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kinetics by the near infrared multispectral
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A new multispectral imaging spectrometer which is capable of simultaneously recording spectral images in the visible
and near infrared has been developed. In this instrument, an acousto-optic tunable filter (AOTF) is used to diffract an
unpolarised incident light into two diffracted beams with orthogonal polarisation. One of the beams is detected by a sil-
icon camera for the visible region while the other is detected in the near infrared (NIR) region (from 1000 to 1700nm)
with an NIR camera. The imaging spectrometer is sensitive, inexpensive and field deployable because it is based on a
camera using the recently available InGaAs focal plane arrays which are low-cost and can be sensitively operated at
room temperature. The imaging spectrometer was used for measurements which previously were not possible. These
include the kinetic determination of curing of an epoxy resin by amine, and the detection of reaction products from
solid-phase peptide synthesis. Rates of reactions between epoxy and amine were found to be very inhomogeneous. Be-
cause of this kinetic inhomogeneity, differences in the degrees of cure at different positions within the sample can be as
high as 37% when data from only a single pixel were used for calculation. The inhomogeneity was not observed if the
average of a large number of pixels was used. The NIR imaging spectrometer was also used for the kinetic determination
and identification of products formed during the solid phase peptide synthesis of glycine, alanine and valine mediated
by aminomethylstyrene resin beads. Because this NIR imaging spectrometer can measure spectra at different positions
within a sample, it was used for the first demonstration in which reactions of three different solid-phase peptide synthe-
ses (in a three-compartment cell) were simultaneously monitored. Since relatively good spectra can be obtained by using
data recorded by a single pixel and because the NIR camera has 240×320 pixels, this NIR multispectral imaging tech-
nique is not limited to three-compartment cell used in this study but rather can be used as the detection method for solid-
phase peptide synthesis in combinatorial chemistry.

Keywords: acousto-optic tunable filter, InGaAs focal plane arrays, imaging, combinatorial chemistry, epoxy resin, inhomoge-
neous, near infrared, modulation transfer function

A multispectral imaging spectrometer is an instru-
ment which can simultaneously record spectral and
spatial information of a sample, i.e. the recorded imag-
es contain signals that are generated by molecules or
units in a sample, plotted as a function of spectral and
spatial distribution.1 Chemical distribution in a sample
or chemical compositions of several samples can be
elucidated from such images. The type information is
of particular importance since it is known that chemi-

cal as well as physical properties of materials are de-
pendent on the chemical distribution within the sam-
ples. As a consequence, considerable efforts have been
made in the last few years to develop multispectral im-
aging instruments. In these instruments, a camera is
used to record the spatial distribution of the sample,
and the spectral information is gained by scanning a
dispersive device to record spectra for each image.1

Dispersive devices based on mechanical scanning (e.g.
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filter wheels, monochromators) are not desirable be-
cause they are slow and prone to vibrations. Spectral
tunable filters based on electronic tuning such as
acousto-optic tunable filters, are desirable as they are
fast, compact and have no moving parts.

An acousto-optic tunable filter (AOTF) is a solid
state electronically tunable spectral bandpass filter
which is based on the diffraction of light by an acoustic
wave in an anisotropic crystal.2–9 Compared to other
dispersive devices, the AOTF offers such advantages as
being all solid state, having rapid scanning ability (µs),
high diffraction efficiency and wide spectral tuning
range, giving high resolution (0.2–0.6nm) and offering
imaging capability.2–9 Because of these advantages, the
AOTF has been used to develop novel instruments
which would not be possible otherwise. For example,
novel spectroscopic instruments including the multi-
dimensional fluorimeter,3,4 the multi-wavelength ther-
mal lens spectrometer,9 fast-scanning UV/vis/NIR de-
tectors for HPLC5 and flow injection analysis6 have
been successfully developed using the AOTF. The
AOTF is also suited for the development of a multi-
spectral imaging instrument.

The objective of this work is to use the AOTF syn-
ergistically with an uncooled NIR camera based on
InGaAs focal plane arrays which has become commer-
cially available recently to develop a novel, inexpen-
sive, highly-sensitive and field-deployable multispec-
tral imaging instrument. Detailed information on the
instrumentation development will be reported in this
paper. Preliminary results on some of applications of
the imaging spectrometer including the kinetic deter-
mination of curing of an epoxy resin by amine and the
detection of peptides synthesised by solid-phase pep-
tide synthesis will be described.

