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Introduction

Absorption spectroscopy can be consid-
ered to be one of the most useful and
also most widely used analytical tech-
niques. One of the reasons for its useful-
ness and wide use is its experimental
simplicity; a typical measurement requires
just the intensity of a light source to be
recorded with and without a sample. It
is also a universal technique in that all
analytes absorb somewhere in the elec
tromagnetic spectrum and, further, it is
an absolute technique, as an absorp-
tion measurement can be used directly
to determine a fundamental property of
an analyte such as an absorption wave-
length-specific molar extinction coeffi-
cient, €,, through the application of the
well-known Beer—Lambert law;

Absorbance (\) = log,, /;’((Q)) =e,C (1)

where /,(\) is the intensity of light reach-
ing the detector in the absence of a
sample and /(\) is the intensity trans-
mitted through the sample at a given
wavelength, X\, C is the concentration
of the sample and / is the path length
of the sample. Knowledge of €, and /
allow absorption spectroscopy to be
used in a quantitative manner, whilst
the wavelength of absorption can be
used qualitatively to identify an analyte
or functional groups in an analyte. One
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disadvantage of conventional absorp-
tion spectroscopy is its relatively poor
sensitivity when compared to other
spectroscopic techniques such as fluo-
rescence, which is, typically, more than
10° times more sensitive. This is a conse-
quence of the manner of measurement.
Whilst a fluorescence measurement is,
typically, made relative to a “zero back-
ground”, a small absorption requires
accurate discrimination between two
large signals. An analogy attributed to
the eminent Stanford spectroscopist,
Professor R.N. Zare, describes absorption
spectroscopy as being similar to deter-
mining the weight of a ship’s captain by
first measuring the weight of the ship
with the captain on board and subtract-
ing from this the weight of the ship
alone. From the Beer—Lambert law, it
is seen that the absorbance, and thus
the sensitivity of measurement, can be
improved by increasing the path length.
Conventionally, this has been achieved
by using either a long physical path
length, as in atmospheric measure-
ments such as differential optical absorp-
tion spectroscopy (DOAS), where path
lengths of several kilometres are used, or
by using multi-pass cells such as a White
cell or a Herriot cell. In these, segmented
gold mirrors are used to multi-pass light,
typically 20 times through a cell of a
volume >1L. However, in many exper-

imental set-ups, long physical path
lengths are not possible and even the
volume of a multi-pass cell is too large.

Cavity-based absorption
techniques

Over the past 20 years, new experimen-
tal techniques have been developed to
increase the path length of measurement
for absorption spectroscopy based on the
use of an optical cavity. This is usually
formed by two concave, high-reflectiv-
ity dielectric mirrors, typically separated
by distances of 1m and with reflectivities
R>0.99 (that is 99% or more of the
incident light on the mirror is reflected).
Light enters the cavity through the back
of the first mirror which will have a maxi-
mum transmission, T=1-R, and under-
goes many reflections within the cavity,
thus increasing the path length of meas-
urement. The number of passes in the
gas phase is given by (1-R)™', thus, for
R=0.999 mirrors separated by 1m, an
effective path length of Tkm is obtained
in a volume which may only be a few
cm?®. The first technique to use an optical
cavity for absorption measurements was
cavity ring-down spectroscopy (CRDS).!
This, typically, requires a pulsed laser
light source and a fast sensitive detec
tion system to measure the decay in the
intensity of light exiting the cavity (the
ring-down time). The change in the ring-
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down time when an empty cavity is filled
with a sample can be used to directly
calculate the absorption coefficient of
the sample o (e=2.303 €C). This tech-
nique has been widely applied mainly to
gas-phase species at wavelengths from
the UV to the far-IR and has resulted in
improvements in sensitivity of greater
than 10* over conventional absorption
measurements. It is, however, a complex
and expensive technique. A decade
after the introduction of CRDS, a vari-
ant was proposed which measured the
integrated intensity output of the cavity
rather than the time-resolved output. This
is commonly known as cavity enhanced
absorption spectroscopy (CEAS)?* and
the experimental methodology and
data analysis is similar in many ways
to conventional absorption spectros-
copy, resulting in simpler, less expensive
experimental set-ups. A disadvantage
compared to CRDS is that calculation of
« requires either knowledge of the mirror
reflectivities or calibration with a species
of known «. The absorption in a CEAS
measurement can be expressed as:*

LY _ 2303,
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@

It can be seen that the increase in
sensitivity over a single pass measure-
ment arises from the reflectivity of the
mirrors. As with CRDS, CEAS has been
widely applied to mainly gas-phase
species over a wide range of wave-
lengths. Both techniques use laser light
sources due to the large fraction of
light lost after transmission through the
cavity, with measurements made either
at a single wavelength or scanned over
a range of wavelengths when tunable
lasers are used.

