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ABSTRACT 

The independent effe~s of p m ~ u ~  and m m p ~ u m  in supemfitkM flu~ chrom~ogmphy on the 
capad~  ratio on chromatographic resolution of some polar o~aNc mod~ compounds w~e inv~tiga~d. 
lncma~ng ~ e  pressu~ isothermally leads m a steady decrease in retention and res~ution. With chanong 
m m p ~ u ~ ,  a ma~mum in the capadty r~io as w~l as the resolution was observed. These o b v i a t i o n s  
may be mNmd to a comNnation of gas chromamgmphk (GC) and fiquid chromatographk (LC) theories 
of sNum infractions wfih the m o n k  and ~ationary phases. Howev~, pu~ GC- or LC~ike beha~or was 
not observed Nther b~ow or above the critical point of the mobik pha~. Capad~  ratios ~ r  various 
¢ x~osN~,  prop~Nnts and mla~d compounds were determined on caNEa~ open tubuNr c~umns coamd 
wi~ N O ~  a non-poNr m~h~-  or a poNr cyanopropy~phen~ubst immd ~loxane ~ n a r y  phase. The 
moN~ pha~ ~ r  MI ~ u ~  was (arbon Nox~e. On the polar columm many of ~ e  solm~ exNNted a good 
c o l l a t i o n  between ~Nr  bulk dipole momem and chromamgrapNc ~ m i o n .  De~afions ~om this cow~ 
lafion could be explained by means of the physkN or static properti~ o f ~ e  solu~s. The ~ufion order of 
• e compounds on the non-polar co~mn was ~milar to the order achieved u~ng GC r ~ h ~  Nan LC. 

INTRODUCTION 

D u e  to t he  c o m p l e x  i n t e r a c t i o n s  p r e s e n t  in s u p e r c f i t i c a l  f lu id  c h r o m a t o g r a p h y  

( S F C ) ,  t h e r e  is still  n o  ~ r a i g h t f o r w a r d  e x p l a n a t i o n  o f  the  p h e n o m e n a  o c c u r r i n g .  

H o w e v e r ,  m a n y  a u t h o r s  h a v e  p e r f o r m e d  t h e o r e t i c a l  a n d  e x p e ~ m e n t a l  i n v e s t i g a t i o n s  

to  s t u d y  t he  ef fec ts  o f  p r e s s u r e ,  t e m p e r a t u r e  a n d  d e n s i t y  o f  the  f lu id  o n  the  

c h r o m a t o g r a p h k  b e h a v i o r  o f  t es t  c o m p o u n d s  [1-18] .  In  m o s t  cases  the  tes t  so lu t e s  
we re  a h o m o l o g o u s  ser ies  o f a l k a n e ~  p h t h a l a t e s  o r  p o l y c y d ~  a r o m a t ~  h y d r o c a r b o n s .  

O u r  i n t e n t i o n  was  to c o m p a r e  t he  f i n d i n g s  o f  p r e v i o u s  a u t h o r s  w i t h  o u r  r e su l t s  

o b t a i n e d  o n  a set  o f  m o r e  p o l a r  species .  In  o u r  s d e c t i o n  o f  p o l a r  tes t  c o m p o u n d s  

" Present addre~: Degu~a AG, VTC-A, 6450 Hanau 1, P o ~ c h  1345, F.R.G. 
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a polar ~afionary phase and a non-polar mobile phase, we tried to achieve a better 
unde~tanding of the solute-~ationary phase infractions.  

EXPERIMENTAU 
A Model 501 capillary supercritic~ fluid chromatograph (Lee Sden~fiG Salt 

Lake City, UT, U.S.A.) was used, which was equipped with a split i ~e~o r  and both 
UV and flame ~n~a t ion  detector.  A bonded meth~pdysiloxane column (SB 
mmhyl-100~ 5 m x 100 #m I.D., 0.25 ~m film thickness, Lee Sden6fl~ and a bonded 
50% cyanoprop~-phen~po~si loxane  c d u m n  (DB 225, 10 m x 50 ~m I.D., 0.05 ~m 
film th~knesK J & W Sden6fi~ Folsom, CA, U.S.A.) were used for the studies 
described. 

