 10 25 
RIBOFLAVIN - 0.5 5 
SOLVENT IMPURITIES 5 2 - - 

LlMF data from J. Richardson 81 al. NBS PUB. 519. 1979. 
Conventional data from Varian. Fluorichrom Filter Fluorometer. 
Solvent impurity TF from Matthews and Lytle, Anal. Chem., 51.583 (1979) 

a ) '  ' ' ' 
0 sec delay 

4 - 
15 10 5 0 
Min 

, I , #  

45 nsec  
delay 

1 I I I  

20 15 10 5 0 
Min 

Figure  2. HPLC of c o a l  g a s i f i c a t i o n  burn d i s t i l l a t e  us ing  tempora l  r e s o l u t i o n  
LIMB. (a) 0 sec d e l a y  (b) 45 nsec d e l a y  between e x c i t a t i o n  pulse  
and emiss ion  d e t e c t i o n .  
from r e f e r e n c e  9). 

F=f luoranthene  ( r e p r i n t e d  w i t h  permiss ion  
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F i n a l l y ,  t empora l  r e s o l u t i o n  of f l u o r e s c e n c e  based on pulsed  laser s o u r c e s  

o f f e r s  a p o t e n t i a l  s e n s i t i v i t y  enhancement i n  post-column r e a c t i o n  d e t e c t i o n  f o r  

HPLC. In t h i s  case, one  would  c h o o s e  a f l u o r e s c e n c e  l a b e l  w i t h  a l o n g  

f l u o r e s c e n c e  l i f e t i m e  and e x c i t e  i t s  f l u o r e s c e n c e  w i t h  an a p p r o p r i a t e l y  pulsed  

laser. 

The f u t u r e  u t i l i t y  of  l aser  s o u r c e s  in HPLC f l u o r e s c e n c e  d e t e c t i o n  w i l l  

depend on improvements in laser c o s t  ( c u r r e n t l y  >15K f o r  a t u n a b l e  dye l a s e r )  

and r e l i a b i l i t y .  Improved communication between chromatographers  and s p e c t r o s -  

c o p i s t s  s e a r c h i n g  f o r  areas  of  l aser  a p p l i c a t i o n s  i n  a n a l y t i c a l  c h e m i s t r y  i s  

a l s o  r e q u i r e d .  L a s e r  s p e c t r o s c o p i s t s  must  s t o p  c l a i m i n g  t h a t  t h e  p p t  

s e n s i t i v i t y  achieved  wi th  e x p e r i m e n t a l  laser based HPLC d e t e c t o r s  is lo3 b e t t e r  

than t h a t  ob ta ined  w i t h  convent iona l  HPLC f l u o r e s c e n c e  d e t e c t o r s .  This  i m p l i e s  

ppb s e n s i t i v i t y  o f  t h e  c o n v e n t i o n a l  d e t e c t o r s .  C o m m e r c i a l l y  a v a i l a b l e ,  

c o n v e n t i o n a l  HPLC f l u o r e s c e n c e  d e t e c t o r s  provide  10 ppt  s e n s i t i v i t y  t o  h i g h l y  

f l u o r e s c e n t  molecules. 

Two-Photon Exci ted  F luorescence  

The h i g h  power of t h e  l a s e r  a l l o w s  t h e  u s e  of two-photon  e x c i t e d  

f l u o r e s c e n c e  f o r  HPLC d e t e c t i o n .  Quantum mechanical  s e l e c t i o n  r u l e s  f o r  two- 

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

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

e x c i t e  w i t h  v i s i b l e  photons y e t  d e t e c t  f l u o r e s c e n c e  in t h e  W, background due t o  

s t r a y  i n c i d e n t  l i g h t ,  R a y l e i g h  s c a t t e r  and Raman s ca t t e r  i s  g r e a t l y  r e d u c e d .  

Mat r ix  i n t e r f e r e n c e s  are a l s o  r e l a t i v e l y  weak due t o  t h e  r e s t r i c t i v e  s e l e c t i o n  

r u l e s  of t h e  two-photon e f f e c t .  

The e x t i n c t i o n  c o e f f i c i e n t  f o r  two-photon a b s o r p t i o n  is r e l a t i v e l y  s m a l l  

and is p r o p o r t i o n a l  t o  t h e  square  of t h e  i n c i d e n t  s o u r c e  power a t  t h e  e x c i t a t i o n  

w a v e l e n g t h .  Thus ,  t h e  t e c h n i q u e  r e q u i r e s  b o t h  t h e  h i g h  s o u r c e  power of t h e  

laser and h igh  s o u r c e  s t a b i l i t y .  Yueng has  demonstrated 100 p a r t s  per  t r i l l i o n  

s e n s i t i v i t y  in t h e  HPLC two-photon  f l u o r e s c e n c e  technique  u s i n g  a r e l a t i v e l y  

s i m p l e  a r g o n  i o n  (Ar') l aser  source .8  Use of  a mode-locked,  p u l s e d  l a s e r  t o  
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84 ABBOTT AND TUSA 

e n h a n c e  i n c i d e n t  power and  s t a b i l i t y  i s  expected t o  br ing  s e n s i t i v i t y  t o  t h e  

1 ppt  leve l .  F igure  3 compares s i n g l e  and two-photon f l u o r e s c e n c e  chromatograms 

of a c o a l  e x t r a c t  sample and demonst ra tes  t h e  d i f f e r e n t  s e l e c t i v i t i e s  of bo th  

f l u o r e s c e n c e  techniques.  I t  should be noted t h a t  one can s i m u l t a n e o u s l y  monitor  

s i n g l e  a n d  two-photon e x c i t e d  f l u o r e s c e n c e  by c o l l e c t i n g  e m i t t e d  l i g h t  o n  

d i f f e r e n t  sides of t h e  f low cell,  wlth a p p r o p r i a t e  f i l ters.  

HPLC-Photoacous t i c  Detec t ion  

A b s o r p t i o n  of  a p h o t o n  of  l i g h t  by a m o l e c u l e  p r o d u c e s  a h i g h  e n e r g y  

e l e c t r o n i c  " e x c i t e d "  s t a t e .  The m o l e c u l e  r a p i d l y  d i s s i p a t e s  t h i s  e n e r g y ,  

r e v e r t i n g  t o  a l o w e r  e n e r g y  "ground" s t a t e  by several  p r o c e s s e s :  (1) re- 

e m i s s i o n  o f  a photon  as i n  f l u o r e s c e n c e  o r  p h o s p h o r e s c e n c e ;  ( 2 )  b r e a k i n g  o f  

488 exc I 
540 emm n .  

