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ABSTRACT 

We have shown that a flow cell Fourier transform (FT) IR detector for capillary supercritical fluid chromatography (cSFC) can give 
minimum detection limits which are much lower than any previously reported for on-line cSFC-FT-IR. The system was tested using a 
range of analytes. The following reproducible values were obtained, using supercritical CO, as the mobile phase: 2 ng for a polycyclic 
aromatic hydrocarbon (pyrene) -a rather weak infrared absorber, 95 pg for caffeine -a strong infrared absorber, and ca. 20 pg for the 
organometallic complex (mesitylene)chromium tricarbonyl -which has some intense infrared absorptions. These figures represent an 

improvement by a factor of at least 25 on comparable data in the literature. For caffeine a linear dynamic range of more than three 
orders of magnitude was established for this system. 

INTRODUCTION 

Supercritical fluids are fascinating and unique 
media. In the region of a phase diagram above the 
critical temperature and pressure the physical prop- 
erties are in many ways intermediate between those 
of a gas and a liquid. In particular, the viscosity and 
diffusivity are gas-like, while the density and solvent 
strength approach those of liquids. This combina- 
tion of properties has led to the use of supercritical 
fluids in chromatography (see, for example, ref. 1). 

Supercritical fluid chromatography (SFC) has 
some of the characteristics of gas chromatography 
(GC) and some of high-performance liquid chroma- 
tography (HPLC), and these characteristics have 
ensured for SFC a particular niche, whereby a sig- 
nificant range of samples which are inaccessible to 
GC and HPLC can profitably be studied. Thus, the 
solvent properties of supercritical fluids, and the rel- 
atively low tempeatures at which SFC can be car- 
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ried out, together with chromatographic efficiencies 
approaching those of GC, mean that high-resolu- 
tion chromatography can be performed on high- 
molecular weight and/or thermally labile com- 
pounds (see, for example, ref. 2). 

In many of the reported applications of SFC, the 
detection systems employed have been flame ion- 
isation detection (FID) and UV detection, the latter 
usually at a fixed wavelength. Such detectors can be 
extremely sensitive, but they have one very serious 
drawback. They do not provide any direct informa- 
tion on the identities of the species present in any 
analyte mixture. All that can be achieved is compar- 
ison of retention times with those of standard sub- 
stances, and this technique is only applicable when 
the likely identities of the analytes are known in 
advance. 

Fourier transform (FT) IR spectroscopy is great- 
ly superior to UV or FID detection in that a very 
high proportion of analytes possess characteristic 
infrared spectra, and therefore the spectroscopic 
identification of individual species is possible [3]. 
However, there are compensating disadvantages in 
the use of FT-IR detection. The chief among these 
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is that the intensity of infrared absorption is very 
much less than that in the UV region, and this im- 
poses severe restrictions on the design of any FT-IR 
detector. It has, however, been possible to make use 
of FT-IR detection in GC [4], although there re- 
main problems in GC-FT-IR associated with the 
need to maintain the flow cell at a high enough tem- 
perature. HPLC-FT-IR is subject to very serious 
restrictions, because most of the available liquid 
mobile phases are themselves strong infrared ab- 
sorbers, and the use of concentration-gradient elu- 
tion methods makes effective subtraction of solvent 
spectra virtually impossible. Hence, on-line HPLC- 
FT-IR has a very limited potential. 

Two very convenient supercritical fluids, how- 
ever;, CO2 and xenon, leave regions of the infrared 
spectrum free of absorption. Indeed xenon possess- 
es no infrared absorptions at all and therefore leav- 
es the whole infrared range free [5]. There are two 
principal means by which FT-IR spectra can be ob- 
tained from SFC analyte mixtures: solvent-elimina- 
tion and on-line methods. Both have been described 
in some detail by Taylor and Calvey [6]. The former 
technique, as the name implies, involves removal of 
the solvent and deposition of solid analyte on a 
moving substrate, which can then be subjected at 
leisure to FT-IR analysis [7]. The resulting spectra 
can then be matched to condensed-phase spectral 
library data [f&9] for species identification. 

