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Abstract:  The present study theoretically explored the feasibility of the capillary method for measuring near-infrared (NIR)
spectra of liquid or solution samples with microlitre volume, which was proposed in our previous studies. Lambert-Beer absorb-
ance rule was applied to establish a model for the integral absorbance of capillary, which was then implemented in numerical
analyses of the effects of capillary on various spectral features and dynamic range of absorption measurement. The theoretical
speculations indicated that the capillary method might be used in NIR spectroscopy, which was further supported by the empirical
data collected from our experiments by comparison between capillary NIR spectra of several organic solvents and cuvette cell NIR

spectra.
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INTRODUCTION

The bands of near-infrared (NIR) spectra have
low absorptivities, which allow in situ analysis of
chemical and biological materials with no or little
sample preparation. Therefore, as one of the most
important nondestructive analytical techniques, NIR
spectroscopy is being extensively applied in the fields
of agriculture, industry, biotechnology and medicine
(Siesler et al., 2002; Scarff et al., 2006; Ward et al.,
2006). Recently, with instrumental developments such
as Fourier-transform (FT) spectrometers, diode arrays
and light-fiber probes (Siesler et al., 2002) and data
manipulation progress such as chemometrics (Ozaki et
al., 2001; Yuan et al., 2003; Wu and Chen, 2004; van
der Greef and Smilde, 2005) and 2D correlation
spectroscopy (Noda, 2000; Dou et al., 2004), NIR
spectroscopy has become more useful and versatile.

In spite of the wide recognition of the impor-
tance of NIR spectroscopy in the analytical fields,
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spectral measurement techniques for small amounts
of liquid or solution samples have not been well de-
veloped. Nevertheless, the requirements for such
techniques are especially high in some research fields.
For example, in the clinical and medical studies, it is
always difficult to obtain sufficient bio-fluids such as
cerebrospinal fluid, interstitial fluid, aqueous humor,
saliva, and serous fluid to analyze.

In our previous studies (Murayama et al., 2003a;
2003b), a capillary tube method for NIR spectroscopy
was proposed in the analysis of solutions with mi-
croliter volume in which the spectra of liquid samples
in capillary were compared with those in cuvette cell.
It was recognized that this technique might expand
the potential of NIR spectroscopy into new fields such
as laboratory medicine, but due to limitation in time
and energy, few discussions have been carried out in
this respect.

The present study attempts to fill the gap by ex-
ploring the feasibility of capillary method for meas-
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uring NIR spectra of liquid or solution samples at
microlitre volume from a theoretical perspective.
Taking the capillary geometry into consideration, the
absorbance model of liquid samples in capillary has
been established by using Lambert-Beer absorbance
rule. On the basis of this model, numerical calcula-
tions were carried out for straight line, absorption
peaks of singlet, doublet and shoulder, and experi-
mental spectrum, respectively. Additionally, the ef-
fect of capillary cell on the dynamic range of absorp-
tion measurement was evaluated by comparison with
that of cuvette cell. The numerical results and em-
pirical data obtained from comparison of spectra of
several organic solvents used in capillary method and
cuvette cell method proved that capillary method can
be directly applied in NIR spectroscopy.

THEORETICAL ANALYSIS

The absorbance model of capillary

Figs.1a and 1b show the cross sections of optics
for measurement of NIR spectroscopy using cuvette
cell and capillary, respectively. We can see clearly
from Fig.1 that there is obvious difference between
the two in that the optical path length of cuvette cell is
uniform, while that of capillary is variable as a func-
tion of distance from optical axis. Let us suppose that
origin is the center of capillary, and x-axis is perpen-
dicular to light beam and passing the origin. Then
optical path length of capillary d, is given by

d =R*—4x* (x<R/2), 1)
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Fig.1 Cross-sections of optics for (a) cuvette cell and
(b) capillary

where R is inner diameter of capillary.