I 488 exc 
350 emm 

Figure  3. 

0 15 30 45 60 75 

Retention Time (min) 

HPLC of PAH i n  c o a l  l i q u i d s .  One and two photon f l u o r e s c e n c e  
d e t e c t i o n  ( r e p r i n t e d  wi th  permiss ion  from r e f e r e n c e  8) .  
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ADVANCES I N  HPLC OPTICAL DETECTION 85 

c o v a l e n t  bonds as i n  p h o t o l y s i s ;  ( 3 )  convers ion  i n t o  thermal  energy  (heat). The 

last non-rad ia t ive  process  c a u s e s  l o c a l i z e d  h e a t i n g  which r e s u l t s  i n  a p r e s s u r e  

f l u c t u a t i o n  i n  t h e  sample,  p rovid ing  t h e  b a s i s  f o r  "photoacoust ic"  d e t e c t i o n .  

I n  t h e  p h o t o a c o u s t i c  d e t e c t o r ,  t h e  p h o t o n  s o u r c e  i s  m o d u l a t e d  and  t h e  

r e s u l t a n t  p e r i o d i c  t e m p e r a t u r e  r i s e  i n  t h e  f l o w  c e l l  d u e  t o  a b s o r p t i o n / h e a t  

convers ion  produces a p e r i o d i c  p r e s s u r e  v a r i a t i o n  which i s  d e t e c t e d  by a s e n s i -  

t i v e  m i c r o p h o n e  ( t y p i c a l l y  a c e r a m i c  p i e z o e l e c t r i c  t r a n s d u c e r ) .  To o b t a i n  

optimum s i g n a l  t o  n o i s e  r a t i o  i n  photoacous t ic  d e t e c t i o n ,  one r e q u i r e s  a h i g h  

s o u r c e  power ( t o  i n c r e a s e  s i g n a l )  and  v i b r a t i o n - f r e e  m o d u l a t i o n  ( t o  r e d u c e  

n o i s e ) .  A p u l s e d  l a se r  h a s  t h u s  been  u t t l i z e d  a s  t h e  s o u r c e  i n  e x p e r i m e n t a l  

photoacous t ic  HPLC d e t e c t o r s  s t u d i e d  t o  date .  

An HPLC-photoacoustic sys temlo  based on a pulsed n i t r o g e n  laser wi th  o u t p u t  

a t  337 nm y i e l d e d  s e n s i t i v i t y  f o r  PAH molecules  of  approximate ly  100 ppb. S i n c e  

t h e s e  molecules  a r e  r e l a t i v e l y  s t r o n g  f l u o r e s c e r s ,  one would expec t  a t  least  a 

5-fold s e n s i t i v i t y  improvement €OK h i g h l y  absorb ing ,  non-f luorescent  molecules. 

An HPLC-photoacous t ic  s y s t e m  b a s e d  on  a p u l s e d  a r g o n  i o n  l a s e r l l  w i t h  

o u t p u t  a t  488 nm y i e l d e d  d e t e c t i v i t y  down t o  -10 ppb f o r  azobenzene dyes. The 

10 ppb d y e  c o n c e n t r a t i o n  c o r r e s p o n d e d  t o  a n  a b s o r b a n c e  o f  8 ~ 1 0 ~ ~  au/cm a t  

488 nm. A c o m p a r a b l e  s t a t e  of  t h e  a r t  a b s o r b a n c e  d e t e c t o r  d e t e c t s  down t o  

-2x1~-5 aujcm. 

I n  e v a l u a t i n g  t h e  p o t e n t i a l  of  p h o t o a c o u s t i c  d e t e c t i o n ,  o n e  s h o u l d  n o t e  

t h a t  most organic  molecules  s t u d i e d  i n  HPLC do n o t  absorb  above 300 nm. Thus, 

t h e  a rgon  ion and n i t r o g e n  lasers a r e  not  adequate  s o u r c e s  f o r  a commercial  HPLC 

d e t e c t o r .  S t a t e  of t h e  a r t  lasers wi th  o u t p u t  i n  t h e  200-280 nm r e g i o n  are very 

expens ive  and complex. 

F i n a l l y ,  photoacous t ic  response  of a sample molecule  is solvent-dependent  

and t h e  d e t e c t o r  background s i g n a l  is h i g h l y  s o l v e n t  dependent be ing  a f u n c t i o n  

of  t h e  s o l v e n t ' s  a b s o r b a n c e  and  a c o u s t i c a l  p r o p e r t i e s .  Thus,  g r a d i e n t  

c o m p a t i b i l i t y  is a p o t e n t i a l  problem. 
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Advantages of photoacous t ic  d e t e c t i o n  a r e :  

(1) c h o i c e  of a h i g h  m o d u l a t i o n  f r e q u e n c y  e l i m i n a t e s  n o i s e  d u e  t o  

r e c i p r o c a t i n g  pump p u l s a t i o n s ,  which have a much lower  frequency. 

( 2 )  n o i s e  l i m i t  c u r r e n t l y  a p p e a r s  t o  be  e l e c t r o n i c s  ( p h a s e  d e t e c t i o n  

system) l i m i t e d  and might be improved -10-fold w i t h  f u t u r e  development. 

(3) s i g n a l  is not  dependent on o p t i c a l  p a t h l e n g t h  as in absorbance. A s  i n  

f luorescence ,  i t  is dependent on number of molecules  e x c i t e d  and t h u s  is  more 

compat ib le  w i t h  microvolume f low c e l l  usage. 

Future  Absorbance Detec tor  Thermal S t a b i l i t y  Requirements 

In Table 2, c a l c u l a t i o n s  of t h e  photon f l u x  t h a t  i s  o p t i c a l l y  c o l l e c t a b l e  

from m i n i a t u r e ,  i n t e n s e  gas  d i s c h a r g e  f i x e d  wavelength W lamps i s  compared t o  

t h a t  of a d e u t e r i u m  l a m p  which  p r o v i d e d  a s h o t  l i m i t e d  n o i s e  of  S X ~ O - ~  au 

(1 s e c  T) on an exper imenta l  absorbance d e t e c t o r .  These c a l c u l a t i o n s  i n d i c a t e  

t h a t  t h e  s h o t  n o i s e  of p r o p e r l y  designed f i x e d  wavelength d e t e c t o r s  can approach 

5x113~~ au.  However ,  to a c h i e v e  t h e  l ow n o i s e  i n h e r e n t  t o  t h e  u s e  o f  t h e s e  

i n t e n s e  s o u r c e s ,  one  must  r e d u c e  non-shot  g e n e r a t e d  n o i s e  c o m p o n e n t s  t o  t h e  

5 ~ 1 0 - ~  a u  l e v e l .  