Instrumentation
Optical consideration

It is known that the AOTF has much wider spectral
tuning range than conventional grating monochroma-
tors. Typically, it can be tuned from the visible to the
NIR region. For example, the TeO2 non-collinear
AOTF which we previously used in our laboratory for
the development of the detector for flow injection anal-
ysis (FIA) can be tuned from 600 to 1700nm.6 Addi-
tionally, because the AOTF crystal is anisotropic, an
incoming unpolarised light will be diffracted by the

AOTF into two beams (ordinary and extraordinary
beam) with orthogonal polarisation. Because of these
features, it is possible for a multispectral imaging in-
strument based on the AOTF to record images of a
sample simultaneously in the visible as well as in the
NIR regions. This can be accomplished by using an un-
polarised light incident onto the AOTF to produce two
diffracted beams; one of the diffracted beam will be
used for the recording of images in the visible region
(with a silicon CCD camera) and the other beam for the
NIR images.

Camera consideration
Traditionally, a camera based on InSb focal plane

arrays (FPA) is the most widely used camera for the in-
frared region. The main advantage of the InSb FPA
camera is its reliability and wide spectral range (from
1000 to 5000nm). While this wide tuning range is at-
tractive, it is seldom that the whole range is utilised in
multispectral imaging instruments. This is because the
tuning range of instruments is usually governed not by
the camera but rather by the dispersive device (e.g.
AOTF). As a consequence, InSb FPA is widely used in
the mid-IR region (from 3000 to 5000nm) because it is
the most sensitive detector in this region. Its use in the
NIR region (from 1000 to 2500nm) is not as wide-
spread as in the mid-IR region because its sensitivity in
this region is relatively lower than other NIR detectors.
InGaAs detectors are known to have the highest sensi-
tivity in the NIR region, and can operate at room tem-
perature. The latter feature not only makes these detec-
tors easier to use but also reduces the size and cost. As
a consequence, InGaAs is usually the detector of
choice for the NIR region. However, cameras based on
InGaAs focal plane arrays were not available until re-
cently. The 320×240 InGaAs FPA camera recently
available from Sensors Unlimited Corporation makes
it possible, for the first time, to develop a sensitive
multispectral imaging instrument for the NIR region at
a fraction of cost compared to those based on the InSb
camera. The attractive features of this InGaAs camera
including its low cost and high sensitivity. Specifically,
its room temperature detectivity is 1013Jones, giving it
a great advantage over InSb, HgCdTe or PtSi sensors
that require cooling. It is sensitive in the 900 to
1700nm NIR region and its quantum efficiency is bet-
ter than 70% from below 1000 to beyond 1600nm.
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Multispectral imaging spectrometer
Figure 1 shows the schematic diagram of the multi-

spectral imaging instrument. As illustrated, light from
a 250W halogen tungsten lamp was collimated by a
lens prior to passing through a non-collinear TeO2
acousto-optic tunable filter (Matsushita Electronic
Components Co., Ltd, Model EFL F20R2). Two RF
generators were used to drive the AOTF; one with a
frequency range of 96 to 53MHz for the visible region
(650 to 1050nm) and the second for the NIR region
(1000 to 1650nm) with a frequency range of 59 to
35MHz. The signals from these generators were am-
plified by a RF power amplifier (Minicircuits Model
MAV-11) before being connected to the AOTF. In ad-
dition to the transmitted beam, the AOTF diffracted un-
polarised incident light into two diffracted beams that
have orthogonal (horizontal and vertical) polarisation.
As illuminated, two diffracted beams not only have or-
thogonal polarisation but also are spatially separated.
One of the diffracted beams was used to record spectral
imaging in the visible region while the other was for
the NIR region. It is important to point out that because
the AOTF crystal is anisotropic and the two diffracted
beams have orthogonal polarisation, the two beams
will have a slightly different wavelength when an RF
signal is applied to the AOTF. It is, therefore, important
to calibrate the relationship between the applied RF
frequency and the wavelength of the diffracted beam
separately for each beam. The spectral images in the

visible region were recorded by a thermo-electrically
cooled silicon charge coupled device (CCD) UV/visi-
ble camera (Spectral Source Instruments, Model HPC-
1) which has 512×512 pixels and is sensitive in the UV
and visible region (from 200 to 1100nm). This silicon
CCD camera does not detect any light at wavelength
longer than 1100nm. Initially, a NIR camera based on
InGaAs focal plane arrays (FPA) (Sensors Unlimited
Model SU18-1.7RT/RS170), equipped with 128×128
pixels and which was sensitive in the 1000 to 1700nm,
region was used to record images in the NIR (from
1000 to 1650nm). Subsequently, an InGaAs camera
with higher resolution (320×240 pixels) was used for
kinetic measurements of an epoxy resin and as a detec-
tor for combinatorial chemistry. The sensitivity of the
InGaAs cameras in the visible is negligible, i.e. no light
at wavelength shorter than 1000nm is detected by the
cameras. Images in the visible were differentiated from
those in the NIR by sequentially scanning the RF driv-
ers and recording the images with the corresponding
visible or NIR camera. Alternatively, the two RF driv-
ers were synchronised with the corresponding cameras
to facilitate the simultaneous recording of the visible
and the NIR region. A digital frame grabber was used
to transfer images from the cameras to a microcomput-
er for imaging processing.