On-line SFC-FT-IR involves recording the spec- 
trum of an analyte while still in the (supercritical) 
mobile phase, and here the chief problem is that the 
cell used to record the spectra must be of small vol- 
ume compared to the volume of mobile phase con- 
taining a single chromatographic peak. For packed- 
column SFC this is not so difficult, but for capillary 
SFC (preferred in many cases for reasons to be dis- 
cussed below) the technical problems in construct- 
ing an on-line flow cell for FT-IR detection are for- 
midable. Nevertheless, there have been a number of 
published reports of such systems [lo, 111. Good sig- 
nal-to-noise ratios are attainable despite the limited 
number of FT-IR scans that can be carried out in 
the time taken to scan across a chromatographic 
peak. A possible modificatin of the on-line SFC- 
FT-IR method is to use a stopped-flow technique. 
The mobile phase can be switched from the FT-IR 
cell to a by-pass line and the spectrum recorded lat- 
er [12]. 

Although FT-IR alone is very useful for identify- 
ing unknown analyte spectra, no single detection 
technique can give enough information for unam- 
biguous speciation in all possible analytical mix- 
tures. It is, therefore, our aim to construct a “mul- 
tiply-hyphenated” analytical system, with sequen- 
tial UV, FT-IR, FID and/or mass spectrometric de- 
tection [13]. The resultant data would be vastly 
more informative than results obtainable from any 
single detection technique. It has been decided to 
use capillary SFC (cSFC) as the method of choice, 
despite the more stringent volume requirements for 
the FT-IR cell, as pressure-programming is much 
easier than with packed-column SFC. Capillary col- 
umns also enable very high chromatographic effi- 
ciencies to be achieved, and the flow-rates are to be 
preferred when using expensive and/or toxic mobile 
phases. 

The first stage in developing such a system has 
been to construct an on-line cSFC-FT-IR system, 
with a flow-cell FT-IR detector. In order that the 
analytical system should be compatible with stan- 
dard chromatographic equipment, care was taken 
to design the cell so that it could be used in existing 
commercial FT-IR spectrometers. The cell develop- 
ment has been described in detail [5], together with 
some preliminary results [14], showing that excel- 
lent FT-IR spectra and chromatograms (recon- 
structed from measurements of total infrared ab- 
sorption overtime) can be obtained. 

We wish now to report some further significant 
developments with this apparatus: (1) determina- 
tion of minimum detection limits with on-line 
cSFC-FT-IR for several types of analyte; and (ii) 
establishment of the linear dynamic range [15] of 
amounts of material which can be determined by 
cSFC-FT-IR. 

RESULTS AND DISCUSSION 

Experimental 
The cSFC-FT-IR system, see Fig. 1, used a 

Brownlee Microgradient pump (Anachem) for de- 
livery and pressure programming of the mobile 
phase. The outlet of the pump was connected via a 
length of stainless steel tubing (1.6 mm O.D. x 0.25 
mm I.D.) to the injection valve. This was a Valco 
C14W two-position switching valve (Anachem) 
with an internal loop of lOO-nl volume and was lo- 
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Fig. 1. A schematic diagram of the cSFC-FT-IR system. I = 
Mobile phase cylinder, 2 = syringe pump, 3 = injection valve, 
4 = GC oven, 5 = capillary column, 6 = capillary transfer line, 
7 = FT-IR flow cell, 8 = FT-IR spectrometer, 9 = flame ion- 

isation detector. 

cated on the door of an 8500 GC-oven (Perkin-El- 
mer). The SFC capillary column (Lee Scientific, 
from Dionex, Camberley, UK), was installed inside 
the GC oven and connected directly to the valve. 
Samples of 100 nl were introduced onto the column 
by direct injection. The column outlet was connect- 
ed to a 50 cm x 50 pm I.D. uncoated, deactivated 
fused-silica capillary transfer line (S.G.E., Milton 
Keynes, UK) using a zero dead-volume butt-con- 
nector (S.G.E.) which passed through the oven wall 
and was connected to the FT-IR flow-cell. 