The cha l lenge  involved in t h i s  t a s k  i s  b e s t  grasped  by c o n s i d e r i n g  thermal  

noise  sources .  The tempera ture  c o e f f i c i e n t s  o f  UV-doped s i l i c o n  p h o t o d i o d e s  

a r e  in t h e  r a n g e  oE t o  a u  p e r  OC. Diode  p a i r s  ( f o r  r e f e r e n c e  a n d  

TABLE 2 
COLLECTABLE PHOTON FLUX OF FIXED WAVELENGTH 

LAMP VS. DEUTERIUM CONTINUUM LAMP 

PHOTON FLUX RELATIVE 
LAMP A TO DEUTERIUM LAMP ESTIMATED SHOT NOISE* - -  

Hg 254nm 
zn 214nm 
Cd 229 

- 200 - 50 
-150 

3.5 x l(r7 au 
7.1 x lC7 au 
4.1 x lo7 au 

"SHOT NOISE WITH D LAMP IS 5 x los au 
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ADVANCES I N  HPLC OPTICAL DETECTION 87 

s a m p l e  p a t h s )  c a n  b e  o b t a i n e d  c o m m e r c i a l l y  w h i c h  a re  m a t c h e d  in t e m p e r a t u r e  

c o e f f i c i e n t  t o  w i t h i n  5 ~ 1 0 - ~  au per  OC. Thus, t o  i n s u r e  t h a t  thermal  n o i s e  due 

t o  a d i f f e r e n t i a l  t empera ture  change between r e f e r e n c e  and sample d i o d e s  be of 

t h e  o r d e r  of  5x10-' au w i l l  r e q u i r e  a d i f f e r e n t i a l  t h e r m a l  s t a b i l i t y  of 10 

m i l l i d e g r e e s .  

The  t e m p e r a t u r e  c o e f f i c i e n t  o f  m o b i l e  p h a s e  a b s o r b a n c e  i n c r e a s e s  

s i g n i f i c a n t l y  as o n e  a p p r o a c h e s  i t s  "end a b s o r p t i o n . "  The e n d  a b s o r b a n c e  of  

a c e t o n i t r i l e  is shown in Figure  4. A c e t o n i t r i l e  absorbance tempera ture  coef f i -  

c i e n t  d a t a  obta ined  e x p e r i m e n t a l l y  on an o p t i c a l  d e t e c t o r  f o r  which t h e  i n c i d e n t  

l i g h t  beam t r a v e r s e d  t h e  f low c e l l  w i t h o u t  s t r i k i n g  c e l l  wal ls  (minimiz ing  R I  

g e n e r a t e d  t h e r m a l  e f f e c t s )  are p r e s e n t e d  in T a b l e  3. The d a t a  s u g g e s t  t h a t  

r e d u c t i o n  of s o l v e n t  a b s o r b a n c e  g e n e r a t e d  t h e r m a l  n o i s e  t o  - 5 ~ 1 0 - ~  au w i l l  

r e q u i r e  c o n t r o l  of  t h e  f l o w  c e l l  s o l v e n t  t e m p e r a t u r e  t o  400,  8 and 4 

m i l l i d e g r e e s  a t  254, 210 and 195 nm r e s p e c t i v e l y  (Table 4). 

150 175 200 225 250 275 300 325 
Wavelength (nm) 

Figure  4. Absorpt ion spectrum of a c e t o n i t r i l e  (1 c m  o p t i c a l  p a t h ) .  
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ABBOTT AND TUSA 

TABLE 3 
MOBILE PHASE TEMPERATURE COEFFICIENTS 

- ACETONITRILE, 1 ml/min 
- LIGHT BEAM TRAVERSES FLOW CELL WITHOUT STRIKING CELL WALLS 

A TEMPCO 
195 nm 61.3 x au/"C 
210 nm L 6 x au/"C 
254 nm 6 3 x 10-6 au /OC 

TABLE 4 
THERMAL STABILITY REQUIREMENTS OF 

MOBILE PHASE TO REDUCE THERMAL 
NOISE BELOW SHOT NOISE 

195 nm 210 nm 254 rim --- SHOT NOISE 

1 x 1 w a u  0.8% 1.6OC 34OC 
1 x 1 V a u  0.08 0.16 3.4 
5 x l 0 6 a u  0.04 0.08 1.7 
1 x 1 P a U  0.008 0.016 0.8 
5 x  l(r7au 0.004 0.008 0.4 

C l e a r l y ,  i n  o r d e r  t o  t a k e  a d v a n t a g e  of c u r r e n t  and f u t u r e  l a m p  i n t e n s i t y  

advances, HPLC d e t e c t o r  thermal  s t a b i l i t y  w i l l  r e q u i r e  s i g n i f i c a n t  improvement. 

The p l a c e m e n t  of t h e  d e t e c t o r  i t s e l f  i n  a w e l l - c o n t r o l l e d  oven  may become 

necessary . 
B. Photodetec tors  

P h o t o d e t e c t o r s  u s e d  i n  e a r l y  f i x e d  w a v e l e n g t h  d e t e c t o r s  u t i l i z e d  

p h o t o c o n d u c t i v e  f i l m s  (e.g., CdS) and were c h a r a c t e r i z e d  by r e s p o n s e  times 

varying from a p p r o x i a a t e l y  0.5 sec  to s e v e r a l  seconds, dependent on t h e  amount 

of l i g h t  i n c i d e n t  on t h e  f i l m .  E a r l y  v a r i a b l e  w a v e l e n g t h  d e t e c t o r s  u t i l i z e d  

f a s t  r e s p o n s e  p h o t o m u l t i p l i e r  t u b e s  o p t i m i z e d  for  low UV r e s p o n s e .  Whereas  

s i l i c o n  photodiodes ( f a s t  response) i n i t i a l l y  s u f f e r e d  from poor quantum e f f i -  

c i e n c y  below 350 nm, advances  i n  UV-doping s e m i c o n d u c t o r  t e c h n o l o g y  soon 
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ADVANCES IN HPLC OPTICAL DETECTION 89 

increased photodiode Q.E. to -2x that of the photomultiplier tube throughout the 

UV region. The dramatic improvements i n  silicon photodiode UV response from 

first through third (current) generations are shown in Figure 5. The improved 

UV response, lower thermal sensitivity, and very small size of the silicon 

photodiode have led t o  its incorporation as a photodetector in current fixed and 

variable wavelength absorbance detectors. 