Performance characteristics of the imaging
spectrometer

A modulation transfer function (MTF) was used to
evaluate the resolution of the imaging spectrometer.
Definition of the MTF can be found elsewhere.10,11

The MTF values of the instrument in the visible region
at 650nm, and in the NIR region at 1400nm were de-
termined by use of the USAF 1951 resolution target.
For comparison, the MTFs for the system in which the
AOTF was replaced by interference filters at 650 and
1400nm were also determined. The results obtained
are shown in Figure 2 (a and b). The MTFs obtained
with the filters are similar to those obtained with the
AOTF at the corresponding wavelengths. This suggests
that any image perturbations induced by the AOTF are
too insignificant to be observed in the system. The im-
age quality in the visible is much better than that in the
NIR. This can be explained by the differences in reso-
lution of the two cameras, namely the CCD camera
used to record visible images has a much better resolu-

Figure 1. Schematic diagram of the imaging spectrometer:
AOTF, acousto-optic tunable filter; RF, RF signal generator,
CCD, charge-coupled device camera for the visible; FPA,
InGaAs focal plane array camera for the NIR region.
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tion than the NIR camera. Specifically, the visible
CCD camera is equipped with an SI-502A sensor (Sci-
entific Imaging Technology, Inc., Oregon, USA). This
sensor has 512×512 pixels, and each pixel is
24µm×24µm. This corresponds to 20pairsmm–1 in the
horizontal as well as in the vertical direction. Con-
versely, the pixel size of the FPA NIR camera is
60µm×60µm and there are 128×128pixels in this
camera. This corresponds to only about 8pairsmm–1,
and that may be the main reason for the lower imaging
quality in the NIR. Better resolution was obtained
when the 10-bit 128×128 InGaAs camera was re-
placed by the 12-bit camera which has 320×240pixels
with 40µm×40µm pixel size.

Applications

Kinetics of curing of epoxy by amine
The NIR technique has been used extensively in re-

cent years for the chemical analysis of individual poly-
mers, the chemical compositions of copolymers, and
the kinetic of polymeric reactions.12–17 For example, it
was demonstrated recently that the kinetics of the cure
reaction of an epoxy resin by amine can be determined
by NIR.12–17 While such applications clearly demon-
strate the potential and utilisation of the NIR method it
is important to realise that care must be taken in such
measurements to avoid possible errors. The concerns
are due to the nature of the polymers and NIR instru-
ments used for their measurements. Specifically, poly-
meric samples are known to be chemically inhomoge-

neous, and because of the chemical inhomogeneity,
rates of a polymer reaction may be different at different
positions in a sample. As a consequence, the polymeric
end-product may not be chemically homogeneous.
Since chemical and physical properties of polymers
depend on their chemical compositions, the presence
of chemical inhomogeneity will have pronounced ef-
fects on their properties. It is, therefore, important that
the rate of a polymeric reaction can be measured at dif-
ferent positions in a polymer sample in order to deter-
mine the presence of any kinetic inhomogeneity. Un-
fortunately, to date, NIR-based kinetic methods rely on
the use of NIR spectrometers equipped with single
channel NIR detectors.12–16 As such, it has not been
possible to determine kinetics of a reaction simultane-
ously at different positions in a polymer sample. The
present NIR multispectral imaging spectrometer is par-
ticularly suited for such requirements.

Curing of the epoxy [poly(bisphenol-A-co-epichlo-
rohydrin) glycidyl end capped] resin by amine (dieth-
ylenetriamine) was investigated using the NIR multi-
spectral imaging instruments. The reaction between
the epoxy resin and the amine is given in Scheme 1.
The epoxy–amine cure reaction was initiated by vigor-
ously mixing the two compounds for five minutes with
a glass rod in a beaker in stoichiometric proportion,
namely the concentration of epoxy was twice the con-
centration of amine. This ratio is known to produce a
3D-network during the cure reaction.12,16,18 The mix-
ture was then introduced to a home-made cell which
consists of an aluminium frame with two glass win-
dows separated by a 3mm-thick rubber frame spacer.
The cell was placed in a home-made cell holder
equipped with a thermal coupler, a heater and a tem-
perature controller for the recording, controlling and
maintaining the temperature of the cell.

Images of the mixture of epoxy and amine at 25°C
were recorded for each wavelength from 1000 to
1700nm at 5nm intervals (by scanning the AOTF).
From these images, NIR absorption spectra of the
epoxy–amine mixture at different times can be deter-
mined.

