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INTRODUCTION 

I n  the  past few years s u p e r c r i t i c a l  f l u i d s  have a t t r a c t e d  i n t e r e s t  as sol- 
vents f o r  both a n a l y t i c a l  and chemical process a p p l i c a t i o n s .  They possess i n t e r -  
e s t i n g  combinations o f  so lvent  p roper t ies ,  such as h igh  d i f f u s i v i t y  and l i q u i d -  
l i k e  s o l v a t i n g  p r o p e r t i e s  which can be d r a s t i c a l l y  changed w i t h  moderate changes 
i n  temperature and pressure, making them a t t r a c t i v e  f o r  a v a r i e t y  o f  uses. 

One hindrance t o  the  f u r t h e r  development o f  s u p e r c r i t i c a l  f l u i d  e x t r a c t i o n  o r  
chromatographic techniques i s  t h a t  r e l a t i v e l y  l i t t l e  i s  known about t h e  dependence 
of so lvent  p r o p e r t i e s  o f  s u p e r c r i t i c a l  f l u i d s ,  and f l u i d  mixtures,  upon var ious  
phys ica l  parameters. This study o f  the  i n t e r a c t i o n s  between so lu tes  and super- 
c r i t i c a l  f l u i d  so lvents  was aimed a t  extending the  understanding o f  s u p e r c r i t i c a l  
f l u i d s  as solvents,  and t o  h e l p  i n  t h e  s e l e c t i o n  o f  t h e  most appropr ia te  f l u i d  f o r  
a p a r t i c u l a r  a p p l i c a t i o n .  

EXPERIMENTAL 

Absorpt ion spec t ra  were measured on a Cary model 1605 spectrophotometer used 
i n  t h e  dual beam mode. The measurements us ing  l i q u i d  so lvents  were made using 
1 cm square quar tz  c e l l s  w i t h  a so lvent  blank i n  t h e  re fe rence beam. The vapor 
and s u p e r c r i t i c a l  f l u i d  spec t ra  were taken versus a i r  i n  the  re fe rence beam. 

t h e  s u p e r c r i t i c a l  f l y i d  solvents.  Th is  c e l l  has a c y l i n d r i c a l  s t a i n l e s s  s t e e l  
body approximately 1 
t h e  axis.  Two connections f o r  1/16" t u b i n g  are  present t o  a l l o w  f o r  i n l e t  and 
o u t l e t  f low. Each end o f  t h e  c e l l  has a seat f o r  a 1/4" diameter 1/4" t h i c k  
q u a r t z  window and i s  threaded t o  accept a brass nut. 
p laced on each s i d e  o f  each window t o  p r o v i d e  cush ion ing  and a gas t i g h t  sea l .  
The o p t i c a l  path between the  windows was approximately 1/4 . The absorp t ion  c e l l  
was wrapped w i t h  heat ing  tape, i n s u l a t e d  and equipped w i t h  a thermocouple. Th is  
arrangement al lowed temperature r e g u l a t i o n  t o  w i t h i n  f0.5 C. 

a t  t h e  appropr ia te  pressure. 
va lve  equipped w i t h  a 10 u1 sample loop. A pressure t ransducer was connected t o  
t h e  c e l l  o u t l e t  t o  a l l o w  accurate pressure measurement. 

The experiments were conducted as f o l l o w s :  t h e  sample was loaded i n  t o  sam- 
p l e  loop and the  va lve  switched t o  a l l o w  f l u i d  from t h e  pump t o  f l o w  t o  the  c e l l  
through the  loop. A s h u t - o f f  valve a t  t h e  c e l l  o u t l e t  was opened t o  a l l o w  so lvent  
f l o w  throuyh the  c e l l  and t h e  absorbance a t  a se lec ted  wavelength was measured t o  
d e t e c t  the  appearance o f  t h e  sample i n  t h e  c e l l  c a v i t y .  Often it was necessary t o  