Ni~o~ycerine,  ~Wocdl~ose,  2 ,4 ,GN-tet ra~tro-N-m~h~a~l ine  (~Wyl) and 
1,3,5,7-tetraniWo-l,3,5,7-tetraazacydooctane (HMX) were obtained ~om the U.S. 
Army ExploMves Repository (Dove~ NJ, U.S.A.). Ethylene ~ycol ~ w a ~ ,  di- 
ethylene glycol diniWate, 1 ,3 ,Sq~Wo-l ,3 ,5- t~azacydohexane (RDX) and penta- 
erythritol mwa~wate (PETN) were mcdved Dom the Bureau of A ~ o h d ,  Tobacco 
& Firearms (Rock~Hm MD, U.S.A.). SFC-grade carbon dioxide and ad~ t ion~  
re , fence  c h e m ~ s  were obtained in the highest p u t t y  a v ~ N e  ~om commerd~  
sources. 

RESULTS AND D~CUS~ON 

In~mct~n w#h ~e  mobile pha~ 
First, we inv~figamd the effects of pressure and ~mperatum on the capacity 

ratio as well as the chromatograpNc resolution of a set of m~ compound~ the three 
i s o m ~ k  of monoN~otMuene (NT). The first inflection of the basdine ~om the UV 
detector response was gen~M~ taken as the chrom~ograpNc void vdume  ~ r  
~mntion measurements. ChromNographk  resdution (R~) was calculated as ~llows: 

R, = 1.177 [t~(21-t~l~]/[bo.s(z~ + bo.5~ 

where ~ is the retention time and bo.s is the peak width at half hdght  of the compounds 
under condderafion. The instrument was used in the pressure control mode and was 
equipped with a cyanopropyl phenylpolysiloxane column. The column was main- 
tained at a constant temperature while a range of different pressures was applied. 
Increadng the column pressure led to a steady decrease in capadty ratio (k') (Fig. 1). 
Similar behavior using different separation systems has been reposed by other authors 
[1 7]. At even higher pressures (e.g., greater than 250 atm), k' is reposed to increase [8]. 

The fluid den~ty increases with increa~ng pressure as does the solubihty of the 
analytes in the mobi~ phase. Therefore, the decrease in k' of the analytes can be 
explained by the increase in their solubifity with increa~ng pressure. The minimum 
observed in the k' versus pressure plot arises from intermolecular repul~on forces in the 

" Cerm~ ~ommerdM eq~pment, in~ruments or martian a~ identified in this ~pon Io speci~ 
adequatdy the expefimentM procedu~. Such ~entification does not imNy ~commendation or endo~ 
ment by the N~ionM Institute of Standards and Technolog~ nor does it imply that the matcrNls or 
eq~pment identified are necessarily the best availaNe l\~r the purpose. 
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~ g .  I. Efl~ct of p ~ u ~  in SFC on the capadty  ratio and the c h r o m ~ o g ~ p h ~  resolution of the three 
ni~ot~uenes .  C~umn:  DB 225 (10 m × 50 ~m I.D., 0.05 ~m film t ~ c k n ~ ,  at 60°C. • = ~ N T :  
• ~ 3-NT; • - ~ N T ;  © - DNT/3-NT: + = 3-NT/~NT.  

bulk fluid. These forces appear with increasing den~ty or pressure [9], thus decrea~ng 
the solubifity of the solutes. This minimum also coinddes with a ma~mum in 
a solubility-pressure plot [ 1 9 ~ .  In this contex~ '~olvent ~rength" of the fluid, rather 
than s~ubifity of  a test compound, might be the appropriate term to use. Others have 
appl~d thermodynam~ modds to pred~t  the dependence of k' on the pressure 
~Oding results that were in good agreement with the experimental data [1 ,2 ,~5~-1~.  

Chromatograph~ resolution of the three compounds decreased s~ad i~  as the 
pressure increased (see Fig. 1). This observation is ~mi~r  to the resuRs reposed  by 
others [3,~. E~denfly, at low den~fies the diffu~on coeffiden~ in the mobile phase 
were high, which ~d to high effective p la~ numbe~ and thus to high R~ [3]. ~ sh o ed  be 
empha~zed that, as the sys~m turned from the subcrific~ to the supercrific~ ~ate (at 
73 atm), no discontin~ty in Other the plots of U or R~ versus pressure was observed, as 
reposed by others [1~. 
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Fig. 2. Effect of temperature in SFC on the capacity ratio and the chromatographic resolution of the three 
n~rotoluenes. Column as in Fig. l; 63 atm.; symbols as in Fig. 1. 
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Fig. 3. E ~  of  ~ m ~ u ~  in SFC on ~ e  ~ d ~  ratio and ~ e  c ~ o m a m g ~ p ~ c  ~soluf ion of  the th~c  
N ~ m M ~  C ~ u m n  as in Fig. 1:100 atm; ~ • and • as in ~ g .  1: @ - mean resolution. 