BBCEAS

A recent innovation in CEAS has been
the use of broadband light sources
combined with multiplex detectors.®
This has been termed broadband cavity-
enhanced absorption spectroscopy
(BBCEAS). It allows simultaneous meas-
urement across a range of wavelengths,
leading to potential improvements in the
signal-to-noise ratio of measurement,
although often at the expense of spec
tral resolution when compared to exper-
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iments where the laser wavelength is
scanned. The first broadband light source
demonstrated was a powerful 2000W
Xe arc lamp which was large, expensive
and had high power consumption.” The
author successfully investigated the use
of high-intensity light-emitting diodes
(LEDs) for BBCEAS, independent of the
first reported study in the gas phase by
Langridge et al.® These had the advan-
tage of being small, cheap and having
low power consumption (~TW).

Liquid phase BBCEAS in a
cuvette

The vast majority of cavity-based
absorption studies to date have been
performed on gas-phase species, whilst
only a handful of studies have been
reported on liquid-phase species and
even fewer on solids. This is mainly due
to the much larger background scattering
and absorption losses in the condensed
phases which results in fewer passes
through the cavity. For liquid-phase stud-
ies, where a separate optical element
such as a cuvette is placed into the
cavity, additional losses are introduced.
However, many processes of analytical
importance take place in the liquid
phase and thus it is important to inves-
tigate the feasibility of the cavity-based
absorption technique for this phase.
Furthermore, BBCEAS is well suited as
the ideal cavity technique for the liquid
phase as most liquid-phase absorptions
are broad and do not require high spec
tral resolution. The first demonstration
of liquid-phase BBCEAS using an LED

light source was reported by Islam et
al.” A schematic of the experimental
set-up is shown in Figure 1. The output
from a Luxeon 1W LED (white, blue,
green or red) was collimated by a series
of lenses and irises and passed through
an optical cavity formed by two high-
reflectivity mirrors separated by a width
of 5cm. A 2mm path length cuvette
was mounted on a rotation stage and
placed equidistant between the two
mirrors. A zero degree angle of incidence
was chosen to minimise scattering and
reflection losses from the cuvette. The
output from the cavity was focused into
the input fibre of a low-cost, compact,
charge-coupled device (CCD) spec
trograph (Avantes AVS2000) operating
in the 200-850 nm range with a spec
tral resolution of 1.5nm. The experimen-
tal methodology was straightforward
and similar to conventional absorp-
tion spectroscopy. The cavity absorb-
ance for a given analyte was measured
by recording a blank spectrum with
just the solvent in the cavity and then
the sample spectrum with the analyte
added to the solvent, with the absorb-
ance calculated in the usual manner. A
single-pass absorption of the analyte
at a higher concentration was made
in a conventional spectrometer and
the single-pass cavity absorption could
be calculated by applying the Beer—
Lambert law. For small cavity absorp-
tions, it was found that the number of
passes in the cavity at a given wave-
length or the cavity enhancement factor
(CEF) could simply be calculated by;

Irises Filter

SO0 Tl

i

LED

Lenses

High reflectivity
Mirrors

AN\

2 mm cuvette

Fibre holder
With collimating lens

e Fibre optic
— spectrometer

Figure 1. A schematic diagram of the BBCEAS experimental setup for measurement in a 2mm

cuvette.
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The CEF value was a result of all the
cavity losses, including mirror losses and
scattering and absorption losses from
the solvent and cuvette and, unlike gas-
phase measurements, the non-mirror
losses were significant. Experiments were
performed with R >0.99, R > 0.9945
and R >0.999 mirror sets and, due
to the high scattering and absorption
losses the CEF value, only showed
moderate improvements with increas-
ing mirror reflectivity. When combined
with reduced light intensity reaching the
detector at higher mirror reflectivities, it
was found that the most sensitive meas-
urements were, in fact, made with the
lowest reflectivity R > 0.99 mirror set.
Solutions of the narrow band absorber,
Ho>*, the broad absorber, sudan black,
and the strong absorber, brilliant blue-R,
were chosen as representative analytes.
Figure 2 shows cavity spectra of some
of the analytes used. The most sensi-
tive results were obtained with bril-
liant blue-R at 630 nm with a red LED
and the R>0.99 mirror set. A CEF of
51 was calculated, leading to an oy, of
5.1%107°cm™" and a limit of detection
(LOD) of 6.2x 107'°M. These figures
were significantly better than conven-
tional single pass absorption measure-
ments and also compared favourably
with previous liquid-phase CRDS stud-

ies using more complex and expensive
set-ups.