A silicon photodiode is simply a photosensitive p-n junction. It can thus 

be manufactured with a very small and precise active area (typically a few ma2). 

Of further importance, linear arrays of such photodiodes can be produced on a 

single chip. The ability of semi-conductor manufacturers to produce linear 

photodiode arrays compatible in size and active area spacing with both the flat 

field focal plane of holographic concave gratings and the spectral bandwidth 

(2-5 nm) requirements of HPLC has led to the development of the diode array 

absorbance detector, providing multichannel absorbance information and on-the- 

fly spectra of eluting peaks. 

(at 2 5 O C  

I I I 1 

0 400 600 800 1000 1 2  
Wavelength (nm) 

Figure 5. Radiant sensitivity a8 f(X) of 3 successive generations of silicon 
photodiodes. Generation C is state of art 1982. 
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90 ABBOTT AND TUSA 

T i m e  Programmable Diode Array and Absorbance D e t e c t o r s  

The p e r i o d  i n  w h i c h  t h e  d e v e l o p m e n t  of  v a r i a b l e  w a v e l e n g t h  d e t e c t i o n  i n  

HPLC o c c u r r e d  h a s  c o i n c i d e d  f o r t u i t o u s l y  w i t h  developments  i n  o p t o e l e c t r o n i c  

technology which have g r e a t l y  expanded t h e  u t i l i t y  of  t h i s  d e t e c t i o n  technique.  

A s  d i s c u s s e d  above, t h e  development of t h e  s i l i con  photodiode h a s  provided an 

inexpensive,  compact, h igh  performance photodetec tor .  Advances i n  holographic  

e t c h  manufacture  of d i f f r a c t i o n  g r a t i n g s  produced inexpens ive ,  low s t r a y  l i g h t  

and h igh  e f f i c i e n c y  plano and concave g r a t i n g s .  I n  a d d i t i o n ,  t h e  development  of 

t h e  microprocessor  a l lowed inexpens ive  c o n t r o l  and hence time programmabi l i ty  of 

t h e  wavelength d r i v e  of t h e  monochromator of t h e  v a r i a b l e  wavelength d e t e c t o r .  

The time programmable v a r i a b l e  wavelength d e t e c t o r  has  a l lowed t h e  chroma- 

tographer  t o  se t  each s e c t i o n  of t h e  chromatogram to t h e  d e t e c t i o n  wavelength 

t h a t  is opt imum ( i n  terms of  s e n s i t i v i t y  a n d / o r  s e l e c t i v i t y )  f o r  t h e  p e a k s  

e l u t i n g  i n  t h a t  s e c t i o n .  T h i s  f e a t u r e  is d e m o n s t r a t e d  i n  F i g u r e  6. T ime 

programming a l so  has  f a c i l i t a t e d  t h e  s top-f low scanning  technique  i n  which t h e  

HPLC pump is s t o p p e d  d u r i n g  t h e  e l u t i o n  of  a p e a k  of  i n t e r e s t ,  t r a p p i n g  t h e  

g i v e n  p e a k  s e g m e n t  i n  t h e  f l o w  c e l l ,  a n d  t h e  m o n o c h r o m a t o r  d r i v e  is t h e n  

scanned, y i e l d i n g  a spectrum of t h a t  peak s e c t i o n  r e s i d e n t  i n  t h e  f l o w  cell.13 

Diode Array Detec t ion  

The absorbance s p e c t r a  of peak segments  pass ing  through a f l o w  c e l l  provide  

s e v e r a l  types  of q u a l i t a t i v e  informat ion:  

(1) absorbance r a t i o s  - t h e  r a t i o  of absorbance a t  any two wavelengths  is 

d e t e r m i n e d  by t h e  s p e c t r u m  of  a m o l e c u l e  and is not c o n c e n t r a t i o n  d e p e n d e n t .  

Thus f o r  a p u r e  peak,  a g i v e n  a b s o r b a n c e  r a t i o  v a l u e  w i l l  be i n v a r i a n t  a t  a l l  

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

a n o t h e r  compound w h i c h  a b s o r b s  a t  l ea s t  o n e  of t h e  w a v e l e n g t h s  c h o s e n  i n  t h e  

r a t i o .  

( 2 )  peak  c o n f i r m a t i o n  ( c a l c u l a t e d )  - t h e  a b s o l u t e  v a l u e  o f  severa l  

a b s o r b a n c e  r a t i o s  c a n  be  u s e d  a8 a m o l e c u l a r  " f i n g e r p r i n t "  t o  c o n f i r m  t h e  

suspec ted  (based on r e t e n t i o n  t ime)  i d e n t i t y  of a peak.15 
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I 

X = 254nm i I 
1 

Figure 6 

" No Attenuation Charges I I! 

' - 254nmt240nm+270nm- 

0.2AUlmW 

- 2 5 4 n m d  240nm-270nm- 
7 I- __ 

0 5 10 15 20 
TIME 

Chromatograms of mixture of PAH's. 
(b) absorbance wavelength time programmed between 254, 240, 270 nm 
to optimize detect iv i ty .  (c) absorbance wavelength and absorbance 
range time-programmed (reprinted with permission from reference 12). 

(a) 254 nm absorbance detection. 
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92 ABBOTT AND TUSA 

(3) peak  c o n f i r m a t i o n  ( v i s u a l )  - o v e r l a y  of  t h e  s p e c t r u m  w i t h  t h a t  of  a 

known s t a n d a r d  ( a f t e r  s p e c t r a l  n o r m a l i z a t i o n  t o  a g i v e n  w a v e l e n g t h )  a l l o w s  a 

v i s u a l  c o n f i r m a t i o n  of suspec ted  peak i d e n t i t y .  