Two differnt flow cells were used in the experi- 
ments described in this paper. Their volumes were 
980 nl (path length 5 mm) and 500 nl (path length 
4.5 mm), respectively. The cell in use was installed 
in the sample compartment of a 1760-X FT-IR 
spectrometer (Perkin-Elmer) fitted with an mercury 
cadmium telluride detector. After the flow cell a sec- 
ond transfer line was used to return eluent to the 
GC-oven. This transfer line was butt-connected to a 
frit restrictor (Lee Scientific) which was then inter- 
faced to the flame ionisadon detector of the GC. 
Following injection IR data were collected using the 
standard GC-IR software of the spectrometer. 

The mobile phase was SFC grade COZ (Air Prod- 
ucts, Rotherham, UK). Caffeine (Aldrich, Gilling- 
ham, UK) and pyrene (B.D.H., Poole, UK) were 
both of 99% purity, and used without further puri- 
fication. 

Detection limits with cSFC-FT-IR 
The sensitivity of any detection technique can be 

defined in a number of ways, but a convenient con- 

cept is that of the injected minimum detectable 
quantity (IMDQ), as defined originally by Griffiths 
[16]. The IMDQ for any substrate is defined as that 
quantity which gives a detector response with a sig- 
nal-to-noise (S/N) ratio of approximately 3, which 
can be regarded as the minimum acceptable value 
for clear identification of a peak. 

Among detection techniques that have been used 
for SFC, the following are the best reported values 
for IMDQ: (i) scanning UV detection, approxi- 
mately 3 pg for naphthalene and anthracene [17]; 
(ii) fluorescence detection, also approximately 3 pg 
for pyrene [18]; and (iii) electron capture detection, 
in favourable cases the most sensitive of the tech- 
niques reported, 27&640 fg for several polychlor- 
inated biphenyls [19]. Such figures, however, are on- 
ly attainable in favourable cases for each of these 
techniques and is important to be able extend the 
number of detection methods so as to encompass 
the widest possible range of analytes. 

As FT-IR is generally regarded as a less sensitive 
chromatographic detection technique than, for ex- 
ample, UV, it is important to determine the mini- 
mum detection limits for analytes by this method 
and to show that these are small enough to enable 
FT-IR detection to play a significant role in SFC 
detection. As indicated in the Introduction, there 
have been two distinct approaches to interfacing 
FT-IR with SFC: on-line flow-cell detection [lo], 
and solvent elimination [6]. The latter is clearly in- 
appropriate for “multi-hyphenation” of detection 
methods, although in principle it can be made more 
sensitive, as it is possible to carry out a very large 
number of FT-IR scans to improve signal-to-noise 
ratios. One report [7] of such an experiment showed 
that 1.4 ng of indole-3-acetic acid, after 1000 scans, 
gave a clear spectrum, with a signal-to-noise ratio 
for the carbonyl stretching mode (vC=O) of ap- 
proximately 20. 

In order to achieve our goal of “multiple-hyph- 
enation”, however, it is necessary to use on-line FT- 
IR detection. This is, of course, restricted to rather 
a small number of scans, as the spectrum has to be 
recorded during the time it takes for a chromato- 
graphic peak to pass through the cell. Under such 
conditions, the lowest reported value for the inject- 
ed minimum detectable quantity (IMDQ) for 
strong infrared absorber is 2.5 ng for caffeine, 
where the strongest vC=O band had a signal-to- 
noise ratio of approximately 3 [l 11. 
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Fig. 2. FT-IR spectra of the vC=O region for caffeine in super- 
critical CO,. The injected quantities of caffeine are shown for 
each spectrum. Experimental conditions: column: 10 m x 50 nm 
I.D.; stationary phase: 5% phenyl-substituted polymethylsilox- 
ane; temperature: 100°C; mobile phase: CO,; program: linear 
pressure ramp from 90 to 400 atm at 10 atm/min; injection: 100 
nl direct, solution in dichloromethane; detection: FT-IR flow cell 

(500 nl) at 25°C. 

