Detecting Coeluted Impurities
by Spectral Comparison

Impurities can go undetected
during chromatographic
analyses if the resolution is
too low for single-wave-
length detectors to reveal
shoulders and valleys. Com-
plete speciral data, cbtained

oelution is a fact of life in liquid chro-

matography and so is the requirement

to detect coeluted impurities. New

techniques for collection and com-
parison of complete spectral data can make
purity assessment much easier for chromatog-
raphers.

High performance liquid chromatography
(HPLC) systems equipped with a UV-vis ab-
sorbance detector tuned to a single wavelength
can detect a coelution if it causes a shoulder or
a valley in a chromatogram. However, if the
chromatographic resolution, the peak-height
ratio, or both are too small. then the shape of a
fused peak will be practically indistinguishable
from that of a baseline-resolved peak.

Photodiode-array detectors can record a
complete UV-vis absorbance spectrum at each
time point during a chromatographic separa-
tion. A pure, baseline-resolved compound
forms a peak with all spectra having the same
shape. In contrast, two compounds that are
coeluted (and have different spectral shapes)
will form a peak containing spectra that gradu-
ally change shape across the elution profile.
Thus, comparing the spectra within a peak can
reveal coeluted compounds. Many researchers
have proposed methods to detect coelutions by
the mathematical comparison of spectra from a
chromatographic peak (1).

We developed a mathematical approach to
spectral comparison that provides a means for
detecting coelution quantitatively (2-4). Called
the spectral-contrast technigue, our method
uses all absorbance information between peak
lift-off and touchdown to analyze the spectral
heterogeneity within a peak. Furthermore. the
technique estimates the magnitude of spectral
heterogeneity resulting from noise and other
nonideal effects. The presence of coelution is
indicated only when the observed spectral dif-
ferences are greater than those of the measure-
ment process. These comparisons are sensitive
enough to reveal coelution at a chromato-
graphic resolution that is too low to produce
a shoulder or valley feature in single-channel
detection.

DETECTING COELUTION
Limits of single-channel methods:
The detection of coelution using a single-wave-

length UV-vis absorbance detector depends on
visual identification of a valley or shoulder fea-
ture. Three numerical-simulation examples
show the effect of coelution on peak profiles.
Figure | shows a valley that is the product of a
2:1 absorbance-height ratio between com-
pounds with a chromatographic resolution of
0.7. At a height ratio of 5:1, the valley vanishes,
but a shoulder remains. At height ratio of 30:1,
the shoulder is gone, and a bell-shaped profile
remains. Hence, chromatographic resolutions
that yield evidence for coelution at one height
ratio may not reveal coelution at a more ex-
treme height ratio.

Figure 2 shows the relationship between
chromatographic resolution, peak height ratio,
and coelution profile for a two-compound
coelution. Again, we derived these results from
numerical simulations in which each peak was
modeled as an exponentially modified Gaussian
peak, with time constant equal to the root mean
square width of the underlying Gaussian peak.
This plot shows that the minimum peak-height
ratio necessary for revealing a coelution in-
creases dramatically as resolution decreases.
More importantly, no shoulder or valley ap-
pears, regardless of peak-height ratio, when the
chromatographic resolution is <0.4.
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FIGURE 1: Single-channel detection ot varied
height ratios. The solid fine is the trace that a sin-
gle-channel detector would record. The dashed
lines are the absorbance traces that each com-
pound would produce in the absence of the other.
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FIGURE 2: Plot of peak-height ratio versus res-

olution for a two-compound coelution.

Detecting coelutions by spectral
comparisons: If two compounds have dif-
ferent spectral shapes and are eluted with low,
nonzero, chromatographic resolution, they will
produce a peak that has uniquely shaped spec-
tra at different time points. Comparing spectra
within a peak can be a sensitive method for de-
tecting coelution. As illustrated in Figure 3, two
coeluted compounds (with only modest differ-
ences in spectral shape) are distinguishable by
comparing the shape of the fused peak’s up-
and down-slope spectra.