Kinetic determination

Shown in Figure 3 are the NIR spectra of the sample
at different reaction times (from 0 to 8h). The band,
which is initially centred at 1527nm, can be attributed
to the first overtones of the primary and secondary

Figure 2. Plot of Modulation Transfer Function (MTF) as a
function of spatial frequency or line pair per mm (lpmm–1)
measured at: (a) 650nm with the CCD camera and at 1400
nm (b) with the InGaAs camera: (O) with AOTF and (∆)
with interference filter.
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amine groups. The band at 1428nm can be assigned to
the first overtone of the hydroxy functionality. Be-
tween 1100 and 1200nm there are three bands. These
bands can be attributed to second overtones of different
C–H groups, namely the aromatic C–H at 1132nm, the
epoxy C–H at 1150nm and the aliphatic C–H at
1182nm. The kinetics of the epoxy–amine cure reac-
tion can be monitored by use of one or all of three ab-
sorption bands: the epoxy band at 1150nm, the hy-
droxy band at 1428nm and the amine band at 1543nm.
The hydroxy band at 1428nm was selected for the ki-
netic measurements. The selection was made because
this band has relatively large changes, fewer errors and

no interference from other bands. The degree of cure
reached at the end of the reaction was determined from
the NIR spectrum of the cured epoxy measured with a
NIR spectrophotometer equipped with a single channel
InGaAs detector. The measurements were performed
at the epoxy band at 2201nm at the beginning (t=0)
and the end of the cure (t=225minutes). It was found
that 50% of cure was obtained at 25°C. This value is
comparable to the value of 65% obtained for the reac-
tion between bisphenol-A epichlorohydrin resin and
1,6-hexanediamine at 30°C.12

As illustrated in Scheme 1, in the initial step, epoxy
reacts uncatalytically with amine to produce hydroxy-
amine compound. As the hydroxy-amine compound is
formed, its hydroxy group catalyses the subsequent re-
action between amine and epoxy. This type of reaction
is known as autocatalysed reaction. The hydroxy
groups also can react with epoxy to form an ether to
stop the reaction. Consequently, the overall reactions
can be considered as uncatalysed initiation, autocatal-
ysis and inhibition. Based on this model, the relation-
ship between the degree of cure, �, and rates of reac-
tions can be expressed as.12,14,20–22

In addition to the degree of cure �, an additional
term �

�
is used because the maximum cure in this case

was 90% (at 55°C). This empirical expression can be
explained as follows: the reaction at the beginning is
uncatalysed and has a rate constant of ka. Subsequent-
ly, the reaction proceeds via autocatalysis by the hy-
droxy group with a rate constant of kb. Because the O–
H group is formed during the curing reaction, this term
is multiplied by the degree of cure �n (i.e. kb�

n). Final-
ly, the reaction becomes slower when � approaches �

�

(inhibition).
Curve fitting of experimental data to Equation 1 was

performed to obtain values for ka, kb, ��
. They were

found to be 6.8×10–4, 3.6×10–2 and 0.50, respectively.
It seems that the kb value (3.6×10–2) is several times
larger than the ka value (6.8×10–4). This is hardly sur-
prising considering the fact that ka is representative of
an uncatalysed reaction whereas kb is characteristic of
a reaction catalysed by O–H groups. The values of m
and n were found to be 0.91 and 1.63, respectively,
which are comparable with values of 0.85 and 1.39 re-
ported for a similar epoxy–amine system.12

Scheme 1. Curing of epoxy resin by amine.

Figure 3. NIR absorption spectra of epoxy–amine mixture
during an eight-hour cure at room temperature (25°C),
shown at an interval of 15min. Spectra were calculated from
averaged absorbance of a square of 30×30pixels of images
recorded with the NIR multispectral image instrument.
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Kinetic inhomogeneity
The spatial inhomogeneity of an epoxy–amine cure

was subsequently investigated. Figure 4 shows the NIR
images at 1428nm of the epoxy–amine mixture at
50°C at time t=0, 7 and 50min. Spatial inhomogeneity
was clearly observed at 0 and 7min. This is probably
due to a non-uniform mixing of the epoxy resin and the
amine. This inhomogeneity disappeared when the mix-
ture reached the preset temperature of 50°C which took
about 10min from the start of the reaction. The temper-
ature fluctuation at the beginning is due to the experi-
mental procedure. Specifically, in this experiment, the
cell holder was preheated at 50°C. When the cell
reached that temperature, the heater was removed for
about 2min in order to insert the sample into the cell
holder. It took about 10min for the temperature of the
sample to reach a constant temperature of 50°C (the
two components, epoxy and amine can not be preheat-

ed at 50°C because the reaction occurs very fast at this
temperature so that the two chemicals start to react dur-
ing the mixing).