Using the Nottingham on-line cSFC-FT-IR ap- 
paratus, we have recorded the FT-IR spectrum of 
caffeine in the vC= 0 region (15OCL1900 cm - ‘) for a 
range of injected quantities. Fig. 2 shows the spec- 
tra obtained for injected amounts of 580, 290 and 
95 pg of caffeine in supercritical COz as the mobile 
phase. In each case the background CO* spectrum 
had been subtracted, and the resulting spectra show 
clearly the expected two vC=O bands of caffeine. 
Witj an injected quantity of 95 pg, the signal-to- 
noise ratio is reaching the lowest acceptable limits, 
and so in this experiment we can regard 95 pg as the 
IMDQ for caffeine. This represents a dramatic im- 
provement on any published results (i.e. by a factor 
of more than 25). 

It was also decided to investigate the IMDQ for a 
species which is a much weaker infrared absorber 
than caffeine, and a polycyclic aromatic hydrocar- 
bon (PAH) was chosen, specifically pyrene. The on- 
ly report of an estimated IMDQ for on-line cSFC- 
FT-IR detection of PAHs [lo] suggested that the 

value was approximately 100 ng. The FT-IR spec- 
tra of a range of injected quantities of pyrene are 
shown in Fig. 3, with a characteristic peak, due to 
an out-of-plane C-H deformation of the hydrocar- 
bon, at 847 cm-‘. With the accepted definition of 
IMDQ, i.e. S/N not less than 3, this figure shows 
that 3 ng of pyrene can be detected by cSFC-FT-IR 
with supercritical CO2 as the mobile phase. Al- 
though approximately 30 times better than previous 
results by this technique for PAHs, this quantity is 
still some three orders of magnitude worse than can 
be achieved by scanning UV detection for such a 
molecule [17], and FT-IR will not be the method of 
choice for detection of low levels of PAHs. How- 
ever, use of supercritical xenon as the mobile phase 
enables strong infrared bands of PAHs ca. 700 
cm-l, which are highly characteristic of individual 
species, to be detected in cSFC-FT-IR [14], and this 
will be of use in differentiating PAHs with similar 
UV spectra. 

Many transition-metal carbonyl and organomet- 
allic complexes find use as catalyst materials, and 
the detection of residues of such compounds is like- 
ly to become an analytical priority. In order to test 
the feasibility of detecting small quantities of an or- 
ganometallic complex, we have determined the 
IMDQ for (q-mesitylene)chromium tricarbonyl, 
(1,3,5-C6H3Me3)Cr(CO)3. In common with all oth- 
er transition metal carbonyl complexes, this pos- 
sesses very strong infrared absorptions in the v E 0 
range (1800-2000 cm-‘), and Fig. 4 shows the 
cSFC-FTIR spectra from injected quantities of 

M. 1000 cm 610 

Fig. 3. FT-IR spectra of pyrene in the out-of-plane C-H defor- 
mation region. The injected quantities are shown for each spec- 
trum. Experimental conditions as for Fig. 2. 
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Fig. 4. FT-IR spectra of (mesitylene)chromium tricarbonyl in the 
carbonyl stretching region. The injected quantities are shown for 
each spectrum. Experimental conditions as for Fig. 2. 

mesitylenechromium tricarbonyl down to 48 pg. 
The spectrum of the 48 pg sample has a S/N ratio of 
about 6, and so in this case we can estimate the 
IMDQ at approximately 20-25 pg. Thus cSFC-FT- 
IR is potentially a very powerful method for the 
detection of small residual amounts of transition 
metal carbonyl complexes. 