Detector noise, photometric error, and sol-
vent effects can also reshape spectra. Because
of these nonideal effects, all absorbance spectra
collected by a photodiode-array detector have
different shapes at some level. To verify a de-
tected coelution, the observed level of spectral
heterogeneity must exceed that produced by
nonideal effects.

Spectral-contrast and purity an-
gles: We used a two-step spectral-contrast
technique. First, we normalized and compared
the peak spectra quantitatively, obtaining values
termed the spectral-contrast angles and the pu-
rity angle. The purity angle is a measure of the
spectral heterogeneity of a peak. A spectral-
contrast angle measures the shape difference
between two spectra. Next, we quantified the
nonideal effects, which provided a value called
the threshold angle, which can verify a detected
coelution when compared with the purity angle.
All of these mathematical calculations are
based on vector algebra.

We used a series of four calculations to de-
termine the spectral-contrast angles and the
purity angle. First, we performed baseline cor-
rection for each spectrum within a peak. We in-
terpolated lift-off and touchdown spectra to
obtain a series of baseline spectra. Then, we
subtracted the resulting baseline spectra from
corresponding peak spectra to remove ab-
sorbance caused by the mobile phase.

We can view these baseline-corrected ab-
sorbances as elements of a matrix B, where the
absorbance at wavelength / and sample time j
is the matrix element B,-j. The index { (which
ranges from 1 to N) refers to one of N wave-
lengths recorded by the photodiode-array de-
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FIGURE 3: Numerical simulation of spectral
shape variation resulting from coelution. Shown
are plots of {a) absorbance spectra of compounds
A and B; (b} a chromatographic profile from the
elution of those compounds, in which the dashed
lines are the individual profiles of A and B and the
solid line is the fused-peak profile; and {c) two
spectra from the peak, one from the up slope, and
one from the down slope {indicated by arrows).
The peck-height ratio and resolution for this sep-
aration are 2:1 and 0.2, respectively.

tector, and the index j (which ranges from 1 to
M) refers to one of the M spectra recorded in
the peak. Equivalently, we can describe B as a
collection of column vectors, where the vector
__)

B; contains the elements of the jth column of
B corresponding to the spectrum collected at
the jth time point.

Second, we compared the apex spectrum
with all the other spectra in the peak. We chose
the spectrum from B with the highest ab-
sorbance at a reference wavelength as the apex
spectrum. We designated this spectrum as A
where the absorbance elements of A’ are l_‘)ibeled
A; To compare the shape of spectrum A" with
the shape of spectrum B; we first computed a
normalizing factor s This factor, when applied
to A, noLmalized this spectrum so that it
matched B; in a least-squares sense.

Third, we computed the difference in direc-
tion between the normalized apex spectrum,

- =
s;A. and the spectrum, B;. This calculation
ylelds a spectral-contrast angle 6; for that par-
ticular time point on the peak.

We evaluated the angle according to the fol-
lowing relation:

The angle 6; measures the shape difference be-
tween the two absorbance spectra. The smaller
the angle, the smaller the shape difference; the
larger the angle, the larger the shape difference.
The spectral-contrast angle is 0° when the
shapes of the apex spectrum and the spectrum j
are virtually identical. When the absorbances

have no overlap — that is, when the spectral
shapes are maximally different — the spectral-
contrast angle is at its maximum value, 90°. ,
The least-squares solution adjusts s, mi
25 U
imizing the length of the vector R = B, - 5;A.
After minimization, the length of R measures
=
any shape variation between B, and A within
the wavelength range of the measurement. For
small shape differences, the angle 8, as defined
by equation 1, is proportional to the length
of R and thus, 9 is a linear measure of dissim-
ilarity. Ij;éure 4 lllustrates the relationships be-
tween A, 5 A B R and 8,

In practma] terms spectral -contrast angles
correspond roughly to an average fractional
difference in peak shape. For example, a spec-
tral-contrast angle of 10° for spectrum
means that the absorbances of spectrum B, dlf,
fer in value from the normalized abscrbdnces
in the apex spectrum on average by ~10% at
the corresponding wavelengths. The point
where we could see a visual difference be-
tween overlaid spectra was at a 1° spectral-
contrast angle.