A s p e c i a l l y  cons t ruc ted  h igh  pressure c e l l  was used i n  t a k i n g  the  spectra i n  

i n  diameter which has a 3/16" diameter ho le  d r i l l e d  along 

A 1/4" 0.d. Te f lon  O-r ing i s  

A Var ian 8500 syr inge pump was used t o  supply the  s u p e r c r i t i c a l  f l u i d  so lvent  
The pump was connected t o  t h e  c e l l  v i a  a Rheodyne 
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p a r t i a l l y  purge t h e  c e l l  w i t h  a d d i t i o n a l  so lvent  t o  decrease t h e  sample concentra- 
t i o n  t o  t h e  p o i n t  t h a t  t h e  absorbance measurement was on scale. 
concent ra t ion  o f  sample had been obtained t h e  o u t l e t  va lve  was c losed and the  
absorp t ion  spectrum was taken under i s o b a r i c  and isothermal cond i t ions .  
scan the pressure o r  temperature was increased t o  t h e  nex t  l e v e l  and t h e  c e l l  
a l lowed t o  e q u i l i b r a t e  a t  t h e  new c o n d i t i o n s  be fore  the nex t  measurement. 
cases the  spectrum o f  t h e  pure f l u i d  was a l s o  recorded t o  insure  t h a t  t h e r e  was no 
i n t e r f e r e n c e  w i t h  t h e  spectrum o f  t h e  so lu te .  

RESULTS AND DISCUSSION 

When a usable 

A f t e r  a 

I n  a l l  

Since i n t e r e s t  centers on t h e  s p e c i f i c  i n t e r a c t i o n s  between s o l u t e  and so l -  

One such technique i s  

vent,  and how those i n t e r a c t i o n s  change as the  d e n s i t y  and composi t ion o f  the  
s u p e r c r i t i c a l  f l u i d  so lvent  are var ied,  an exper imental  technique i s  needed which 
i s  s e n s i t i v e  t o  t h e  cybotac t ic  environment o f  t h e  solute.  
t h e  solvatochromic method, which probes t h e  e f f e c t  o f  so lvent  on t h e  o p t i c a l  
absorp t ion  spectrum o f  t h e  s o l u t e  molecule (1). 

f l u i d s  i s  p a r t i c u l a r l y  e f f i c a c i o u s  i n  view o f  t h e  ex tens ive  work o f  T a f t  and 
coworkers i n  measuring t h e  solvatochromic s h i f t s  o f  a l a r g e  number o f  s o l u t e  
molecules i n  a wide range o f  l i q u i d  s o l v e n t s  (2). They have been successful  i n  
developing a n* s o l u b i l i t y  sca le  which encompasses a wide range o f  s o l u t e  types 
and which can account f o r  var iance i n  several  so lvent  p roper t ies ,  i n c l u d i n g  
p o l a r i t y ,  p o l a r i z a b i l i t y ,  hydrogen bonding a b i l i t y ,  etc.  

Using the solvatochromic method t o  study so lvent  e f f e c t s  o f  s u p e r c r i t i c a l  

The n* p o l a r i z a b i l i t y  sca le  was o r i g i n a l l y  developed from observa t ions  o f  
solvent e f f e c t s  on n->n* and n->n* t r a n s i t i o n s  i n  the  probe molecules. Ry using a 
s e l e c t  group o f  so lu tes  and so lvents  which minimized hydrogen-bonding, T a f t  and 
co-workers were a b l e  t o  r e l a t e  so lvent  p o l a r i t y  t o  r e l a t i v e  s h i f t s  i n  t h e  p o s i t i o n  
o f  the  absorp t ion  maximum. These da ta  were p r i m a r i l y  dependent on the i n t e r a c t i o n  
between s o l u t e  and so lvent  d ipo les .  
account f o r  sol  vent-sol  vent i n t e r a c t i o n ,  t h e  presence o f  induced dipoles,  and 
hydrogen bonding between s o l u t e  and s o l v e n t  (3).  

i t  may a f f o r d  a convenient bas is  f o r  t h e  comparison o f  l i q u i d  and s u p e r c r i t i c a l  
solvents.  Fur ther ,  by de termin ing  t h e  var ious sca le  parameters f o r  these f l u i d s  
i t  should be p o s s i b l e  t o  o b t a i n  some i n s i g h t  i n t o  t h e  s p e c i f i c  s o l v a t i o n  mechan- 
isms involved, and how those mechanisms change as the  so lvent  composi t ion and 
cond i t ions  are a l te red .  

