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Understanding the Limits of the
Bouguer-Beer-Lambert Law

Thomas G. Mayerhoéfer, Susanne Pahlow, and Ju

The Bouguer-Beer-Lambert law is
frequently applied in spectroscopy
and spectrophotometry. Often it is
assumed that it accurately describes
the observed changes induced by
light-matter interactions and properly
reflects the physical phenomena at
play. For most cases, however, this is
not true, and issues can arise when the
Bouguer-Beer-Lambert law is applied
uncritically. In this short article, we will
comment on its fundamental limits and
their physical background.
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he Bouger-Beer-Lambert

(BBL) law has one big flaw, and

that is its name. A more appropri-
ate denomination, in our opinion, would
be the Ideal Absorption law. In analogy
to the ideal gas law, everybody would
be well aware of the fact that it is just a
(sometimes very good) approximation.
Consequently, we would be much more
cautious when applying it. Also, authors
of basic textbooks and university teach-
ers would spend more effort to explain its
[imits. Since completely renaming a well-
known relation is usually not a good idea,
we will call it the “BBL Approximation” in
this article, where we will make you familiar
with its limitations and pitfalls.

For truly understanding the BBL approx-
imation, it is helpful to have some knowl-
edge about its origin. When Bouguer and
Lambert found the expression (1,2):

1
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they were studying the absorbing proper-
ties of the atmosphere. |, is the intensity of
the light before and I the intensity after the
traverse through the atmosphere, dis the
length of the light path, and &, a constant.
As a side note, in the original expression
the natural logarithm came up, but since it
was much easier at that time to compute
decadic logarithms, and since both differ

just by a constant, the decadic logarithm
was used later on.

Now, what are the limitations of equa-
tion 17 In general, it is always a good start
to recall the particular use case—the ex-
perimental conditions (see Figure 1). If we
acquire a spectrum of the atmosphere, the
light source and the detector would actu-
ally be within the medium that is investi-
gated. Consequently, we are not dealing
with transmission of light through a sam-
ple, but with light that travels within a me-
dium. Accordingly, in contrast to transmis-
sion, there is no reflection, since there is no
interface between the incidence medium
and the sample, as the sample is in fact the
incidence medium. In addition, there is no
interface between the sample and an exit
medium, because the sample is also the
exit medium in this special case. So, again,
reflection at this second interface also does
not occur. If a sample is putin the light path
that has well-defined interfaces perpendic-
ular to this path, then the light transmitted
into the sample is not only reflected at the
second interface and travelling back, but
a part is then reflected at the first inter-
face. This part is then travelling along the
original light path until it hits the second
interface where again a part is reflected
and travelling back (3). These multiple re-
flections are not considered in equation 1.
If the thickness of the sample is the same
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over the whole area where the light beam
hits it, then something happens which is
not at all taken into account in equation 1.
Light behaves as a wave and the forward
and backward travelling waves interfere
with each other. Depending on the thick-
ness of the sample, the wavelength of the
light and the refractive index of the sample
at that wavelength, the light intensity fluc-
tuates (4). If the interference is destructive,
the intensity will be lower than expected
and higher for constructive interference.
Accordingly, for such samples one would
not obtain a straight line, if the intensity was
plotted over the thickness, but it would in
factfluctuate. Thisis of greatimportance for
interpreting infrared (IR) absorbance spec-
tra, since the described effects will affect
band intensities in corresponding spectra.
In addition, band shapes can change and
shifts can occur. Typical samples, where
this can happen, are films on IR transparent
substrates like CaF,), ZnSe, or Si (see Figure
2). The latter two often lead to distinct in-
terference fringes which boldly remind you
that equation 1 is just a first approximation
(5). For CaF,, visible fringes are absent, but
interference effects are still at play, although
more subtly (6). Thin films on metals are an-
other case where the wave nature of light
leads to pronounced effects: one measures
the reflectance, but often obtains spectra
very similar to transmission experiments.
Constructive and destructive interference
is in particular strong for such samples, and
bands can even occur in spectral regions
where there is no absorption of the mate-
rial the film is made of (7,8). Many methods
have been devised to deal with interference
effects. Unfortunately, most of them just aim
at removing the fringes visually without con-
sidering their physical origin. Consequently,
other interference-based changes remain
in the spectra, which makes their correctin-
terpretation difficult. To achieve more than
cosmetics, a wave optics-based approach
is required (5,6,8).