Our results show that, with careful design of an 
FT-IR flow cell, it is possible to make on-line FT- 
IR a very versatile and sufficiently sensitive detec- 
tion method for cSFC. In addition, as has already 
been shown [14,20], and further discussed below, 
the resulting FT-IR spectra are invaluable for iden- 
tification of unknown species in an analyte mixture. 

Linear dynamic range of cSFC-FT-IR 

In order to be of use in the quantitative determi- 
nation of analytes, any detection system used in 
chromatography should have a wide linear dynamic 
range, i.e., the detector should respond linearly to 
concentration changes for a given species. Infrared 
absorption is subject to the Lambert-Beer Law, i.e., 
the absorbance is directly proportional to the con- 
centration of the absorbing substance and the path 
length of the cell. The later is fixed in our cell, and 
so absorbance at any given wavenumber corre- 
sponding to a vibrational mode of the analyte 
should depend linearly on the concentration. 

Shah et al. [ll] showed that the Lambert-Beer 
law was obeyed for caffeine in supercritical CO? for 

injected amounts of 2.5 to 50 ng, for a range of just 
over one order of magnitude. As part of the same 
series of experiments which was reported in the pre- 
vious section, to determine the IMDQ value for caf- 
feine using our FT-IR flow cell, we injected 
amounts of caffeine from 95 pg to 170 ng, i.e., over 
a range of more than three orders of magnitude. 
Fig. 5 is a Lambert-Beer law plot for the vC=O 
peak of caffeine at 1675 cm-‘, showing that the 
linear dynamic range available for this FT-IR de- 
tection method covers at least three orders of mag- 
nitude. Extension to significantly larger amounts of 
material is limited only by the capacity of the chro- 
matographic column employed, and by moving to 
packed capillary or even packed columns for the 
chromatographic separation the linear dynamic 
range will be extendable by several further orders of 
magnitude. 

Quantitative determination of amounts of ana- 
lyte is clearly possible using a cSFC-FT-IR system, 
for analytes which possess at least one strong ab- 
sorption band in the infrared range. The present 
experiment used supercritical COz as the mobile 
phase, for which some parts of the infrared spec- 
trum are inaccessible due to CO2 absorption. As we 
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Fig. 5. Plot of the absorbance of the 1675 cm-’ (vC=O) band of 
caffeine wwus quantity injected for cSFC analysis over the range 
95 pg to 170 ng. 
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have shown previously [2], supercritical xenon is a 
superior mobile phase from this point of view, as it 
has no infrared absorptions, leaving the whole 
range available for observation of solute peaks. 

CONCLUSION 

We have demonstrated that on-line FT-IR detec- 
tion following cSFC can lead to very much lower 
minimum detectable quantities than had previously 
been reported. These were 2 ng for pyrene, less than 
100 pg for caffeine, and approximately 20 pg for 
(mesitylene)chromium tricarbonyl. In addition, the 
FT-IR detection has a linear dynamic range of at 
least three orders of magnitude, limited for larger 
amounts only by the column capacity. 

Our results show that cSFC-FT-IR, with its very 
great potential for the identification of large num- 
bers of individual analytes, is limited very much less 
by sensitivity constraints than had been thought. It 
is proposed in future work to extend the system in 
two principal ways. The first is to include a variable- 
wavelength UV detector, to obtain UV spectra of 
the individual components, and a mass spectrom- 
eter, to produce a “multiply-hyphenated” analyt- 
ical system, cSFC-UV-FT-IR-MS. Secondly, it 
will be possible to use the wealth of spectroscopic 
information that will be generated by this sequence, 
in conjunction with the appropriate spectral librar- 
ies. To identify components for a very wide range of 
analyte mixtures. In the long term, the development 
of an expert system will covert such a procedure 
into an analytical technique of unprecedented pow- 
er and generality. 

