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Multiple absorbance ratio correlation - a new approach for 
assessing peak purity in liquid chromatography 
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SUMMARY 

The theory of multiple absorbance ratio correlation (MARC), a novel method 
for examining chromatographic peaks, is presented. The MARC hypothesis provides 
a method for examining chromatographic peaks for homogeneity, identity and puri- 
ty, operating on multi-wavelength data sets which do not contain full spectra. Para- 
xanthine (PX) is an endogenous caffeine metabolite which is spectrally similar (r > 
0.99) to theophylline (TH) and which often coelutes with it. Multi-wavelength data, 
collected using an HP1040A diode-array detector, for a series of binary mixtures of 
TH and PX (0.7 c R, < 2.9; &50% PX), was analysed using MARC. The algorithm 
calculates a correlation factor between an internal (for homogeneity) or an external 
(for identity) reference 5-point vector and a similar 5-point vector acquired at sequen- 
tial time intervals throughout the peak being investigated. For samples where the 
binary peak was homogeneous, limits of detection for PX of 1% (w/w) were obtained. 
This compared with limits of 5-10% (w/w) for the standard absorbance ratio (AR) 
method. MARC was found to be less sensitive to wavelength choice than AR. The 
sensitivity of MARC was independent of the chromatographic resolution. 

INTRODUCTION 

One of the main problems associated with chromatographic method devel- 
opment is the determination of the purity or homogeneity of the analyte peaks. With 
the advent of computer-aided UV-VIS detection methods, notably in the form of 
diode-array detection (DAD), chemometric methods have been developed which en- 
able the analyst to verify the homogeneity and/or identity of peaks by manipulating 
the spectrochromatographic data setlv4. However, these methods are very computer 
intensive and confidence in the results is governed by the operators appreciation of 
the limitations of the algorithms employed5*6. 

The potential for using UV-absorbance data, at’s defined number of wave- 
lengths, for peak deconvolution and solute identification was first recognised in a 
theoretical analysis by Ostojic’. Due to a lack of suitable detector technology, initial 

’ Present address: Control Development, Upjohn Ltd., Fleming Way, Crawley RHlO 2NJ, U.K. 
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application of the theory required repeated analysis, two detectors in series or stop- 
flow conditions*-“. However, the advent of multi-wavelength detectors permitted 
the necessary data to be collected simultaneously in one analysis’ I*1 2. Subsequently, 
various workers have investigated the limitations of the theory of absorbance ratioing 
as it is applied in the chromatographic environment’3*14. In order to overcome the 
constraints imposed by the choice and number of wavelengths used without resorting 
to the use of computer-intensive chemometric methods, Whitels,16 has proposed the 
use of three or more absorbance ratio values to characterise a compound. A slightly 
different approach has been proposed as a general screening method by Poile and 
Conlon’7 who utilised data extracted at nine pre-defined wavelengths from the apical 
spectrum as a measure of ‘peak purity’. The algorithm employed by Alfredson and 
Sheehan’* also utilises data collected from pre-defined areas of the apical and in- 
flection point spectra as a means of evaluating the ‘purity’ and identity of the chroma- 
tographic peak. If the identity of at least one of the eluting components is known then 
spectral suppression, using two discrete wavelengths19-21, may be used. In the more 
general application of this principle, where N (N > 2) components overlap, it is 
appropriate to operate on an over-determined data set, i.e. one in which N+ 1 wave- 
lengths are used. This has been demonstrated using the multiple spectral suppression 
algorithm, where data sets incorporating up to eight discrete wavelengths can be 
usedzzVz3. 

Provided there is an adequate data sampling rate, the correlation between ad- 
jacent time-point spectra collected in DAD should always be 1 24. Any deviation from 
unity is indicative of a change in the retention characteristics of spectrally-dissimilar 
co-eluting components. Consequently, if a known spectrum is used as the correlation 
template, then variations in the resulting correlation coefficient, with time across the 
peak, will provide an indication of peak homogeneity. This approach forms the basis 
of the multiple absorbance ratio correlation (MARC) algorithm. If the apical spec- 
trum is used as the reference spectrum the process is said to be internally referenced 
and is referred to as IMARC. However, if a spectrum of known purity and identity 
e.g. from a spectral library, is used the results from this externally referenced applica- 
tion (EMARC) will not only provide the analyst with an estimation of peak homoge- 
neity but also of possible identity. As data from more than two independent domains 
are being examined and the results compared to those for a reference of known 
quality24,25, the EMARC results will give an estimation of both the homogeneity and 
purity of the peak. 