Long path BBCEAS
measurements in a
liquid-filled cavity

For absorption spectroscopy to compete
with the sensitivity of fluorescence meas-
urements, detection, at least at the low
PM level, needs to be achieved. In order
to make more sensitive liquid-phase
BBCEAS measurements, two modi-
fications were made to the previous
experimental set-up. First, to eliminate
scattering and absorption losses from the
cuvette, it was removed and, instead, a
specially constructed liquid-tight cavity,
where the mirrors were in direct contact
with the solution, was used. Second, a
longer base path length of 20cm was
used.® This set-up introduced some new
challenges. The enhanced sensitivity
resulted in background solvent absorp-
tions, which were insignificant at shorter
path lengths, manifesting themselves on
sample cavity spectra. These were due
to high overtone C—H and O-H stretch-
ing vibrations present in most solvents
absorbing a significant fraction of light at
selected wavelengths under cavity condi-
tions. As a result, preliminary experiments
were performed on a range of common
solvents and acetonitrile was identi-
fied as having the greatest transparency
in the range 450-650 nm. The strong
absorber, methylene blue, with a peak
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Figure 2. The BBCEAS spectrum of 4.0 x 107°M sudan black in hexane and 3.1x 10~ M Ho** in
water, in the range 420—670 nm, obtained with the white LED and the R > 0.99 mirror set in a

2mm cuvette.
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absorbance at 655 nm, was chosen
as the analyte for study. Experiments
were performed with a white LED and
the R>0.99 and R >0.999 mirror
sets. Figure 3 shows spectra obtained
using the R >0.99 mirror set. The back-
ground solvent absorption at ~620nm
can be clearly seen. The reduced scat-
tering and absorption in the liquid-filled
cavity resulted in the CEF value increas-
ing significantly from 78 to 429 when the
R>0.99 mirrors were replaced with the
R>0.999 mirrors. This large increase in
effective path length compensated for the
decrease in light intensity reaching the
detector and the most sensitive results
were achieved with the R >0.999 mirror
set. An oy, 0f 2.8 x 1077 cm™ was calcu-
lated leading to a LOD of 4.6x 107 M.
To date, this appears to be the most
sensitive liquid-phase absorption meas-
urement reported in the literature.

Application of BBCEAS as
a detector for HPLC
High-performance liquid chromatog-
raphy (HPLC) typically uses UV-visible
absorption detection and has conse-
quently been the focus of the few
previous liquid-phase CRDS stud-
ies reported. These have all been
performed at a single wavelength using
complex and expensive experimen-
tal set-ups. Our previous BBCEAS stud-
ies suggested that BBCEAS would be a
suitable detection technique for HPLC,
as a result of the multiplex detection
used. This was similar in function to the
diode array detectors used in modern
HPLC systems. Consequently, experi-
ments were performed on a home-
built HPLC set-up around which a
BBCEAS detection system was built.°
Essentially, a 1cm path length HPLC
flow cell was placed into the opti-
cal cavity of a BBCEAS set-up formed
using R > 0.99 mirrors. The results were
compared with experiments performed
on a conventional PerkinElmer Series
200 HPLC instrument. Measurements
were made on the dyes rhodamine B
and rhodamine 6G. The LODs for the
HPLC-BBCEAS instrument were found
to be between 54 and 77 times lower
than for the conventional HPLC instru-
ment and comparable to the previous
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Figure 3. The BBCEAS spectrum of methylene blue in acetonitrile in the range 550-700nm,
obtained with the white LED and the R > 0.99 mirror set in a 20cm cell. A scaled single-pass
spectrum of methylene blue is also shown. (Reproduced from Reference 8 by permission of The

Royal Society of Chemistry.)

HPLC-CRDS studies. A key advantage
over single wavelength HPLC-CRDS
studies was demonstrated by success-
fully discriminating between rhodam-
ine B (~556nm) and rhodamine 6G
(~527nm) when a nearly co-eluting
mixture was studied. This is shown in
Figure 4. In addition, the simple, low-
cost experimental set-up and straight-
forward data analysis suggested that
BBCEAS could be offered as a moderate
cost option by HPLC manufacturers.

Future applications

The future appears very bright for
liquid-phase applications of BBCEAS. In
essence, any current set-up which uses
single pass absorption spectroscopy on
liquids could benefit from enhanced
sensitivity if BBCEAS is applied. Current
practical challenges stem around the
extension of measurements down into
the UV region (200-400nm), where
compact, low-cost broadband light
sources are rare and suitable broad-
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Figure 4. A chromatogram compiled from BBCEAS data collected at 541 nm for rhodamine 6G
and rhodamine B. The inset shows the visible spectrum at selected points on the chromatogram.
(Reproduced from Reference 9 by permission of The American Chemical Society.)
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band high-reflectivity mirrors are difficult
to manufacture. Extension into the near
infrared region is also desirable but may
prove difficult due to increasingly strong
background solvent absorptions. Ongoing
research at Teesside University is focuss-
ing on making UV BBCEAS measure-
ments on liquids and thin films using UV
LEDS and also applying BBCEAS to micro-
fluidic devices and microplate readers.
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