It is convenient to compare the effects to ab-
sorbance between cuvette cell method and capillary
method by supposing that the optical path length of
cuvette cell d is equal to the capillary radius R. Fur-
thermore, let us assume that the light beam is strictly
parallel and that the cell is uniformly illuminated.
According to Lambert-Beer absorbance rule, ab-
sorbance obtained by use of cuvette cell can be simply
written as

A=log(lo/I)=od, 2)

where o is extinction coefficient, /j is optical intensity
of incident beam and / is that of transmission beam.

If the homogeneously illuminated capillary re-
gion is limited at —a/2<x<a/2, by use of Lamber-Beer
absorbance rule and Eq.(2), integral mean absorbance
of capillary A, can be calculated to be

—al2 . (3)

It can be inferred directly from the above equa-
tion that effective absorbance measured using capil-
lary does not satisfy the Lambert-Beer absorbance
rule. However, we cannot obtain more information on
the effect of capillary to absorption since Eq.(3) is
non-integrable. Therefore, numerical analysis must be
carried out to further investigate the capillary method.

Capillary effect on spectral features

The principle of numerical analysis is that the
original spectrum obtained using cuvette cell is given
first and spectrum measured by use of capillary is
calculated point by point according to the capillary
absorbance model described above. Taking into ac-
count the sizes of optical fiber and capillary in our
previous studies, the ratio of a/d=3/5 was used. Nu-
merical calculations were performed using software
Matlab 7.0.

Although the flat feature in the spectroscopy
contributes little to spectral analysis, to carry out
numerical calculation for a straight line is beneficial
for gaining understanding on the capillary effect.
Fig.2 shows the capillary behavior to a linear spec-
trum, from which we observed that the calculated
spectrum is slightly bent, which indicates that the
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effect of the capillary on the spectrum is nonlinear. It
seems that it is inappropriate to apply the capillary
method in spectroscopic techniques, as will be shown
in the following section.
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Fig.2 Numerical result for a straight line

To investigate the feasibility of capillary method
in NIR spectroscopy, it is necessary to analyze the
capillary effects on the absorption peaks, which are
the most important features in spectral analysis. Since
the absorption peaks of singlet, doublet and shoulder
are very common spectral features, numerical calcu-
lations were carried out for them and the results are
shown in Fig.3. It is observed that calculated capillary
spectra can well preserve the shapes of absorption
peaks of original spectra except for a little decreasing
in the absorption intensity. To further study the cap-
illary effects on the positions of absorption peaks, we
calculated the corresponding secondary derivatives of
the spectra in Fig.3, which are shown in Fig.4. It can
be derived from Fig.4 that capillary method does not
cause the shifts of absorption peaks. Therefore, we
can conclude that introduction of capillary in the
measurement does not distort or obscure the absorp-
tion peaks.

To further investigate the capillary effect on ar-
bitrary spectral shapes, the NIR spectrum of methanol
was measured using cuvette cell as original spectrum
in the numerical analysis and the corresponding cap-
illary spectrum was calculated as shown in Fig.5. We
observed that the calculated spectral features are al-
most identical with original spectral features, which
indicates that capillary method does not affect the
spectral analysis.

In summary, the above theoretical analyses
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Fig.3 Numerical results for absorption peaks of (a)
singlet, (b) doublet and (c) shoulder
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Fig.4 Corresponding secondary derivatives of the spectra
of (a) singlet, (b) doublet and (c) shoulder in Fig.3
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Fig.5 Numerical result of NIR spectrum of methanol in
the spectral region of 8000~4100 cm™’

showed that capillary method is absolutely reliable
for spectral analysis, which will be evidenced by the
experimental results in the following section.
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Dynamic range improvement of absorption meas-
urement

The dynamic range of absorption measurement
is limited by the increase in relative absorbance error
at extremely high or low transmittance. Since the
linear absorption spectrum was obtained by convert-
ing transmittance in the instrument’s computer, the
absorption accuracy can be evaluated by defining an
accuracy ratio for absorption spectroscopy as de-
scribed by Hirschfeld (1985):

SNR, AT

M=""a g 20 )
SNR, A

where AA is absorbance’s uncertainty, AT is that of
the photometry, SNRy and SNRr are the signal-to-
noise ratios of the absorbance and transmittance,
respectively.