Next, the density was changed under isobaric con~fions  by varying the 
mmperature. In contrast to the isothermM change of the density, m a ~ m a  were present 
for both the capad ty  ratio as wall as the chromatograpNc resdution (Figs. 2 and 3). In 
the case of  subcfiticN pressure (63 atm, Fig. 2), the m a ~ m a  for the capad ty  ratios we~  
observed at a lower pressure than the maxima in the chromatographk  resdution.  
Under supercfificN condit ions however (100 arm, Fig. 3), the maxima of the two 
different kinds of  (h romatograpNc vafiaNes Nmost cNnddm The mean resolution 
was cNcMated as the mean of the chromatograpNc msdut ion  of 2 - N T / > N T  and 
3-NT/4-NT, mspectivdy, at the respective mmperatum. 

M a ~ m a  of both capadty  ratio and chromatographic resdution,  as dmermined 
in the ~obafic expefimen~ (Figs. 2 and 3), appeared at three different den~tie~ These 
same dendties were encountered in the go thermN expefimen~ (Fig. 1), where no 
maxima were observed. Therefore, the appearance of such m a ~ m a  cannot be due to 
changes in density None. Several a u t h o r ,  who also ob~rved  such m a ~ m a  in c a p a d ~  
f a ~ o ~  (e.g.,  ~,6,1~18]) ,  inmrpremd this effect as a superpodtion of both vda t i l~a -  
tion and solvation of the compounds. Increa~ng mmperature decreases density and 
therefore increases r~enfion. At even higher mmperatum, the vdat ih ty  of  the 
componen~  becomes morn impo~ant ,  leading to a gas chromatograpNc (GC)dike 
decrease in r~ention with increadng ~mperature .  

Although the maxima in plots of  c a p a d ~  ratios v e n u s  ~mpera tum have been 
described by other au tho~  for a broad range of phase sysmms as wall as anNymm it has 
not been empha~zed that, with homologous series of  i somer ,  the m a ~ m a  occur at the 
same mmperatum for all components. In other words, the onset of the "'GC b e h a ~ o / '  
ev~enfly is not influenced by the nature of  the anNytm Because the series invesfigamd 
covered a broad range of bNling pNnts, the appearance of the descending section of 
the plot cannot be a~fibumd sokD to v d a t i l ~ a t ~ n  of the test components at ekvamd 
mmperatums. Other, less straightforward retention mechaNsms are likely to occur. 

With more strongly retained compounds than the nitrotoluenes (such as 
p d y c y d ~  a rom a t k  hydrocarbonS,  adNfionN minima in the capacity ratio 
[3,4,7,16,1~ and the ch rom ~ ograpNc  msMution [3,16,17] have been reposed.  This 
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co~ela~s  with the ma~ma  occurring when sMuNfity of a rest compound in a fluid is 
plowed vensus ~mperature [19,2~. Because these miMma in the k ' - tempera tu~ and 
R, temperature plots were observed when the ~mperature was Mwered fu~her, they 
might be r d a ~ d  to the effe~ of the denfity on k', as are the miMma observed in the k' 
versus pre~ure N o ~  [8]. This wouM be ~ contrast to the ma~ma that occurred only in 
the case of isobaric changes in denfity. 