F u r t h e r  ref inements have s ince  heen made t o  

Since the  n* scale i s  w e l l  e s t a b l i s h e d  f o r  t h e  study o f  convent ional  so lvents  

The compounds 2 - n i t r o a n i s o l e  (2NA) and 4-e thy ln i t robenzene (4ENB) were chosen 
t o  be t h e  i n i t i a l  probe molecules i n  our i n i t i a l  solvatochromic s tud ies  o f  super- 
c r i t i c a l  f l u i d  solvents. These compounds have been p r e v i o u s l y  used by T a f t  e t  a l .  
i n  t h e  s t u d i e s  o f  convent ional  l i q u i d  solvents,  thus making it e a s i e r  t o  i n t e g r a t e  
s u p e r c r i t i c a l  f l u i d  so lvents  i n t o  t h e  II* so lvent  p o l a r i t y  scale. 
advantageous t h a t  these compounds are l i q u i d s  and have absorp t ion  maxima a t  con- 
venient wavelengths i n  t h e  UV. 

The maxima o f  the  absorp t ion  spectrum o f  each o f  these compounds are  s h i f t e d  
i n  wavelength when i n  l i q u i d  so lvents  o f  vary ing  p o l a r i t i e s  (Table 1). The pos i -  
t i o n  of t h e  absorp t ion  band o f  t h e  vapor ( e s s e n t i a l l y  a so lvent  w i t h  no p o l a r i t y  
o r  hydrogen bonding a b i l i t y )  i s  used as a reference. As the  s o l v e n t  becomes more 
p o l a r  the  absorp t ion  maximum i s  s h i f t e d  t o  longer  wavelengths ( lower  energies).  
T h i s  type of s h i f t  i n d i c a t e s  t h a t  the  e x c i t e d  e l e c t r o n i c  s t a t e  i s  being s t a b i l i z e d  

It i s  a l s o  
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Vapor (4 )  -1.06 
Heptane (4 )  -0.08 
Tetrahydrofuran(4)  0.58 
Acetoni t r i  l e ( 4 )  0.75 
Methanol ( 3 )  0.60 

TABLE 1. Wavelength o f  Absorpt ion Maximum o f  2NA and 4ENB i n  Various Solvents 

2NA (2)  32.56 kK 2.428 
4ENB ( 2 )  37.60 kK 2.133 

2NA 4ENB 

s o l  vant (a)  Observed(b) n*(') Observed n* 

Vapor 
C02(a) 
N20(a) 
C C 1  F3 (a )  
NH3(a) 
Pentane(d) 
Tet rahydrofuran 
A c e t o n i t r i l e  
Methanol 

286 
295 
297 
299 
303 
306 
318 
3 24 
322 

285 

-- -- 
305 
312 
325 
322 

250 
257 

-- 
260 
263 
273 
276 
272 

251 

-- 
-- 
265 
275 
278 
27 5 

( a )  The s u p e r c r i t i c a l  f l u i d s  (CO2, N20, CClF3, and NH3 had 
T = 1.01 and Pr  = 1.05. 

( b )  Ogserved wavelength o f  absorpt ion maxima, i n  nm. 
( c )  P red ic ted  by n* sca le  us ing parameters from Table 2. 
( d )  P red ic ted  wavelength us ing parameters f o r  heptane. 

w i t h  respect t o  t h e  ground e l e c t r o n i c  s ta te,  thus decreasing t h e i r  energy gap. 
These r e s u l t s  are i n  accord w i t h  the  p r e d i c t i o n  o f  t h e  n* model when t h e  proper  
c o e f f i c i e n t s  are used f o r  each o f  t h e  so lu tes  and so lvents  (Table 2) (4 ) .  