ACKNOWLEDGEMENTS 

We are grateful to Perkin-Elmer Ltd. and British 
Petroleum for their generous support of the Not- 
tingham Analytical Group, and to the government 
of the Republic of Turkey (for financial support of 
M.K.). We thank Professor J. J. Turner and Dr. S. 
M. Howdle for helpful discussions, and Messrs. D. 
R. Dye, J. M. Whalley and J. G. Gamble for invalu- 
able technical assistance. 

T. J. Jenkins et al. / J. Chromatogr. 626 (1992) 53-58 

REFERENCES 

1 C. M. White (Editor), Modern Supercritical Fluid Chroma- 

tography, Htithig, Heidelberg, Germany, 1988. 
2 M. L. Lee and K. E. Markides (Editors), Analytical Super- 

critical Fluid Chromatography and Extraction, Chromatogra- 
phy Conferences, Provo, UT, 1990. 

3 K. D. Bartle, M. W. Raynor and P. R. Griffiths, in M. L. Lee 
and K. E. Markides (Editors), Analytical Supercritical Fluid 

Chromatography and Extraction, Chromatography Confer- 
ences, Provo, UT, 1990, pp. 245-263. 

9 

14 

15 

16 

17 

18 

19 

T. Hirschfeld, Appl. Spect;osc., 39 (1985) 1086. 
T. J. Jenkins, Ph. D. Thesis, University of Nottingham, 1991. 
L. T. Taylor and E. M .calvey, Chem. Rev., 89 (1989) 321. 
P. R. Griffiths, S. L. Pentoney, G. L. Pariente and K. L. 
Norton, Mikrochim. Acta, 3 (1987) 47. 

M. W. Raynor, K. D. Bartle, I. L. Davies, A. Williams, A. A. 
Clifford, J. M. Chalmers and B. W. Cook, Anal. Chem., 60 

(1988) 427. 
M. W. Raynor, I. L. Davies, K. D. Bartle, A. A. Clifford, A. 
Williams, J. M. Chalmers and B. W. Cook, J. High Resolut. 
Chromatogr. Chromatogr. Commun., 11 (1988) 761. 
M. W. Raynor, A. A. Clifford, K. D. Bartle, C. Reyner, A. 
Williams and B. W. Cook, J. Microcol. Sep., 1 (1989) 101. 
S. Shah, M. Ashraf-Khorassani and L. T. Taylor, Chromato- 

graph& 25 (1988) 631. 
M. W. Raynor, K. D. Bartle, A. A. Clifford, M. Cleary and 
B. W. Cook, unpublished results. 
M. Poliakoff, G. Davidson, M. A. Healy, T. J. Jenkins, M. 
Kaplan and M. R. Simmonds, in M. A. McHugh (Editor), 
Proceedings 2nd Int. Symposium on Supercritical Fluids, Bos- 
ton, MA, May 2G22, 1991, Department of Chemical Engi- 
neering, Johns Hopkins University, Baltimore, MD, 1991, p. 
447. 
M. A Healy, T. J. Jenkins and M. Poliakoff, Trends. Anal. 

Chem., 10 (1991) 92. 
H. H. Hill, Jr., in M. L. Lee and K. E. Markides (Editors), 
Analytical Supercritical Fluid Chromatography and Extrac- 

tion, Chromatography Conferences, Provo, UT, 1990, p. 193. 
P. R. Griffiths, in J. R. Ferraro and L. J. Basile (Editors), 
Fourier Transform Infrared Spectroscopy, Vol. 1, Academic 
Press, New York, 1978, p. 143. 
S. R. Weinberger and D. J. Borhop, J. Microcolumn Sep., 1 
(1989) 90. 
J. C. Fjeldsted, B. E. Richter, W. P. Jackson and M. L. Lee, 
J. Chromatogr., 279 (1983) 423. 
H.-C. K. Chang and L. T. Taylor, J. Chromatogr. Sci., 28 

(1990) 29. 
20 P. R. Griffiths, S. L. Pentoney, A. Giorgetti and K. H. Sha- 

fer, Anal. Chem., 58 (1986) 1349A. 