In order to test this hypothesis it was necessary to modify the practical applica- 
tion of the theory, outlined above. The memory capacity of the computer controller 
for DAD was not sufficient to permit whole spectra to be used in each time-point 
calculation. Consequently, the data used to represent the reference and test spectra 
had to be reduced. As the probability of five or more components co-eluting in 
practice is 10w~~*‘~, monitoring simultaneously at six independent wavelengths will 
produce an over-determined data set sufficient for most applications. This modifica- 
tion allows the reference and test spectra to be represented by reduced data set (RDS) 
vectors of up to six points each. The resultant multi-chromatographic data set is 
therefore a user-defined subset of the total spectrochromatographic data set, differing 
only in the number of wavelength components included. 

Beer’s law states that for a pure chemical species, there is a linear relationship 
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between concentration and absorbance at every wavelength. One of the fundamental 
principles of rapid scanning detectors, including DAD systems, is that the change in 
concentration with time is negligible compared to the time taken to scan between the 
various wavelengths. Consequently, the ratio of absorbances at two or more wave- 
lengths, at any time point in a chromatogram, becomes the ratio of the extinction 
coefficients. As the extinction coefficient at each wavelength is an intrinsic property of 
a compound, the ratios will also be characteristic, especially if more than one pair of 
wavelengths is used ‘*13*15 It follows, therefore, that the normalised values in the . 
six-point RDS vector should also be distinctive. Therefore, rather than compare 
individual RDS vector components between the reference and unknown compound, 
a more rapid initial screen can be performed using the algebraic sum of the RDS 
vector components (SUM). 

The major objectives of the work described here were to translate the MARC 
hypothesis into a working algorithm on a currently available DAD system and to 
evaluate the subsequent performance using a binary mixture of spectrally similar 
compounds at different chromatographic resolutions. 

EXPERIMeNTAL 

The liquid chromatograph consisted of an LDC Constametric 3000 dual recip- 
rocating piston pump (LDC-Milton Roy, Riviera Beach, FL, U.S.A.) and an in- 
jection valve fitted with a 50-~1 loop (Model 7125; Rheodyne, Berkeley, CA, U.S.A.) 
through which samples were introduced using a 100~,ui syringe (SGE, Ringwood, 
Australia). The 100 x 8 mm I.D. Nova-Pak Cia Radial-Pak cartridge was held in an 
RCM 100 module (Waters Millipore, Millford, MA, U.S.A.). 

The Hewlett-Packard (HP) 1040A DAD system was set up to monitor six wave- 
lengths simultaneously: 204, 220, 240, 250, 268 and 284 nm (all f 2 nm), against a 
common non-absorbing wavelength of 550 f 20 nm. The HP 1040A was controlled 
from an HP 85A computer through an HP-IB interface. An HP 9121 dual disk drive, 
an HP 2225A “think-jet” printer and an HP 7470 plotter were also connected to the 
computer via other HP-IB connections. The original HP 85A specifications were 
enhanced through the addition of read only memory modules for input/output and 
printer-plotter communications and available memory (expanded by 16K) (Hewlett- 
Packard, Waldbronn, F.R.G.). 

Theophylline (1,3_dimethylxanthine, TH) and paraxanthine (1,7-dimethylxan- 
thine, PX) were used as received (Sigma, St. Louis, MO, U.S.A.). Single-component 
and mixed solutions were made up in and diluted with methanol-water (20:80, v/v). 
The mixtures contained a constant concentration of TH (52.51 pg ml-‘) and variable 
concentrations of PX (0.525-52.5 pg ml-‘). Methanol and acetonitrile were both 
HPLC grade and used as received (Rathburn Chemicals, Walkerburn, U.K.). 