We then computed an overall purity angle,
&, by combining the results from all the com-
parisons involving the apex spectrum, as fol-
lows:

where
N
|5 =28 3]

is the square of the euclidean length of Ej The
summation is for all spectra within the peak,
except for the apex spectrum. This expression
shows that contrast angles from highly absorb-
ing spectra are weighted more heavily in the
computation of the purity angle. Again, a
purity angle of 0° represents an absence of
spectral heterogeneity within the peak, and a
purity angle of 90° indicates the maximum
possible degree of heterogeneity. Equation |
can be used to compare an analyte spectrum
to library spectra. For such comparisons, the
sensitivity and reproducibility of the spectral-
contrast angle can be 0.1° or less (5).

EXPERIMENTAL

Calculating the purity angle for a
two-compound coelution: Whether im-
plemented by single-channel or spectral meth-
ods, coelution detection is an exclusionary
technique that can prove that a peak contains a
coelution but not that it is pure. To be useful, an
exclusionary technique must be able to detect
low-level interferences. To illustrate how the
purity angle responds to a low-level coeluted
compound, we performed experiments that
used a series of two-compound mixtures (6).,
all samples, we fixed the concentration of on
compound, ethyl-PABA (ethyl-p-aminoben-
zoate, Sigma Chemical, St. Louis, Missouri),
so its absorbance was 0.5 AU at 195 nm, cor-
responding to its absorbance maximum. We
varied the concentration of the other com-
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FIGURE 4: Spectral vectors and spectral-con-
trast angles.

pound, ethylparaben (ethyl-p-hydroxyben-
zoate, Aldrich Chemical Co., Milwaukee, Wis-
consin), by factors of 2 over the height-
ratio range of [:1 to 10,000:1. We computed
the height ratios from the compounds’ ab-
sorbances, as measured at their respective
wavelengths of maximum absorbance, in the
absence of coelution.

Our HPLC system consisted of a model 996
photodiode-array detector, Millennium 2010
Chromatography Manager software, a model
717 autosampler, and a model 600 solvent-
delivery system (all from Waters, Milford,
Massachusetts). We used a 7.5 cm X 3.9 mm
C18 Nova-Pak column (Waters). The photodi-
ode-array detector collected | spectrum/s from
190 to 350 nm at 1.2-nm resolution. We used
a 300:700:0.2 acetonitrile~water—phosphoric
acid mobile phase with a 1 mL/min flow rate
and an injection volume of 15 pL.. We obtained
the HPLC-grade acetonitrile and the phos-
phoric acid from J.T. Baker (Phillipsburg, New
Jersey) and used water purified by a Milli-Q
water-purification system (Millipore Corpora-
tion, Bedford, Massachusetts).

We chose these chromatographic conditions
to ensure that the compounds were eluted with
a fixed 0.3 chromatographic resolution. Figure
5 shows an overlay of the ethyl-PABA and
ethylparaben peak profiles and spectra. The
spectral-contrast angle between pure ethyl-
PABA and pure ethylparaben is 53°.

Figure 6 shows purity plots from the analy-
sis of pure ethyl-PABA standard (Figure 6a)
and a mixture with a 10:1 height ratio (Figure
6b). In each plot, the spectral-contrast angles
between the apex spectrum and the peak spec-
tra are plotted as a solid line. The purity plot
of the standard shows little spectral hetero-
geneity within the heart of the peak, whereas
the purity plot of the mixture shows significant
heterogeneity on the down slope. The dashed
line represents a prediction of the contrast an-
gle caused by detector noise alone, as dis-
cussed below. The purity angle is 0.11° for the
pure ethyl-PABA and 4.1° for the mixture. For
both peaks, we compared the respective purity
angles with the threshold angle of 0.14°, as dis-
cussed below.

We performed a series of dilutions compris-
ing three replicate injections for each of 12 di-
lutions. Figure 7 shows these 36 purity angles
plotted against the respective height ratios of
the coeluted compound. In addition to the dilu-
tion series, we made six replicate injections of
the pure PABA standard and plotted their pu-
rity angles to the left of the break. Below a
height ratio of 500:1, the purity angles from the
dilution series are essentially constant in value
and equal to the purity angles of the pure
PABA standard. Above the height ratios of
~500:1, the purity angles increase as the con-
centration of the coeluted Compound increases.
The data demonstrate that the coeluted ethyl-
paraben can be detected at a height ratio of
300:1 because at this ratio (and above) the pu-
rity angle exceeds the threshold angle, as de-
scribed below.