S p e c t r a l  i n f o r m a t i o n  can be obta ined  w i t h  t h e  s top-f low scanning  technique  

a v a i l a b l e  w i t h  most  c u r r e n t  m i c r o p r o c e s s o r - c o n t r o l l e d  v a r i a b l e  w a v e l e n g t h  

d e t e c t o r s .  However, t h e  need t o  s t o p  t h e  mobile  phase f l o w  becomes inconvenient  

a s  t h e  number of s p e c t r a  r e q u i r e d  per  chromatogram i n c r e a s e s .  In a d d i t i o n ,  as 

peak volumes decrease  w i t h  advances in column technology (e.g., f a s t  LC, micro- 

b o r e  LC), t h e  a b i l i t y  t o  " f r e e z e "  a d e s i r e d  peak  s e c t i o n  in t h e  f l o w  c e l l  

becomes c r i t i c a l .  S t o p p i n g  t h e  pump c a n  r e s u l t  i n  d e c o m p r e s s i o n  of  t h e  pump 

h y d r a u l i c  volume and t h e  column i n t e r n a l  volume wi th  r e s u l t a n t  expansion of t h e  

c o m p r e s s i b l e  m o b i l e  p h a s e  t h r o u g h  t h e  f l o w  c e l l ,  d i s p l a c i n g  t h e  d e s i r e d  peak  

segment. This  e f f e c t  can  be minimized by t h e  a d d i t i o n  of h y d r a u l i c  e l e m e n t s  i n  

t h e  s y s t e m  t o  s e a l  t h e  e x p a n s i o n  volume f r o m  t h e  f l o w  c e l l  p a t h ,  i n c r e a s i n g  

system cos t /complexi ty .  

I d e a l l y ,  one would l i k e  t o  o b t a i n  s p e c t r a l  i n f o r m a t i o n  "on-the-fly" dur ing  

a chromatogram. This  requi rement  can  be m e t  by t h e  use  of a l i n e a r  photodiode 

a r r a y  as  t h e  p h o t o d e t e c t o r  e l e m e n t  i n  t h e  r e l a t i v e l y  f l a t  f i e l d  f o c a l  p l a n e  

produced by a concave g r a t i ~ ~ g . ' ~ , ' ~  I n s t e a d  of mechanica l ly  r o t a t i n g  a g r a t i n g  

so a s  t o  s e r i a l l y  move s u c c e s s i v e  w a v e l e n g t h s  a c r o s s  a f i x e d  s l i t / s i n g l e  

d e t e c t o r  e l e m e n t  as in s c a n n i n g  a monochromator ,  o n e  f i x e s  t h e  g r a t i n g  and  

l o c a t e s  t h e  a r r a y  so a s  t o  i n t e r c e p t  t h e  w h o l e  s p e c t r a l  r e g i o n  of  i n t e r e s t  

(e.g., t h e  UV). T h i s  o p t i c a l  s y s t e m  is c a l l e d  a " p o l y c h r o m a t o r . "  The 

p o l y c h r o m a t o r - a r r a y  s y s t e m  a l s o  d i f f e r s  f r o m  a m o n o c h r o m a t o r - s i n g l e  

photodetec tor  system in t h a t  t h e  o u t p u t  of t h e  s o u r c e  (e.g., deuter ium lamp) is 

f o c u s s e d  t h r o u g h  t h e  f l o w  c e l l  p r i o r  t o  e n t e r i n g  t h e  p o l y c h r o m a t o r  and  b e i n g  

d i s p e r s e d  by t h e  g r a t i n g .  T h i s  c o n f i g u r a t i o n  i s  c a l l e d  ' ( reverse  o p t i c s " .  

L inear  W - s e n s i t i v e  photodiode a r r a y s  a r e  now commerc ia l ly  a v a i l a b l e  w i t h  

from 2 t o  4096 elements .  1024, 512 and 2 1 1  e lement  a r r a y s  are c u r r e n t l y  used in 

c o m m e r c i a l  HPLC d i o d e  a r r a y   detector^.^^,^^ The d e l u g e  of  m u l t i c h a n n e l  d a t a  
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ADVANCES I N  HPLC OPTICAL DETECTION 93 

produced by t h e  a r r a y s  is processed by a microcomputer t o  provide  t h e  chromato- 

g r a p h e r  w i t h  w a v e l e n g t h  c h r o m a t o g r a m s ,  r a t i o  c h r o m a t o g r a m s  a n d  " s p e c t r o -  

chromatograms. '*18 

The va lue  of a r r a y  d e t e c t o r s  w i l l  grow as t h e s e  i n f o r m a t i o n - r i c h  d e t e c t o r s  

a re  a p p l i e d  t o  HPLC, and  u s e r  f e e d b a c k  t o  t h e  d e t e c t o r  m a n u f a c t u r e r s  y i e l d s  

improvements in t h e  a l g o r i t h m s  by which t h e  s p e c t r a l  d a t a  is condensed, i n t e r -  

p r e t e d  and  p r e s e n t e d .  A c e r t a i n  amount  o f  c o n f u s i o n  a l r e a d y  e x i s t s  a s  t o  

whether  t h e  i n f o r m a t i o n  r e s i d e n t  in a s o l u t i o n  W spectrum is u s e f u l  f o r  peak 

i d e n t i f i c a t i o n  (de te rmine  i d e n t i t y  of an unknown) o r  peak c o n f i r m a t i o n  (conf i rm 

suspec ted  i d e n t i t y  of a peak a t  a known r e t e n t i o n  t ime) .  T h i s  a u t h o r  b e l i e v e s  

t h a t  t h e  a r r a y  d e t e c t o r  w i l l  be v a l u a b l e  in provid ing  i m p u r i t y  i n f o r m a t i o n  based 

on r a t i o s  a n d  peak  c o n f i r m a t i o n  b a s e d  e i t h e r  on  c o m p a r i s o n  of  a p a t t e r n  of 

s e v e r a l  r a t i o s  w i t h  t h a t  of a s t a n d a r d  o r  on t h e  o v e r l a y  of a peak spectrum and 

a s t a n d a r d  s p e c t r u m .  R a t i o  and s p e c t r o - c h r o m a t o g r a m s  c u r r e n t l y  p r o d u c e d  by 

a r r a y  d e t e c t i o n  a r e  shown in F i g u r e  7 and 8. 

C. Column Technology - HPLC 

On-Column D e t e c t i o n  Technique 

Advances in HPLC column technology have r e s u l t e d  in s i g n i f i c a n t  r e d u c t i o n s  

in peak volumes. In " f a s t  HPLC," h i g h l y  e f f i c i e n t  3 micron packings  a l l o w  t h e  

use of  s h o r t  (4-7.5 c m )  columns of  s tandard  d i a m e t e r  (4.6 m m I D ) .  Typica l  peak 

volumes on t h e s e  columns are 20-100 u e .  In microbore  HPLC, column d i a m e t e r  is 

reduced t o  1 mm and t y p i c a l  column l e n g t h s  are 25-50 cm. To d a t e ,  5 u and 10 

packing technology has  been developed f o r  1 mm columns, y i e l d i n g  t y p i c a l  peak 

volumes of 10-100 uk!. Thus, f a s t  and microbore HPLC techniques  have r e q u i r e d  a 

r e d u c t i o n  in d e t e c t o r  f low c e l l  v a l u e s  from 10-15 ue t o  0.5-5 VL, which has  been 

achieved  in c u r r e n t  absorbance d e t e c t o r s .  