As described previously, the kinetics can be deter-
mined by monitoring the hydroxy band at 1428nm.
Any differences in the reaction rate within the epoxy–
amine sample can be readily observed by subtracting
the image recorded at 1390nm (background signal, no
band) from the image recorded at 1428nm (hydroxy
band). The resulting pictures are shown in Figure 5 for
epoxy–amine mixture at 50°C recorded at 15, 25 and
35min after the reaction started. As described in previ-
ous section, most of the cure occurs in this time inter-
val. It is evidently clear from the pictures that the cure
reaction at any given time is not homogenous, especial-
ly during the accelerated phase of the reaction (c. 15–
25min). When most of the cure is completed, the kinet-
ic inhomogeneity becomes less pronounced.

Figure 4. Images of epoxy–amine during a cure at 50°C, recorded at 1428nm and at different times: t=0 (a), t=7min (b) and
t=50 min (c).

Figure 5. Differential images of the epoxy–amine, obtained by subtracting the image recorded at 1390nm (background) from
that at 1428nm at different times: 15, 25 and 35min.
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Evidence for kinetic inhomogeneity can be clearly
observed in the following example. Shown in Figure 6
is the image of the epoxy–amine at 50°C, recorded at
1428nm, and at 15min after the reaction started. It il-
lustrates the presence of inhomogeneity in the sample,
which is due mainly to the differences in reaction rates
at different positions in the sample. The inhomogenei-
ty can be quantitatively presented by fitting data col-
lected at three different positions: data from an aver-
aged intensity of a 60×60pixel square; data from a
“bright” single pixel (as illustrated in Figure 6) and
data from a “dark” single pixel (as illustrated in Figure
6). Best fits of experimental data, shown in Figure 7,
indicate that up to 96% cure was obtained at the bright
single pixel spot, 84% for the average of 60×60pixels
and only 70% for the dark single pixel spot. These re-
sults clearly demonstrated that because of the kinetic
inhomogeneity, up to 37% difference in the degrees of
cure can be observed at different positions within the
sample.

The inhomogeneity can only be observed when ki-
netics are simultaneously determined at different posi-
tions in the sample with a camera having high spatial
resolution. In other words, the observed inhomogenei-

ty is dependent on the spatial resolution of the imaging
spectrometer. No inhomogeneity will be observed if
signals from all pixels of the camera are averaged. This
conclusion is based on the results in Table 1 which lists
the degrees of cure for the dark and bright spots when
different numbers of pixels were used for each spot to
fit Equation 1. When only one pixel was used per each
spot to fit, the degrees of cure were found to be 96%
and 70% for the bright and dark spot, respectively. The
�
�

value for the bright spot decreases to 84% whereas
that for the dark spot increases to 73% when a square
of 3×3pixels were used per each spot for fitting. In
fact, as the number of pixels per each spot increases,
the degree of cure for the bright spot decreases and that
for the dark spot increases so that they approach the
value of 84% which was obtained when a square of
60×60pixels were used for fitting. Of course, no inho-
mogeneity will be observed if a single channel photo-
diode (such as those used in conventional NIR spec-
trometers) is used as detector.

Conclusions

In summary, it has been demonstrated that the high
sensitivity and fast scanning ability of the newly-
developed NIR multispectral imaging spectrometer
make it suitable for kinetic determination of fast reac-

Figure 6. Enlarged image of epoxy-amine at 50°C, recorded
at 1428nm and at 15minutes after the reaction started. The
two squares represent areas from which data from a single
pixel were selected.

Figure 7. Plot of degrees of cure as a function of time for
epoxy–amine mixture at three different positions in the sam-
ple: single pixel corresponds to the bright spot shown in Fig-
ure 6 (�), the dark spot (� ) and to an average of 60×60
square pixels (■ ).
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tions. As expected, when used to determine the kinet-
ics of the curing of an epoxy resin by an amine, the data
obtained by this imaging instrument agree well with
those obtained by FT-IR. The imaging spectrometer
thus, possesses all advantages of conventional NIR
spectrometers. It has, however, additional features
which conventional IR spectrometers cannot offer,
namely, its ability to provide kinetic information at dif-
ferent positions within a sample. The high spatial res-
olution and sensitivity of the InGaAs camera make it
possible to determine the kinetics from data collected
by a single pixel in the camera. The kinetics of curing
of an epoxy resin by an amine, determined by this
multispectral imaging instrument show that the reac-
tion rates within the sample are very inhomogeneous,
and because of this inhomogeneity the differences in
the degrees of cure reached at different positions with-
in the sample can be as high as 37%. The cross-link
density of the epoxy is, therefore, inhomogenous. This
will have a pronounced effect on a variety of materials
including advanced fibre reinforced composites
(AFRC) as it is known that epoxy and amine hardener
systems are widely used in AFRCs, and that the me-
chanical properties of AFRCs are dependent on the
cross-link density of the epoxy.