Based on the method proposed by Butrimovitz and Raisys2* three different 
mobile phases were developed. In each case the flow-rate was 1.5 ml min-’ and the 
mobile phase comprised varying combinations of methanol-acetonitrile-sodium ace- 
tate (20 mM, adjusted to pH 5 with acetic acid), depending on the degree of sep- 
aration required between the two analytes. The three specified values of resolution 
(&) were 0.7, 1.26 and 2.9, for which the respective mobile phase compositions were 
0:10:90, 10:8:82 and 28:0:72 (all v/v/v). 
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RESULTS AND DISCUSSION 

Between 1967 and 1987 over 860 papers on the subject of TH analysis were 
recorded by the Chemical Abstracts reference system, of which 33% were for HPLC- 
based analytical methods. TH is a drug with a therapeutic window of 5-20 pg ml- ‘. 
The consequences to the patient of clinical concentrations outside of these limits have 
been widely discussed elsewhere 2g-33 Recently, however, concern has been raised . 
over the interference of endogenous components in the quantification of TH by the 
established HPLC methods. PX is a structural isomer of TH and is a metabolite of 
both caffeine and TH and endogenous levels of PX have been established as one of 
the reasons for over-estimating the concentrations of TH in blood samples3”38. 

The wavelengths used to test the algorithm were chosen to cover the spectral 
range 200-350 nm. Although some reference was made to the spectra of TH and PX 
(Fig. l), the detection wavelengths were not necessarily chosen to be specific for those 
two compounds, apart from the criteria that there should be significant absorption at 
all wavelengths. Spectrally TH and PX are very similar (r = 0.9947). Examination of 
spectrochromatographic data sets indicates that, unless baseline resolution can be 
assured, co-elution of TH and PX could readily go undetected or be assigned as a 
column malfunction (Fig. 2a-c). 

As with absorbance ratio plots’4*3g it was necessary to modify the graphical 
scale on which the results of the MARC algorithm were viewed, in order to visually 
emphasize any changes in the correlation coefficient across the peak. Miller and 
Miller4’ suggest that a two-tailed t-test can be used, with N- 2 degrees of freedom (N 
= number of wavelengths monitored), to calculate a value for “t” below which 
changes in r (the correlation coefficient) are not significant. Using eqn. 1 and N = 6 

t = r (N - 2)+ (1 - r2)-+ (1) 

t = 2.776 whenp = 0.05 and t = 4.604 whenp = 0.01. These give limits of r 2 0.82 
and r > 0.92, respectively. These confines therefore provide the scale against which 
changes in the values of r can be assessed. 

I” - 0.9947 

PARRXANTHINE THEOPHYLLINE 

226 240 260 290 300 320 340 
W8vmlengt.h Cnm) 

Fig. 1. Comparison of normalised theophylline and paraxanthine spectra collected on-line. See text for 
chromatographic conditions for R, = 2.9. 
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Again, analogous to absorbance ratio 40, there are two significant values for the 
correlation coefficient: the maximum value obtained (r,& and the mean value calcu- 
lated across the peak (rmean). Each of the two utilities provides a different amount of 
information about the content of the peak under investigation. When the IMARC 
algorithm is used the reference RDS vector will be that extracted at the apex of the 
peak under investigation. With the EMARC algorithm the identity of the reference 
RDS vector will be signified by EMARC( where X is the identity of the reference 

Fig. 2. 
(Continued on p. 294) 
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compound. The IMARC and EMARC algorithms are identical in their 
apart from the source of the reference RDS vector used in the calculation 

operation 

The selectivity of the EMARC algorithm was evaluated using the bil nary solu- 
tions of PX and TH chromatographed under the R, = 2.9 conditions described 
above. Application of EMARC and EMARC to the TH peak : gave the 
results for rmax shown in Fig. 3. The mean r,,.,,, result which was obtained following 
application of EMARC was 0.9950 f 0.16% relative standard deviation 

Fig. 2. 
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(R.&D.), encompasses the correlation value calculated between the full spectra for 
TH and PX of 0.9947. This indicates that the reduction from > 70 individual wave- 
length points in the total spectrum to the 6 points used in the practical application of 
the algorithm has not proved detrimental to the performance of the algorithm. 