In packed c a p i l l a r y  HPLC, 1.0-4.6 m m I D  s t a i n l e s s  s teel  columns a r e  rep laced  

by 0.2-0.3 m m f D  f u s e d  si l ica columns. These columns are now in t h e  e x p e r i m e n t a l  

s t a g e  of  development.2 Typica l  peak volumes obta ined  on 30-100 c m  long packed 
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9 4  ABBOTT AND TUSA 

10.01 A.U.F.S. 

Figure  7. 230/240 nm rat io  chromatogram and s t a n d a r d  230, 240 nm chromatograms 
of N-hydroxythienopyridine sample ( r e p r i n t e d  w i t h  permiss ion  from 
r e f e r e n c e  14) .  

c a p i l l a r y  columns have been of  t h e  o r d e r  of 2-10 &. 

volumes  b e l o w  200 n!? are r e q u i r e d  f o r  packed  c a p i l l a r y  NPLC. 

s o l u t i o n  t o  t h i s  problem has  been t h e  use  of "on-column detection."19 

Thus, d e t e c t o r  f low ce l l  

A n  i n g e n i o u s  

On-column d e t e c t i o n  h a s  b e e n  i m p l e m e n t e d  by i n s e r t i n g  t h e  b o r t o m  of  t h e  

o p t i c a l l y  t r a n s p a r e n t  fused  s i l i c a  c a p i l l a r y  column i n t o  t h e  l i g h t  p a t h  between 
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AB sc 

WAVE LENGTH “MI 

Figure  8. 225-450 nm spectrochromatograms of drug and m e t a b o l i t e s  i n  dog b i l e .  
( r e p r i n t e d  wi th  permiss ion  from r e f e r e n c e  14). 

t h e  monochromator and photodetec tor  of a s t a n d a r d  o p t i c a l  d e t e c t o r  (absorbance 

o r  f luorescence)  as shown i n  F i g u r e  9. The column i t s e l f  t h u s  becomes t h e  f l o w  

ce l l ,  e l i m i n a t i n g  t h e  need f o r  coupl ing  t u b i n g  and provid ing  a n  e x t r e m e l y  smal l  

i l l u m i n a t e d  d e t e c t i o n  volume. For  example, Yang removed 0.2 mm i n  l e n g t h  of 

t h e  poly imide  c l a d d i n g  a t  t h e  bottom of a 0.3 m m I D  fused  s i l i c a  c a p i l l a r y  column 

t o  f o r m  a 0.3x0.2 m m  f l o w  c e l l  o f  1 4  n a n o l i t e r  volume.  T h i s  p r o d u c e d  

i n s i g n i f i c a n t  band broadening w i t h  column genera ted  peak volumes of 2 uf (see 

F i g u r e  10). 

The d isadvantages  of t h e  on-column absorbance technique  are two-fold. The 

r e d u c t i o n  in t h e  o p t i c a l  pa th  from a s t a n d a r d  f l o w  c e l l  l e n g t h  of 5-10 m m  t o  one 

of  0.3 m m ,  r e d u c e s  s i g n a l  by x15-30. T h i s  w a s h e s  o u t  m o s t  of  t h e  s i g n a l  

improvement i n h e r e n t  t o  c a p i l l a r y  HPLC’S lower  d i l u t i o n  of an i n j e c t e d  a n a l y t e .  

(100-500 & peak  v a l u e s  of s t a n d a r d  HPLC r e d u c e d  t o  2-10lJf peak  v a l u e s . )  I n  
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-- 

MONOCHROMATOR EXIT SLIT 

/ 

LIGHT FOCUSING 
SOURCE OPTICS 

MONOCHROMATOR - 

PACKED BED 

PHOTODETECTOR 

(e.9.. PHOTOMULTIPLIER) 

FUSED SILICA PACKED COLUMN 

Figure 9. Schematic diagram for on-column absorbance detection in packed 
capillary micro HPLC. 

I 1 I 1 I 

30 60 90 120 150 

ELUTION TIME, MIN 
I I I I I I 

0 0.1 0.2 0.3 0.4 0.5 

ELUTION VOLUME, ml 

Figure 10. Chromatogram of 16 component PA11 mixture separated on 50,000 plate, 
45 cm x 330 p I D  3 uC18 packed column, used "on-column" absorbance 
detection. Peak identifications are: 1, naphthalene; 2, acenaph- 
thalene; 3, acenaphthene; 4,  fluorene; 5, phenanthrene; 6, 
anthracene; 7, fluoranthene; 8, pyrene; 9. benzo[a]anthracene; 10, 
chrysene; 11, benzo[b]fluoranthene; 12, benzo[k]fluoranthene; 13, 
benzo[a]pyrene; 14,  dibenzo[a,h]anthracene; 15, benzo[ghi]perylene, 
16, indeno[ 1,2,3-cd]pyrene. 
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addition, the focussing op t i c s  of the de tec tor  i n t o  which the  "on-column" flow 

c e l l  was i n s e r t e d  w a s  des igned  f o r  imaging i n t o  l a r g e r  c e l l s .  Thus the  on- 

column f low c e l l  is "ove r - f i l l ed ' '  w i t h  i n c i d e n t  l i g h t .  Th i s  r e s u l t s  in non- 

optimum l i g h t  th roughput  and more i m p o r t a n t l y  in h igh  r e f r a c t i v e  index  and 

the rma l  s e n s i t i v i t y  of t he  d e t e c t i o n  s y s t e m . "  I t  is now w e l l  known i n  HPLC 

absorbance  d e t e c t o r  des ign ,20  t h a t  t he  i n c i d e n t  l i g h t  beam must t r a v e r s e  t h e  

f l o w  c e l l  w i thou t  s t r i k i n g  t h e  c e l l  w a l l s  in o r d e r  t o  avo id  h igh  r e f r a c t i v e  

index and thermal s ens i t i v i ty .  