Detector for combinatorial chemistry
The use of combinatorial synthesis in drug discovery

has increased significantly in the last few years.23–26

Vast numbers of compounds can be quickly and readily
prepared by combinatorial synthesis using solid-phase
synthesis on polymer substrates.23–25 Innovative ana-
lytical methods which are capable of non-destructive
and in situ monitoring and analysis of such immense
numbers of compounds are, therefore, needed. Con-
ventional analytical techniques such as TLC, HPLC,
GC and MS are not suitable since they require cleavage
of the compound of interest from the polymeric sup-
port.23–25 Magic angle spinning NMR technique can be
used to analyse (solvent) swollen resin. However, it
suffers from low sensitivity and long acquisition time,
and hence is not suited for the analysis of high sample
throughput and reaction kinetics.23–25 Near and mid-
infrared imaging methods are probably the most prom-
ising techniques.26–33 Infrared techniques have been
successfully used to monitor and to analyse products of
solid-phase combinatorial reactions.26–33 However, the
application of the IR technique in combinatorial chem-
istry is still limited because of the relatively slow
speed, and high cost associated with the FT-IR instru-
ments. An FT-IR instrument equipped with a micro-
scope was required in almost all of these studies.26–33

In addition to the high cost, such an instrument can
measure only a single position in a sample. When
measurements are made on a large number of com-
pounds as in combinatorial synthesis, it is slow, labour
intensive and also prone to errors. An infrared method
which is capable of rapidly and simultaneously acquir-
ing spectral information of a large number of samples
is, therefore, desirable. Multispectral imaging spec-
trometer can offer a solution for this problem. A mid-
infrared multispectral imaging spectrometer has been
recently developed. This instrument is based on the use
of the conventional FT-IR for spectral scanning and a
HgCdTe focal plane array camera as the detector.34–36

This instrument has been successfully used to deter-
mine properties of polymers.37 However, its use as the
detector for combinatorial chemistry has not been ex-
plored. The complexity and high cost associated with
this instrument may be one of the factors that limit this
type of application. The AOTF-based NIR multispec-
tral imaging spectrometer developed in our laboratory
is particularly suited for such application because of it
simplicity, inexpensive and robustness.

Table 1. Degrees of cure calculated for the bright and dark
spot shown in Figure 6 with different numbers of pixels per
spot.

Degree of cure, %

Number
of pixels

Bright spot Dark spot

1

3×3

5×5

7×7

9×9

20×20

30×30

40×40

50×50

60×60

96

88

88

86

86

85

84

84

84

84

70

73

77

77

79

80

82

83

84

84
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Experimental procedure
Aminomethylstyrene resin beads (Polymer Labora-

tories, Amherst, MA, USA) which have a loading of
1.9mmolg–1 and size of 400–500µm were used in this
study for the solid-phase peptide syntheses. The resin
beads were dispersed in methylene chloride and al-
lowed to equilibrate for at least one hour so that the
beads can swell to a constant size. The NIR spectra of
methylene chloride alone, and of the swollen beads in
CH2Cl2 (in a 2mm pathlength cell) were measured us-
ing the multispectral imaging instrument (Figure 8).
As illustrated, the only difference between two spectra
is the single well-resolved band at 1529nm. This band
is due to the first overtone of the N–H stretching vibra-
tion of the amino groups attached to the beads. Since
these immobilised amino groups are involved in all
solid-phase syntheses, this result indicates that it is
possible to use the NIR multispectral imaging tech-
nique to monitor the solid-phase reaction based on
these beads.

Initially, a single compartment cell was used. This
cell was constructed from aluminium with two micro-
scope slides as windows to provide a clear optical ap-
erture of 4×2cm, and a pathlength of 7.5mm. The cell
has an inlet at the top and an outlet at the bottom. Po-
rous glass frits were installed at its outlet to keep the
beads inside and to allow the solvent to flow freely at a
high flow rate through the cell. Three different amino
acids, namely glycine, alanine and valine, were used in
this study. The amino groups of these amino acids were

protected with the N-fluorenylmethoxycarbonyl
(Fmoc) protecting group. The peptide synthesis was
carried out in three steps: activation of the amino acid,
coupling reaction and deprotection of the amino group.

To activate an amino acid three equivalents (relative
to the amount of amino groups on the solid support) of
the amino acid was initially dissolved in a minimum
amount of DMF (about 2mL). Subsequently, four
equivalents of 1,3-diisopropyl-carbodiimide (DIC) in
1mL of chloroform was then added, and the mixture
was allowed to equilibrate for 2min to activate the car-
boxylic acid group completely.