When the two components partially overlap (R, = 1.26) the respective 

Fig. 2. Pseudo-three-dimensional and the corresponding contour plot representations of the full spectro- 
chromatographic data sets for a mixture of theophylline (TH; 52.51 pg ml-‘) and paraxanthine (PX; 52.5 
pg ml-‘) chromatographed under three different resolution conditions : (a) R, = 2.9, (b) R, = 1.26 and (c) 
R, = 0.7. See text for chromatographic conditions. 
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0 5 10 15 20 2.5 30 35 40 45 50 55 

Paraxanthine concentration @g/ml) 

Fig. 3. The rmnx results following application of EMARC (a) and EMARC (0) to the theophyl- 
line peak. R, = 2.9; see text for chromatographic conditions. 

EMARC rmean values reflect the relative proportions of TH and PX in the mixed peak 
(Fig. 4). By definition, if there is an area in the binary peak where only one compo- 
nent elutes, the EMARC rmax value for that component will be 1. As this is the case 
for both components, monitoring the difference between r,,, and rmean increases the 
apparent discrimination of the method (Fig. 5). 

With minimal resolution between the two components (R, = 0.7) the conclu- 
sions drawn from the basic r,,, values are not as distinct as in the previous applica- 
tions (Fig. 6). However, discernment may be improved by monitoring a linear func- 
tion of the difference between the IMARC and EMARC rmean values (Fig. 7). In this 
latter case the crossover point of the (IMARC-EMARC) graphs represents the 
equiabsorptive mixture, i.e. an equal contribution from each of the components to the 
total multichromatographic absorbance of the composite peak. 

0.998 

0 5 10 15 20 25 30 35 40 45 50 55 

Paraxanthine concentration (pg/ml) 

Fig. 4. The rmesn results following application of the MARC algorithm to binary mixtures of paraxanthine 
and theophylline: LI = IMARC; B = EMARC( 0 = EMARC( R, = 1.26; see text for 

chromatographic conditions. 
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01 I I I I I , 1 1 1 1 

0 5 10 15 20 25 30 35 40 45 50 55 

Paraxanthine concentration bQ/ffIl) 

Fig. 5. Improvement in the discrimination of the EMARC (A) and the EMARC (0) obtained 
by monitoring the value of the difference rmar - r,,_. R, = 1.26; see text for chromatographic conditions. 

As well as monitoring the r,., and r,,,,,, values it is possible to monitor the 
IMARC SUM values. Table I indicates that these measurements are concentration 
independent and analyte specific for PX and TH. Fig. 8 indicates that the IMARC 
SUM value is linearly proportional to the PX content of the peak, at the time point 
when the value is calculated. The difference in the gradients of the two graphs corre- 
sponding to the chromatographic conditions Rs = 0.7 and R, = 1.26 is an indication 
of the extent to which the PX peak extends under the apex of the resultant binary 
peak. 

Calculation of the maximum value of the absorbance ratio between the signals 
monitored at 220 and 268 nm (Azzo/A2& for the TH peaks (R, = 2.9 and 1.26) and 
the fused peaks (R, = 0.7) gave the results presented in Fig. 9. As the results for the 
TH peak under the chromatographic conditions for R, = 2.9 and 1.26 were not 
significantly different only one set of results has been plotted. Whereas the peak 

Paraxanthine concentration @g/ml) 

Fig. 6. The r_ results following application of the MARC algorithm to binary mixtures of paraxanthine 
and theophylline: a = IMARC; V = EMARC( 0 = EMARC( R, = 0.7; see text for chroma- 
tographic conditions. 



J. G. D. MARR et al. 

65 

60 

55 

0 5 10 15 20 25 30 35 40 45 50 55 

Paraxanthine concentration @g/ml) 

Fig. 7. Improvement in the discrimination of the MARC algorithm by monitoring the difference in the 
rmePn values obtained using IMARC and EMARC: A = IMARC - EMARC( 0 = IMARC - 
EMARC( R, = 0.7; see text for chromatographic conditions. 

height measurements, at 220 nm, increased linearly in proportion to the PX concen- 
tration (in pg ml- ‘) in the mixtures, the corresponding absorbance ratio graph is 
curvilinear. (The reverse situation occurs if the PX concentration is expressed as 
“percentage total xanthine content in the mixture”.) Therefore, unlike the IMARC 
SUM method where the comparative graph of IMARC SUM vs. PX concentration 
(pg ml-‘) was linear (R, = 0.7, Fig. 8), the absorbance ratio method could only be 
used as a relative method for determining the concentration of PX in the mixture. In 
the former case there was an observable change in the IMARC SUM value of the 
mixture containing 0.525 pg ml-’ compared to that for TH alone, whereas the PX 
concentration must be greater than 5 pg ml-’ before any significant change in the 
absorbance ratio is recorded. 