D~erm~a t ion  of the extrema of k' at several different pressures showed that at 
higher pressure both minima and ma~ma  were shined towards a higher ~mperature 
(lower denMty) and became less pronounced, as has also been reposed by others 
[3,12-18]. The same h~ds  ~ue for the so~Nfi ty~emperature  NoU [1~. Although the 
pofitions of the extrema are linked to the den~ty of the m o N ~  phase, there ~ generM~ 
no absMum vMue of the denMty where those ex~ema appear. For examNe, there is an 
absence of maxima in the plots of capadty factor versus pressure shown in Fig. 1. 
ComponenU with stronger ~mntion and higher boiling points also show stronger 
extrema than their ~s~r~Mne& Mwe~boiling isome~ or hom~ogues (Figs. 2 and 3, 
[13-18]). Those observations summarized above may be generafized in the following 
manner: the more in~nse the analyte ~ationary phase ~mractions ffeflec~d in 
relativdy long ~ n t i o n  times), the more sen~five is their chromatograpNc ~ehavior 
to changes both in p~ssure and mmperature. It is Mmresting that ndther  the choice of 
the phase sy~em used for the separation, nor the nature of the test compounds has any 
impa~ on those general findings. This could be concluded from our data as well as 
those cited earfier. 

Although some of the phenomena have been tma~d theoreticMly on a thermo- 
dynamic basis [1 K9 1ZI~ ,  there is still a need for an explanation of the complex 
effects observed and described above. 

M w r a a ~ n  wHh the s m t ~ n a ~  phase 
To inv~f iga~ the infract ions  bmween the analytes and the s ~ t i o n a ~  phase, 

the r~ention behavior of  a large set of compounds  namdy a variety of exNoMv~, 
p r o p d h n ~  and related compounds  was d ~ m ~ e d  on two columns with phases of 
totally diffe~nt s e l e c t i ~ .  The n o m p ~ a r  m ~ h ~  c~umn should display a ~parat ion 
~llowing partition phenomenm whe~as ~ e  cyanoprop~ phen~ column is expecmd 
to show evidence of polar rarefactions. For the two di l igent  columns, the capacity 
ratios of the compounds ~vestigamd are lis~d in Table I. 

Whe~as  the elution order o f ~ e  NM~mMuen~  on the polar DB 225 column is 
fimilar to that obse~ed in ~ v e ~ e d - p h a ~  liqMd chrom~ogmphy (LC) ~1], RDX is 
much ~ ~tMned ~ the LC sy~em. The dution o~de of various e x ~ o s N ~  in our SFC 
~pa r~Mns  is very diffe~nt ~om that observed in other ~ v e ~ e d - p h a ~  LC 
separations ~2 2~. 

There are apparently more fimihrities between GC and SFC ~6-2~;  e~., the 
elufion order of the diffe~nt m o n ~  and ~ M ~ u e n ~  is the ~ m e  in GC Ow~p~t ive  
o f ~ e  cMumn u~d)  as in SFC on the mmhyl cMumn. Th~ obs~vation suggests ~a t ,  M 
the case of this nompMar column, a part i f iom~pe r~enfion mechaMsm is effective. 

T h e ~  a ~  oMy a ~w puN~ations on SFC o f e x N o ~ v ~  ~9 3N. N e v e ~ h d ~  the 
dut ion order of the limi~d n u m b ~  of  compounds Mv~tigamd by ~ o ~  a u ~ o ~  agrees 
well with our results. 

We next ~ c u ~ d  on Mv~tig~ing a likely ~tention mechaMsm ~ r  the 
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TABLE 1 

CAPACITY RATIOS OF ALL E X P L O ~ V E ~  PROPELLANTS A N D  RELATED C O M P O U N D S  
C O N ~ D E R E D  IN THE PRESENT S T UDY 

Compound  SB M ~ h ~ - 1 0 0  DB 225 
(60°C, 83 atm, 11 min, (85"C. 100 atm. I I min, 
3 atm/min,  95 atm) 3 atm/min,  180 ~tm) 