Next, we examined the two major features
of this curve: the nearly linear increase in pu-
rity angles above the height ratio of 250:1 and
the nearly constant value of purity angles be-
low the height ratio of 500:1.

Theory of purity-angle calculation
for a two-compound coelution: For a
two-compound coelution, a peak’s purity angle
depends not only on the compounds’ height ra-
tio but also on the chromatographic resolution
and spectral-contrast angle. An approximate
relationship between purity angle ¢, chro-
matographic resolution R, height ratio H, and
spectral-contrast angle 8, is

& = 2HRH, [4]

This approximation is valid for small values in
each quantity — for example, 0 < H < 04,0
< R < 0.4, and 0 < 8, < 60°. For the dilution
series in which we fixed R at 0.3 and 6, at 53°,
Equation 4 gives the relationship & ~ 30H.
This linear relationship between purity angle
and height ratio is confirmed by the data pre-
sented in Figure 7 over the range of height ra-
tios from 250:1 to 10:1. For example, for a
10:1 height ratio, H is 0.1, and ¢ is 3°.

Purity angle and nonideal mea-
surement eftects: The purity angles ob-
tained from the replicate injections of the pure
ethyl-PABA standard vary from 0.107° to
0.120°. How could baseline-resolved peaks of
a standard have nonzero purity-angle values?
Because even after baseline correction, ab-
sorbance spectra will always be somewhat dis-
torted due to the combined effects of detector
noise and photometric error. Because of these
nonideal measurement effects, all chromato-
graphic peaks are spectrally heterogeneous at
some level (7).

How can we use the purity angle as a coelu-
tion indicator if its value is always greater than
zero? The key is to realize that the resulting pu-
rity angles will cluster around a single value
for a fixed method and replicate injections of a
standard at a single concentration. A histogram
of these purity angles from a single standard
will show reproducible mean values and repro-
ducible distributions about the mean.

If our goal is to assess the peak purity of a
compound that is always injected at the same
concentration, C, and for which we have a
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FIGURE 5: Overlay of {a) chromatograms and
{b) absorbance spectra of pure ethyl-PABA {solid
line) and pure ethylparaben (dotted line).

standard, then we can conceptualize a proto-
col for sensitive peak-purity determination. We
could perform a large number of injections of
the standard at the concentration C and adopt
the largest purity-angle value from this popula-
tion as a threshold angle. We could then use
this threshold to assess the spectral homogene-
ity by comparing a sample’s purity angle to the
threshold. A purity angle larger than the thresh-
old is positive evidence that the sample con-
tains one or more coeluted compounds. A
purity angle less than this threshold provides
no evidence that the sample contains a coeluted
compound because the purity angle is consis-
tent with that of the standards.

DETERMINATION OF THE THRESHOLD
ANGLE

We developed a practical method for obtain-
ing threshold angles that analysts can apply to
a range of sample concentrations, assuming a
standard is available. Because a sample’s peak
height can vary, it is necessary to compute its
threshold angle from the sum of two angles,
one of which varies in inverse proportion to the
sample’s peak height and one of which is held
constant.

The portion of the threshold angle that
varies with peak height derives from the effect
of detector noise on spectral heterogeneity. As
the concentration of a chemically pure com-
pound decreases, the purity angle of its peak
increases because the detector noise—spectral
absorbance (noise-to-signal) ratio increases as
the spectral absorbance of the compound de-
creases. The correct computation of the vari-
able angle requires the identification within the
chromatogram of a baseline region that is free
of peaks and contains only baseline noise. The
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FIGURE 6: Purity plots for {a} one- and (b}
two-compound peaks. Purity-angle {solid fine)
and noise (dotted line) data are plotted with chro-

matograms.
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FIGURE 7: Plot of purity angles versus height
ratio for a dilution series of ethyl-PABA and ethyl-
paraben.

spectral-contrast algorithm implemented in the
Millennium software uses these spectra and the
spectra from the compound peak to compute
this variable angle, which we called the peak’s
noise angle. This noise angle is a prediction of
the largest possible purity angle caused by the
effects of detector noise. Its value varies in in-
verse proportion to the sample’s peak height.