TABLE I 

SELECTIVITY AND STABILITY OF SUM MEASUREMENT FOR PX (5.25-52.5 pg/ml) AND TH 
(52.51 pg/ml) 

For chromatographic conditions see text. 

Sample N IMARC component wavelength (nm) SUM 

204 220 240 250 268 284 

TH 
Mean 18 1.0000 0.2528 0.1070 0.1679 0.4200 0.1915 2.1391 
R.S.D. 0 0.12 0.56 0.92 0.43 0.47 0.18 

PX 
Mean 12 I .OOoo 0.3141 0.1214 0.1955 0.4108 0.1363 2.1780” 
R.S.D. 0 0.76 2.31 2.10 2.19 2.42 0.98 

’ Mean values are significantly different; p= 0.05. 
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2.24 

0 5 10 15 20 25 30 35 40 45 50 55 

Paraxanthine concentration (yg/ml) 

Fig. 8. Values of the IMARC SUM for the theophylline peak resolved from or coeluting with paraxanthine 
in a series of binary mixtures containing constant theophylline concentrations (52.51 pg ml- i) and variable 
paraxanthine concentrations (O-52.5 pg ml-‘). R,: 0 = 2.9; a = 1.26; V = 0.7. See text for chroma- 
tographic conditions. 

CONCLUSIONS 

In conclusion, the application of EMARC is specific and most sensitive 
when X is the minor component in the mixture. Selectivity and sensitivity may be 
enhanced by a judicious combination of either the IMARC and EMARC results or 
the rmax and rmean results, dependent on the degree of resolution between the two 
components in the binary peak. The algorithm makes no assumptions about the peak 
shape of any of the co-eluting components. The values of r,,,,,, obtained following 
application of either IMARC or EMARC, give an indication of the homogeneity of 
the peak, while the EMARC rmax value may be used secondarily as an indication of 
identity. 

- 0.62 ao 

Le 

- 0.60 5 

E 

-0.58 : 

.B 
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:: 

- 0.54 f 

3 
-0.52 s 

100 CT I I I I I I ’ 0.50 

0 5 10 15 20 25 30 36 40 45 50 56 

Paraxanthine concentration ()lg/ml) 

Fig. 9. Peak height at 220 nm (R, = 0.7; 0) and absorbance ratio (A,,,/&,) values (R, = 1.26, V; R, = 
0.7, A) for the theophylline peak (52.51 pg ml-‘) in mixtures with paraxanthine (e52.5 pg ml-‘). See text 
for chromatographic conditions. 
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The IMARC SUM value was found to be analyte specific and concentration 
independent, being dependent on the number and the uniqueness of the wavelengths 
used in its calculation. For a binary peak the value of the IMARC SUM was propor- 
tional to the concentration of the minor component in the mixture, with sensitivity 
being inversely proportional to chromatographic resolution. The limit of detection 
for PX in the mixture with TH was found to be 10% (w/w) using the absorbance ratio 
method. This compared with a 1% limit for the IMARC SUM method. 

There is some indication in the results that the performance of the MARC 
algorithm is dependent on the number and specificity of the wavelengths used rather 
than on the chromatographic resolution. As the similarity of the spectra of the con- 
stituent components increases, it is expected that it may be necessary to increase the 
quantity and/or the selectivity of the wavelengths used in the algorithm. With the 
advent of more powerful computer controllers for DAD systems it should also be 
possible to expand the practical application of the MARC algorithm to match the 
original theory, i.e. using full spectra as the reference templates and operating on full 
spectrochromatographic data data sets. This would remove the need for analysts to 
choose “the most appropriate” wavelengths for inclusion in the algorithm. The algo- 
rithm would then become a truly operator-independent method. 
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