In Figure  11, we s e e  c a p i l l a r y  chromatograms ob ta ined  u s i n g  on-column 

absorbance and fluorescence detection.21 Note the  long term "wavy" d r i f t  of the 

absorbance detector baseline. This is due to  slow var ia t ions  in ambient temper- 

a t u r e  and the  high the rma l  s e n s i t i v i t y  of t h e  o p t i c a l l y  o v e r f i l l e d  on-column 

flow ce l l .  The fluorescence on-column technique shows a f l a t  baseline desp i t e  

the f a c t  t ha t  the c e l l  w a s  op t i ca l ly  over f i l l ed .  The thermal s e n s i t i v i t y  of the 

fluorescence technique is f a r  l e s s  than tha t  of absorbance. A fur ther  example 

of on-column f luo rescence  is shown i n  F igu re  12 .  In t h i s  c a s e ,  t h e  on-column 

t echn ique  is u t i l i z e d  w i t h  a ,075 m m I D  open t u b u l a r  c a p i l l a r y  o p e r a t e d  in an 

e lec t rophore t ic  mode,22 yielding sub-uL peak volumes. 

In te r fac ing  Micro IIPLC t o  Optical  Gas Phase Detectors 

The low f low r a t e s  of packed c a p i l l a r y  mic ro  HPLC h a s  a l lowed  d i r e c t  

i n t e r f ac ing  t o  the element-specif i c  flame photometric de tec tor5  (see Figure 13). 

I n i t i a l  e x p e r i m e n t a l  r e s u l t s  d e m o n s t r a t e d  100 p g / s e c  d e t e c t i v i t y  f o r  

phosphorous. For a 10 second micro HPLC peak and a typ ica l  phosphorous content 

in a molecule of -10% by weight ,  t h i s  t r a n s l a t e s  t o  d e t e c t i o n  of 10 ng of a P- 

*Although flow s e n s i t i v i t y  is a l s o  increasd by l i g h t  s t r i k i n g  the c e l l  wal l s ,  

t h e  absorbance  de tec tor ' s  response  t o  a f low f l u c t u a t i o n  is d i r e c t l y  propor- 

t i o n a l  t o  t h e  a b s o l u t e  va lue  of t h a t  f l u c t u a t i o n .  S ince  t h e  f low r a t e s  of 

cap i l l a ry  HPLC a r e  extremely low (<lo uL/min), the  baseline response to  a micro- 

flow f luc tua t ion  is too low t o  be observed. 
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ABSORBANCE 
0.001 AU 254 nm 

0.033 cm path '0.03 AU/CM 

? 5 8 

t i 

FLUORESCENCE 
A 220 nm 
A M 350-640 nm 

2 

4.8 NG 
ZOO PG 
1.5 pL) 

JclL 

3 NG 

\- 
I 

0 30 60 90 min 

Figure 11. On column absorbance and fluorescence de tec t ion  of PAH's i n  micro 
HPLC. 3 ~1 C18 reverse phase column, 0.33 m m I D  x 50 cm. 1.65 vR/min 
80/20 ace toni t r i le /water .  250 atm. Absorbance da ta  on Jasco 
Unidec-111 spectrometer. 
f i l t e r  fluorometer. 

Fluorescence data on Varian Fluorichrom 

0 5 10 15 20 25 
, , 

l ime (minutes) 

Figure 12. On-column fluorescence de tec t ion  in g las s  cap i l l a ry  electrophoresis.  
,075 m m I D  x 100 cm column, 30 k i lovo l t s  applied voltage. 
human urine labe l led  with fluram tag ( repr in ted  with permission from 
reference 22). 

Sample is 
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3 

L I I I I I 1 I I  
0 20 40 60 80 

TIME (min) 

Figure 13. Micro-BPLC-FPD of organophosphorus pesticides. Column-0.07 mmID x 
10 meters C18. 1 yl l /min  42/58 methanol water. Peak identities. 
1,4-impurity. 2-80 ng cygon. 34280 ng DDVP. 5~230 ng malathion. 
6-200 ng guthion (reprinted with permission from reference 5). 

containing compound. P-specific detection is of great interest t o  phospholipid 

research. Although initial work is encouraging, one should note that micro 

HPLC-FPD success using aqueous buffer mobile phases has not yet been demon- 

strated. Potential problems in this case would involve precipitation of salts 

and non-volatile solutes in the detector system. Other potential problems could 

be flow sensitivity (since FPD is a mass-sensitive detector) necessitating a 

non-reciprocating or syringe pump to deliver pulseless flow, and gradient 

elution incompatibility due to dependence of sample response on mobile phase 

composition. 

111. New Optical Detection Techniques In HPLC 

Sensitized Room Temperature Phosphorescence 

Only 10-20% of organic molecules fluoresce strongly enough (E >lo3, oF>o.io) 

to dictate use of fluorescence detection in HPLC. The low quantum yields of the 
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o t h e r  absorb ing  o r g a n i c  molecules  are t y p i c a l l y  due t o  i n t e r s y s t e m  c r o s s i n g  from 

t h e  f i r s t  e x c i t e d  e l e c t r o n i c  s i n g l e t  s ta te  ( t h e  state capable  of f l u o r e s c e n c e )  

t o  an e x c i t e d  t r i p l e t  state. Whereas s i n g l e t  state l i f e t i m e s  are of t h e  o r d e r  

of  n a n o s e c o n d s ,  t r i p l e t  s t a t e  r a d i a t i v e  l i f e t i m e s  a r e  m i l l i s e c o n d  o r  l o n g e r .  

Thus ,  i n  s o l u t i o n ,  c o l l i s i o n s  w i t h  s o l v e n t  and  s o l v e n t  i m p u r i t i e s  (e.g., 02) 

w i l l  d e a c t i v a t e  t h e  t r i p l e t  s ta te  b e f o r e  i t  can  emit a photon. Thus, w i t h  few 

except ions ,  t r i p l e t  s tate emiss ion  (phosphorescence) of organic  molecules  is not  

observed i n  room tempera ture  s o l u t i o n .  