The activated amino acid was then added to the re-
actor cell which contained 250mg of resin suspended
in a minimum amount of chloroform. The NIR images
of the mixture were recorded by the NIR multispectral
imaging instrument after this addition, and the record-
ing continued for at least two hours to monitor the cou-
pling reaction. Upon completion, the beads were
washed five times with chloroform and the final spec-
trum of the beads was recorded in pure chloroform.

The removal of the Fmoc protecting group was ac-
complished by washing the beads three times (for five
minutes each) with 20% piperidine in DMF, and then
five times with chloroform. The NIR spectra were then
recorded. The resin support was now ready to be linked
with a second amino acid.

The absorption spectra were calculated by using the
average intensity over 60×60pixels in each picture (a
total set of 161 pictures were recorded from 1440 to
1600nm). Each spectrum shown is an average over five
recordings.

Solid-phase peptide synthesis in a single compartment
cell

The spectra taken for each step of the synthesis of
an Ala-Ala-Ala tripeptide are shown in Figure 9. The
starting resin (beads-NH2), shown as Spectrum (a), has
a band at 1529nm. This band is similar to that obtained
for the same beads recorded in the previous calibration
step (Figure 8). A new band at 1483nm is observed in
Spectrum (b) which is for the product obtained after
the first coupling reaction (beads-NH-Ala-Fmoc). This
band can be attributed to the two amide groups in the
coupling product. This coupling reaction is estimated
to be close to 100% because the absorption of the ami-
no group on the beads at 1529nm for this (beads-NH-
Ala-Fmoc) is nearly zero. Spectrum (c) was obtained

Figure 8. Absorption spectra of the aminomethylstyrene
beads in methylene chloride (solid line), and methylene
chloride alone (dotted line).



98 Visualising Chemical Composition and Reaction Kinetics

after removing the Fmoc protecting group (beads-NH-
Ala). As illustrated, in addition to the amide band at
1483nm, this spectrum also has another band at about
1529nm. This is as expected because this band is due
to the amino group generated in the compound after re-
moving the Fmoc protecting group. The spectrum of
the product of the second coupling reaction (beads-
NH-Ala-Ala-Fmoc) is shown in Spectrum (d). This
spectrum has a large amide band at 1483nm. However,
there is also a small shoulder at about 1529nm. Since
this shoulder is in the same wavelength region as that
of the amino group observed in Spectrum (a), it is pos-
sible that the second coupling reaction was not com-
pleted even after two hours. Removing the Fmoc pro-
tecting group of this compound enabled the recording
of Spectrum (e) for (beads-NH-Ala-Ala). This spec-
trum has two bands: 1483 and 1529nm. The first band
is due to the amide bond. The intensity of this band is
about two times higher than that of the Spectrum (c)
[for (beads-NH-Ala)]. This is as expected because
there are two amide bonds in (beads-NH-Ala-Ala) but
only one in (beads-NH-Ala). The amino band at
1529nm for this dipeptide [(Spectrum (e)] has, as ex-
pected, similar intensity as that of the single coupling
compound [Spectrum (c)]. Spectrum (f) is for the prod-
uct obtained after the third coupling (beads-NH-Ala-
Ala-Ala-Fmoc). Because the amine band at 1529nm is
still present in the spectrum, it seems that the third cou-
pling reaction could not be brought to completion. This

is probably due to a lack of reacting time and/or mix-
ing. The spectrum for the (beads-NH-Ala-Ala-Ala),
obtained after removing the Fmoc protecting group is
shown in Spectrum (g). As illustrated, the amine band
at 1529nm is still of high intensity in this spectrum.

Solid-phase peptide synthesis in a multi-compartment
cell

A new multi-compartment cell was constructed to
demonstrate that the NIR imaging technique can be
used to monitor not only a single reaction but rather
many different reactions simultaneously. This cell has
three different compartments. A rubber frame made
from Viton was placed between the aluminium frame
and the two-microscope glass slide windows to prevent
the flowing of the sample from one compartment to the
others. Each compartment has a clear optical aperture
of 2×40mm. Similar to the single compartment cell,
this multi-compartment cell also has an inlet and outlet
for each of its compartments, and glass frits were in-
stalled at the outlet to keep the beads inside the cell and
to allow the solvent to flow through. The cell path-
length was reduced from 7.5 to 5mm.

The NIR spectra of the beads in each of the three
compartments are shown as the solid, dotted and dot-
and-point lines in Figure 10(a). These spectra were cal-
culated from the same set of NIR images, but at differ-
ent positions corresponding to each compartment of
the cell. As expected, the spectra of the beads are the
same in all three compartments of the cell.