Having es tab l i shed  the  behavior  o f  t he  probe molecules i n  convent ional  s o l -  
vents, i t  i s  poss ib le  t o  compare t h e i r  behavior  i n  some common s u p e r c r i t i c a l  
f l u i d s .  I t  i s  ev ident  from Table 1 t h a t  s u p e r c r i t i c a l  f l u i d  so lvents  a t  moderate 
reduced temperatures and pressures have r e l a t i v e  s o l v a t i n g  a b i l i t i e s  i n  accordance 
w i t h  t h e i r  p o l a r i t i e s .  The l e s s  p o l a r  f l u i d s  C02, N 0, and CC1F-j (Freon-13) s h i f t  
t he  absorpt ion maxima t o  an i n te rmed ia te  p o s i t i o n  becween t h a t  measured i n  the  
vapor phase and pentane. 
f a l l s  c lose  t o  t h a t  o f  pentane. 

cesses and chromatography i s  i n  g rea t  ex ten t  due t o  the  f a c t  t h a t  i t  i s  poss ib le  
t o  change t h e  so l ven t  p r o p e r t i e s  o f  t h e  f l u i d  by changing t h e  dens i t y  and tempera- 
ture.  A l a r g e  p a r t  o f  t h e  i n t e r e s t  i n  us ing t h e  solvatochromic method t o  s tudy 
these so lvents  i s  t o  see i f  i t  i s  poss ib le  t o  observe and q u a n t i f y  these changes 
i n  s o l v a t i n g  a b i l i t y  v i a  t h e  absorpt ion s h i f t .  

NH3 i s  more p o l a r  and the  wavelength o f  t he  maximum 

The i n t e r e s t  i n  us ing  s u p e r c r i t i c a l  f l u i d s  as so l ven ts  f o r  e x t r a c t i o n  pro- 

TABLE 2. TI* S o l u b i l i t y  Scale Parameters 

Sol vent L I  ~ So lu te  v, (cm-1) 2 
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Figure  1 shows t h a t  t h e  wavelength o f  the  absorp t ion  maximum changes most 
r a p i d l y  a t  pressures j u s t  above t h e  c r i t i c a l  pressure. 
explained by examining t h e  r e l a t i o n s h i p  between pressure and d e n s i t y  i s  a non- 
l i n e a r  func t ion  o f  pressure, and changes most r a p i d l y  a t  reduced pressures near 1. 
The data a r e  r e - p l o t t e d  i n  F i g u r e  3 t o  i l l u s t r a t e  t h e  r e l a t i o n s h i p  between t h e  
energy of t h e  t r a n s i t i o n  ( i n  wave numbers) and t h e  f l u i d  dens i ty .  Th is  p l o t  a l s o  
contains da ta  obtained by m a i n t a i n i n g  a cons tan t  pressure and vary ing  t h e  
temperature t o  change t h e  dens i ty .  It i s  apparent from t h i s  data t h a t  f l u i d  den- 
s i t y ,  and no t  temperature, i s  o f  pr imary importance i n  de termin ing  the  amount o f  
s p e c t r a l  s h i f t .  
p r e d i c t i o n s  o f  numerous s o l u b i l i t y  studies.  
absorp t ion  maximum v a r i e s  w i t h  pressure f o r  2NA i n  NH3. 

s u p e r c r i t i c a l  f l u i d  s o l v e n t s  with convent ional  l i q u i d  so lvents ,  due t o  s e n s i t i v i t y  
t o  changes i n  s o l v a t i o n  a r i s i n g  f rom vary ing  t h e  d e n s i t y  o f  t h e  f l u i d  so lvent .  By 
us ing  the data on pure f l u i d  so lvents  as a foundat ion it should be p o s s i b l e  t o  
extend t h i s  work t o  t h e  study o f  mixed s u p e r c r i t i c a l  f l u i d  so lvent  systems. Since 
t h i s  technique probes t h e  c y b o t a c t i c  environment o f  t h e  s o l u t e  i t  should be 
feas ib le  t o  determine how t h e  s o l v a t i n g  power o f  a f l u i d  changes as small amounts 
o f  a m o d i f i e r  are added. 

T h i s  observa t ion  can be 

Th is  c o r r e l a t i o n  w i t h  f l u i d  d e n s i t y  i s  i n  agreement w i t h  t h e  
F i n a l l y ,  F i g u r e  4 shows how the  

C lear ly ,  the  solvatochromic method ho lds  promise f o r  comparison o f  
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