~Ni t ro tNuene  (2-NT) 0.62 0.32 
3-N~rotMuene (3-NT) 0.70 0.38 
4-N~rotNuene (4-NT) 0.77 0.52 
Z~DiNt ro to luene  ~ ,6 -DNT)  1 48 1.38 
~ D i ~ o t ~ u e n e  (2 ,~DNT)  1.98 3.(/8 
2,4-Dinitrotduene ~ ,4 -DNT)  2.06 2.17 
3,4-DinitrotMuene O,4-DNT) 2,36 4.19 
2 ,4 ,~Tf iN~otMuene  (TNT) 2.52 4.71 
Ncfic acid (PA) 3.76 n.e." 
Tetryl 5.20 I 1.00 
l -NilronaphthaDne ( I -NN) 2.67 2.06 
1,5-Dinit ronaphthalene ( I ,&DNN) 4.41 5.67 
1,3-Dinit ronaphth~ene  (1,3-DNN) 4.93 6.23 
~%Dini t ronaphthalene (2 ,>DNN)  6. I3 7.59 
1,8-Dinitronaphth~ene (I ~ - D N N )  7.39 I0.90 
E t h y ~ n e ~ y c d ~ t r a ~  (EGDN) n.r]' 0A6 
D ~ t h ~ e n e g ~ c d d i ~ t r a ~  (DEGDN) n.r. 1.25 
Ni~o~ycef ine  (NG) 1.53 2.48 
DiphenyNmine (DPA) 3.35 2.20 
PETN 3.36 6.98 
N-Ni~oso  ~ p h e n ~ a m ~ e  (NNDPA)  3.61 2.16 
D i b u t ~ p h t h a ~  (DBF) 4.52 1A6 
RDX 4.57 13.30 
D i m h ~ d i p h e n ~ u ~ a  (DEDPU) 4.83 140 
2 -Ni t rod~hen~amine  ~ - N D P A )  5.77 ~40 
HMX n.e. n.e. 
N i t r o q ~ n d ~ e  (NQ) n.e. n.e. 

~ n.e. - N m  d u m d  u r d ~  ~ e  condNons  apN~d.  
~ n.~ - Not retained under ~ e  conNfions app~ed. 

Dipole ~' 

M o m e n t  / EGDN 0 ~DNT ~ 
[D] / o 

0 2 4 6 8 10 12 14 

C a p a c R y  R a t ~  W 

Fg .  4. ~ p o ~  moment  vers~ c a p a d ~  ratio ~ SFC tbr v a r i o ~  ~ o s i v ~  C ~ u m m  D ~ 5  ( 10 m x ~ ~m 
I.D., 0.05 Hm film ~ M k ~  ~ e  T a b ~  1 ~ r  ~ M o ~ .  • l n d M ~  ~ ~ ~ r  ~ n ~ M n  ~ d ~ n  
line. E ~ o r  b a ~  represent ~andard  de~afion of ~ e  mean of dipo~ moment  data ~ u n d  in the H~r~um.  
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m x 100 #m I.D.,, ~25 #m film thicknms); ~e TaNe I ~r (onNfions. 

compounds on the polar DB 225 column, L¢, the effe~ o fd ipo~  momenL Fig. 4 shows 
the elufion order of  the anMy~s on the DB 225 column plowed v e r s u s  their dipole 
moment.  For those compounds not appearing in the graph, data on their dipole 
moment  were not availaNm About  half of  the points am on a ~ r a ~ h t  line (obtNned by 
~near cowdafion cMc~af ion~ c o ~ a t i n g  polarity of the compound and re~nfion on 
the polar cdumn.  

Some compounds showed weaker re~nfion than expecmd con~dering their 
d ipok  moment,  thus falling above the linm Those compounds were tither morn volatile 
spedes (nRrotoluenes, mh~eneNycN d i N ~ a t ~  or there was some steric Nndrance of 
the polar substituents (as in Z3-diN~otoluene and 3 ,4-NN~otoluen~,  which 
influenced the re~ntion. The other group of compounds that did not follow the ~mNe 
co ,c la r ion  bmween dipole moment  and re~ntion exhibi~d stronger r~ention than 
preN~ed.  In other words, thdr  bMk d ipok  moment  was Mwer than expemed based on 
retention. Most m e m b e ~  of this group contNned highly pNar  group~ but in highly 
symm~fical  po~fion~ leading to a low bulk dipole momenL ( e . g . ,  ~ t r i N ~ o -  
toluene, 1,~dini~onaphthMenm PETN and RDX). Diphen~amine  is a very p o l a r  
izable compoun& and therefore was more ~ ronNy retained than would be expec~d 
based on its low ~ p d e  moment.  Con~quenf l~  the retention of the compounds in SFC 
on the DB 225 column may be generally understood as a polar interaction bmween 
~efica~y flee polar sections of the ana ly~ molec~e and the c y a n o p r o p ~ - p h e n ~  
stationary phase. 

A ~milar plot of  the elution order v e n u s  the dipole for the m ~ h ~  cMumn is 
shown in Fig. 5. No ob~ous  co~da t ion  is observed, wNch suggests that the retention 
mechaNsm is not based on a polar ~mract ion of the compounds with the ~afionary 
phase. 
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