Alanine, glycine and valine were used as reactants
for each compartment. The spectra obtained after the
first coupling for each compartment are shown in Fig-
ure 10(b). It is evident that coupling reactions were
successful because a pronounced amide band at
1483nm was observed in all three spectra [Figure
10(b)]. The spectra for glycine (solid line) and alanine
(dashed line) are very similar to the spectra obtained
after the first coupling in a single compartment cell
[Spectrum (b) in Figure 9]. These results seem to indi-
cate that the coupling reactions were completed for
alanine and glycine. In the case of valine, the unreacted
amine band at 1529nm is relatively higher, and the
amide band at 1483nm is lower than those for alanine
and glycine. This seems to imply that the coupling ef-
ficiency for valine is much lower than those for alanine
and glycine. As expected, removing the Fmoc protect-

Figure 9. Absorption spectra during a tripeptide synthesis of
alanine on aminomethylstyrene beads: (a) beads-NH2, (b)
beads-NH-Ala-Fmoc, (c) beads-Ala, (d) beads-Ala-Ala-
Fmoc, (e) beads-Ala-Ala, (f) beads-Ala-Ala-Ala-Fmoc and
(g) beads-Ala-Ala-Ala.
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ing groups of the coupling products leads to the regen-
eration of the amine band at 1529nm [Figure 10(c)].

The spectra of each step of the reaction were plotted
for each individual amino acid. The spectra of the
beads before the reaction (Beads-NH2), after the cou-
pling (Beads-NH-Amino acid-Fmoc) and after remov-
ing the Fmoc protecting group (Beads-NH-Amino ac-

id) for glycine are plotted in Figure 11(a). Similarly,
those for valine and alanine were plotted in Figure 11
(b and c), respectively. As illustrated, glycine, valine
and alanine were successfully coupled to the amine
groups on the beads. The amine band at 1529nm for

Figure 10. (a) Absorption spectra of the aminomethylstyrene
beads in each compartment of the three-compartment cell;
(b) Absorption spectra of the coupling products between the
beads and valine (— ·· — ··), glycine (———) and alanine
(���); and (c) Absorption spectra of the coupling products
after removing the Fmoc protecting groups for valine (— ··
— ··), glycine (———) and alanine (���).

Figure 11. Changes in the absorption spectra of the starting
resin beads, the FMOC coupling product and the detected
coupling product measured in a three-compartment cell for
glycine (a), valine (b) and alanine (c). (________) are the
spectra of the starting resin (———), (— ·· — ··) are the
spectra of the coupling products and (------------) are the
spectra of the products after removing the Fmoc protecting
groups.
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the final product is higher than that in the starting resin
for all three amino acids. This is rather unexpected be-
cause after removing the Fmoc protecting group, the
number of NH2 groups on the final product should be
the same as that on the starting beads. The higher ab-
sorbance at 1529nm observed in the final deprotected
products may be due to the differences in the absorp-
tion coefficients of the amino groups on the beads and
those on the amino acid final products. This difference
was also observed for the experiments in the single
compartment cell [in Figure 9, the absorbance at
1529nm is higher for Spectrum (a) than for Spectrum
(c)].

Conclusions

Taken together, it is evident that the solid-phase
peptide synthesis can be successfully monitored by us-
ing the newly-developed NIR multispectral imaging
spectrometer. This NIR imaging instrument possesses
all the advantages of conventional NIR spectrometers,
i.e. it can be used for the non-invasive monitoring of
the reactions and identification of the products during
the solid-phase peptide syntheses of glycine, alanine
and valine mediated by aminomethylstyrene resin
beads. The reaction was determined by monitoring ei-
ther the decrease of the band at 1529nm, which is due
to the amino group on the beads or the increase of the
amide band at 1483nm. The amine band at 1529nm
was also used to determine the presence of the Fmoc
protecting groups, and the efficiency of their removal.
Additionally, this NIR imaging spectrometer has extra
features which conventional NIR spectrometers cannot
offer, namely, its ability to measure spectra at different
positions within a sample. This feature was utilised for
the first demonstration in which reactions of three dif-
ferent solid-phase peptide syntheses (in a three-com-
partment cell) were simultaneously monitored. As ex-
pected, the kinetics obtained for three reactions are
similar to those obtained when each of the reactions
was individually determined. It is important to realise
that the number of compartments of the cell used for
this study is not limited to three. Multi-compartment
cells including those used in combinatorial chemistry
(e.g. cell with 96×96 compartments) can be used. Fur-
thermore, in this study, up to 16×16pixels were used to
calculate a spectrum for each sample. However, as
demonstrated in the previous section, a relatively good
spectrum can be obtained by using data recorded by a

single pixel. Since the NIR camera used in this camera
is equipped with 240×320pixels, it is evident that this
NIR multispectral imaging technique can be effective-
ly used as the detection method for the solid-phase
peptide synthesis in combinatorial chemistry. That is,
this NIR imaging spectrometer should be able to mon-
itor solid-phase peptide syntheses simultaneously in a
multi-compartment cell equipped with 96×96 com-
partments or more. This possibility is the subject of our
intense study.
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