An except ion  t o  t h e  above r u l e  is t h e  molecule  b i a c e t y l .  S t rong  b i a c e t y l  

phosphorescence (-10% quantum y i e l d )  is observed a t  room t e m p e r a t u r e  in s o l u t i o n  

if t h e  s o l u t i o n  has  been thoroughly deoxygenated This  o b s e r v a t i o n  has  

been u t i l i z e d  f o r  t h e  d e t e c t i o n  of molecules  such as polychlorobiphenyls ,  t h a t  

a r e  c h a r a c t e r i z e d  by h i g h  i n t e r s y s t e m  c r o s s i n g  rates. The technique ,  s e n s i t i z e d  

room tempera ture  phosphorescence (SKTP), is based on energy t r a n s f e r  from t h e  

a n a l y t e  t r i p l e t  s t a t e  to t h e  t r i p l e t  s ta te  of b i a c e t y l  which has  been added a s  a 

d o p a n t  t o  t h e  HPLC m o b i l e  phase.  The d i f f u s i o n - c o n t r o l l e d  e n e r g y  t r a n s f e r  

r e q u i r e s  t h a t  t h e  a n a l y t e  donor t r i p l e t  be 25 kcal /mole  h i g h e r  in energy t h a n  

t h a t  of t h e  b i a c e t y l  a c c e p t o r .  A s t a n d a r d  f l u o r e s c e n c e  d e t e c t o r  is  set  u p  t o  

e x c i t e  t h e  a n a l y t e  donor a t  a wavelength a t  which b i a c e t y l  a c c e p t o r  a b s o r p t i o n  

is n e g l i g i b l e  (e.g., 300 nm) and t o  c o l l e c t  b i a c e t y l  p h o s p h o r e s c e n c e  (520 nm). 

B i a c e t y l  phosphorescence can t h u s  be used as a d i r e c t  measure of a n a l y t e  concen- 

t r a t i o n .  Detec t ion  of bo th  h a l o n a p h t h a l e n e s  a n d  p o l y c h l o r i n a t e d  b i p h e n y l s  a t  

-10 ppb l e v e l s  has  been achieved. A t y p i c a l  HPLC-SRTP chromatogram i s  shown in 

Figure  14. 

I n d u c t i v e l y  Coupled Plasma (ICP) D e t e c t i o n  in HPLC 

I n  an I C P  source ,  an e l e c t r o d e l e s s  a rgon  plasma is formed a t  a tmospher ic  

p r e s s u r e  and  is s u s t a i n e d  by i n d u c t i v e  c o u p l i n g  t o  a h i g h  f r e q u e n c y  m a g n e t i c  

f i e l d .  A l i q u i d  stream f e d  i n t o  t h e  plasma by a n e b u l i z e r  is r a p i d l y  vapor ized  

and  t h e  v a p o r  is d i s s o c i a t e d  i n t o  f r e e  a t o m s  w h i c h  a re  e x c i t e d  a n d  i o n i z e d  by 
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4 

I I 1 I I I 
0 2 4 6 8 10 

t (min) 

Figure 14. HPLC-SRTP of PCB‘s by reverse  phase. 1 m!./min 83.7/16.3 a c e t o n i t r i l e j  
water. Biacetyl added a t  10-4M. 1x260 nm. A M  552 nm. Peak 
i d e n t i t i e s :  1. s o l v e n t  peak. 2. oxygen. 3. 15 ng biphenyl(B).  4. 

the 6000-10,000°K plasma temperature. Elemental emission l i n e s  emanating from 

the plasma a r e  co l lec ted  by a polychromator and detected a t  s u i t a b l e  wavelengths 

by p h o t o m u l t i p l i e r  t ubes  a p p r o p r i a t e l y  l o c a t e d  i n  t h e  f o c a l  p l ane  of t h e  

polychromator grating. 

I C P ,  developed as  a technique fo r  simultaneous multi-element de tec t ion ,  is 

widely used f o r  ana lys i s  of metals i n  complex s o l i d  and l i qu id  sample matrices. 

I C P  s e n s i t t v i t y  f o r  m e t a l s  is t y p i c a l l y  -ppb, and s e n s i t i v i t y  t o  non-meta ls  

(e.g., C,P,N) is -100 ppb. C o m p a t i b i l i t y  w i t h  l i q u i d  s a m p l i n g  l e d  t o  

in te r fac ing  of I C P  spectrometer8 t o  HPLC in severa l  research l a b o r a t o r i e ~ . ~ ~ ~ * ~  

Results to  da t e  demonstrate the advantages of simultaneous multi-element 

d e t e c t i o r ~ : ~ ~  t h e  c o m p a t i b i l i t y  of s t anda rd  HPLC f l o w  r a t e s  w i th  pneumat ic  

nebulization in to  the ICP plasma; plasma s t a b i l i t y  in aqueous mobile phases; and 

an element-specific response independent of molecular form and matrix e f fec ts .  
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214.9 P rn 
257.6 Mn JL----- 

c 

L 
0 10 

z 
d 

Figure 15. HPLC-ICP of proteins. 100 pg each protein. Steric exclusion 
separation on two TSK 3000 SW columns, 7.5 mm x 60 c m .  
0.9% NaCQin water (reprinted with permission from reference 25). 

1 mQ/min 
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ADVANCES IN HPLC OPTICAL DETECTION 

TABLE 5 
ICP ELEMENTAL LINES FOR HPLC" 

C 
P 
N 
S 
Br 
CI 

N 0 N - M ETA LS METALS 

193.1, 247.9 nm Fe 259.9, 240.5 
178.3, 214.9 2n 213.9, 202.6 
174.3, 41 1.0 cu 324.8, 224.7 
180.7, 182.4 Pb 220.4, 217.0 
163.4, 157.7 Mn 257.6, 294.9 
741.4, 452.6 

Wavelengths in italics are lines used in work to date. 

103 

"First wavelength corresponds to strongest line. 

However, work t o  d a t e  a l s o  i n d i c a t e s  s e v e r a l  d i sadvan tages  of I C P  a s  an HPLC 

detec tor :  i t  is qu i t e  expensive (-$loOK); observed s e n s i t i v i t y  to non-metals of 

-ppm26 is marginal fo r  HPLC s ign i€ i can t  elements such a s  phosphorous; and plasma 

s t a b i l i t y  problems have been observed  wi th  hydrocarbon type organic so lvents  

used i n  s t r a i g h t  phase chromatography. 

An HPLC-ICP chromatogram demonstrating the  qua l i t a t ive  information inherent 

t o  mul t i - e l emen t  s p e c i f i c  d e t e c t i o n  is shown i n  t h e  s e p a t a t i o n  of meta l -  

containing pro te ins  of Figure 15. Note tha t  ICP s e n s i t i v i t y  t o  metals is lOOx 

b e t t e r  than  t h a t  observed  f o r  non-metals.  S ince  non-metals a r e  of g r e a t e s t  

s i g n i f i c a n c e  in HPLC, r e s e a r c h  aimed a t  enhanced non-metal I C P  d e t e c t i o n  is 

required. 

emission lines of most non-metals l i e  in the  160-195 nm region (see Table 5). 

The use of vacuum W detec t ion  is now under study s ince  the  optimum 
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