The constant portion of the threshold angle
corresponds to the purity angle derived from a
combination of solvent effects and photometric
errors. The second calibration step requires a
chemically pure standard to assess peak pu-
rity. We recommend that chromatographers in-
ject six replicates of the standard at the highest
compound concentration for which they want a
purity measurement. As a general rule, this
maximum concentration should yield a maxi-
mum spectral absorbance of <1 AU (ideally
~0.5 AU) at all wavelengths within the spec-
tral range of the measurements. We adopted
the largest purity angle obtained from this se-
ries of calculations as the constant part of the
threshold angle, which we called the solvent
angle. The solvent angle represents the maxi-
mum heterogeneity that both photometric error
and solvent effects can produce at all concen-
tration levels lower than the concentration at
which the standard was injected.

DETECTION OF COELUTION IN A
TWO-COMPOUND MIXTURE

In the model system described above, the pu-
rity angles for the six replicate injections of the
ethyl-PABA standard ranged from 0.107° to
0.120°. We used the highest value, 0.12°, as the

solvent angle. For each sample injection, the
software computed the threshold angle as a
sum of the solvent and noise angles. At the
height ratio of 250:1, we computed the noise
angle to be 0.02°, resulting in a threshold angle
of 0.14°.

In Figure 7, the computed value of the
threshold angle is plotted for each injection and
appears as a nearly horizontal line. This hori-
zontal line intersects the curve traced by the
purity-angle measurements at a height ratio of
about 300:1. Thus, if coeluted ethylparaben ex-
ceeds this height ratio, the resulting purity an-
gle will exceed the threshold angle, and the
ethylparaben will be detected.

In our model system, we injected the sam-
ples at a fixed concentration that corresponded
to the 0.5-AU absorbance maximum. However,
the 0.12° solvent angle that we obtained from
this system also is valid for injections of ethyl-
PABA samples at concentrations with <0.5-
AU maximum absorbance.

How sensitive is the purity angle for two-
compound coelutions of compounds other than
ethyl-PABA and ethylparaben and at chro-
matographic resolutions other than 0.37 A two-
compound coelution produces a spectrally
heterogeneous peak only if the compounds’
spectra have different shapes and their peaks
have nonzero chromatographic resolution.
How different do two spectra have to be and
how much chromatographic resolution do their
peaks need to have to produce a peak contain-
ing a detectable level of spectral heterogene-
ity? To answer these questions, we performed a
numerical simulation of a two-compound
coelution to see what combinations of height
ratio, chromatographic resolution, and spec-
tral-contrast angle yielded a given purity-
angle value.

Figure 8 shows the parameter combinations
that yield a 0.25° purity angle. These contours
can be interpreted as detection limits for a
0.25° threshold angle. For example, at a chro-
matographic resolution of 0.2, a coelution will
produce a >0.25° purity angle if the spectral-
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FIGURE 8: Two-compound coelutions that
yield a purity angle of 0.25°. Each solid contour
line corresponds fo a spectral-contrast angle.

contrast angle is =40° and the height ratio is
=100:1. We overlaid the plot from Figure 2 to
show the comparative limits of detection for
single-channel methods. The results from the
dilution series and from this simulation
demonstrate how spectroscopic techniques ex-
ceed the capabilities of single-channel detec-
tors for detecting coeluted impurities.

CONCLUSION

All measurement techniques contribute to our
ability to understand a situation or to solve a
problem. Collecting complete spectral data and
comparing the spectra within a peak mathe-
matically is an effective way to assess peak pu-
rity. By quantifying the spectral heterogeneity
of a peak with a purity angle and establishing
a threshold-angle value that accounts for non~
ideal effects, we have developed a sensitive
method for detecting low levels of coeluted
impurities.
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