For the conventional cuvette cell, we can directly
calculate

M=10""41n10, (5)

while for the combined effect of the capillary cell and
its mathematical rectification we have

4, /04

]‘4C _A—, (6)
04,/ 0T,
giving
m =110 [ 10 g fdrdx (7)

a

Given a minimum accuracy ratio, the dynamic
ranges of absorption measurement for cuvette cell and
capillary cell are compared in Fig.6. Clearly, intro-
duction of capillary in the measurement substantially
improves the dynamic range for absorption meas-
urement, which indicates that a higher signal-to-noise
ratio of spectrum will be obtained by using capillary
cell instead of cuvette cell.

EXPERIMENTAL DETAILS

In order to verify the above conclusions from
theoretical analysis and illustrate advantages of cap-
illary method, NIR spectra of liquid or solution sam-
ples were measured and analyzed. Experimental
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Fig.6 Dynamic ranges of absorption measurement for
cuvette cell (solid line) and capillary (dotted line)

procedures and spectral manipulations are the same as
those described in our previous study (Murayama et
al., 2003a; 2003b). Here, we carefully compared the
NIR spectra of organic solvents in the capillary and
cuvette cell.

Comparison of NIR spectra measured using cap-
illary and cuvette cell

Fig.7 shows FT-NIR spectra in the 7500~4000
cm ' region of several organic solvents measured by
using capillary and cuvette cell, respectively. It is
clearly observed that spectral profiles of organic sol-
vents obtained by capillary method are quite similar to
those obtained by cuvette cell method. The results
demonstrate the potential of capillary NIR spectros-
copy in the spectral analysis of liquid samples.
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Fig.7 FT-NIR spectra in the 7500~4000 cm ™' region of
benzene, ethanol, n-butanol, sec-butanol, acetone, ace-
tic acid and hexane in cuvette cell (solid lines) and
capillary (dotted lines), respectively
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NIR bands in Fig.7 can be assigned on the basis
of NIR studies of various materials (Maeda et al.,
1999; Siesler et al., 2002; Katsumoto et al., 2002;
Yuan and Dou, 2004). The bands in the 4600~4000
cm ' region and the bands in the 6200~5550 cm '
region are both due to CH, vibrations. The former
arises from combination modes, while the latter re-
sults from the first overtones. The bands in the
5200~4800 cm ' region are assigned to combination
modes of OH groups, and those between 7300 and
6200 cm ' are due to the first overtones of the OH
stretching mode.

Note that amount of sample consumed in the
measurement by capillary method is only 2.5 pl,
while that for cuvette cell is 0.4 ml. Therefore, once
one cannot obtain a considerable amount of solutions,
the capillary method can make it possible to perform
NIR spectroscopic measurement, which is the key
point of capillary method in NIR spectroscopy. Fur-
thermore, capillary method has advantage over cu-
vette cell method in that the cuvette cell must be
washed before it is used in the experiment, while it is
possible to discard the capillary tube because of its
low cost.

CONCLUSION

In this paper the capillary method in NIR spec-
troscopy for small amounts of liquid or solution
samples, which was proposed in our previous studies,
has been proven to be useful in theory on the basis of
the established absorbance model and numerical
analyses, and by the experimental data also. Although
the effect of capillary on the spectrum is nonlinear,
capillary method does not distort or obscure the
spectral features but improve the dynamic range of
absorption measurement compared with cuvette cell
method. Moreover, capillary NIR spectra were well
measured for several organic solvents and used in
spectral analysis, which further demonstrates the
potential of capillary method in the application of
NIR spectroscopy for liquids with microliter volume.
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