A common misbelief is that interpreting
equation 1 in the following, different way,
can solve the issues mentioned above in
general:

T
—longo=a -d (2]

www.spectroscopyonline.com

TUTORIAL

(a) Bouguer and Lambert's experiment

* light travelling within a medium
* nointerfaces

— the Bouguer-Beer-Lambert
law is accurate
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(b) What is usually done

i / h
in spectroscopy/spectrop y

¢ sample confined in a cuvette, as a film,
or a layer

e interfaces lead to reflection

* wave nature of light causes interference
effects

— deviations from the
Bouguer-Beer-Lambert law

will occur

0

7

't

interface

Lightsource

—
] o
)’
. 9 5
113

Lightsource

.4
—=od

Detector

Detector

I &

arrows have been shifted vertically for clarity

constructive interference

interface

n, 2

destructive interference
—

4

FIGURE 1: Schematic display of the different conditions of the experiments
as performed (a) by Bouguer and Lambert and (b) the way spectroscopy and
spectrophotometry are usually performed today.
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FIGURE 2: Comparison of the influence of sample geometry, measurement
technique and substrate on absorbance spectra. Bottom shows light interac-
tions with different substrates. Adapted with permission from reference (9).

In equation 2, Tis the transmittance of
the sample, and T, is the transmittance
of the substrate. Where does equation
2 come from? It actually reflects the way
spectrophotometry is being performed.
Accordingly, Tis the transmittance of the
absorbing solute in a non-absorbing sol-
ventand Ty is the transmittance of the neat
non-absorbing solvent. However, when
certain conditions are met, equation 2 will
actually work. As long as the cuvette is

thick and has thickness inhomogeneities,
these will cause the interference effects to
average out (10). Furthermore, as long as
the refractive index of the solution is not
very different from that of the neat solvent,
the way light is multiply reflected is approx-
imately the same, and corresponding ef-
fects cancel out as well. Finally, the refrac-
tive index of the solvent should be as small
as possible, but values up to around 1.5 are
allright, if equation 2 is used, in contrast to
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equation 1, where the refractive indices are
assumed to stay close to 1 as those of gas
mixtures do (11).

So far, we did not discuss the BBL
approximation in the form which is
commonly used in textbooks (12,13).

/
710g]0T0:e~c*d [3]

In equation 3, e is the molar absorption
coefficient and cis the molar concentra-
tion. Before we discuss the limits of the
right side of equation 3, a word of caution
is necessary: It seems that using the molar
concentration is somewhat arbitrary, and
one can use mass or weight equally well.
This is a fallacy caused by the assump-
tion that this right part is empiric. Actually,
it is not, as recently has been shown (14).
It must be a concentration based on the
number of molecules in a certain volume.
This means that amount or volume frac-
tions for close to ideal mixtures are equally
acceptable, but not weight or mass frac-
tions. Overall, you should keep in mind that
the concentrations must be very small. Not
only because of changing chemical inter-
actions that can lead to changing material
properties—this is nowadays a very com-
mon misconception. In fact, if you put a
dye in different solvents with which it does
not chemically interact, it nevertheless
changes its color. The reason is that light
interacts with matter and polarizes it, which
can lead to color changes. The degree of
polarization depends on the environment
of a molecule (15) and, thereby, the color
changes (16). As a consequence, ¢ is a con-
stant only for neat substances. As long as
you keep the concentration small, a dye
molecule will only be influenced by the
solvent, but once the concentration be-
comes too large, the dye molecule is also
influenced by others of its kind. If you are
interested in larger concentrations or even
in liquid or solid mixtures (in gases there
is no problem at lower pressures due to
the larger intermolecular distances), and
you have made sure that chemical interac-
tions do not occur or did not change, we
recommend focusing on comparably weak
bands (17), because the lower the transition
moment, the smaller the polarizability. Fo-
cusing on a single band caused by a weak
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transition can be much more accurate than
chemometric methods using the full spec-
trum (18).

By the way, sometimes you read that
shadowing of one molecule by another is
a problem at higher concentrations. In our
opinion, this is nothing but a hoax, since
molecules are so small compared to the
wavelength that light acts as a wave and
not as aray.

Coming back to the experiments con-
ducted by Bouguer, Lambert, and Beer,
there is one more aspect, we have not dis-
cussed yet. Gases as well as diluted solu-
tions are microhomogeneous. This means
that if you use a microscope operating at
the same frequencies, wavelengths, or
wavenumbers and inspect your sample, it
will look exactly the same everywhere. If
this is not the case, you will be in trouble, if
you want to apply the BBL approximation
(19,20). As an example, consider a poly-
mer like polytetrafluoroethylene which
has pores with diameters in the microm-
eter range. This might be all right in the
terahertz range, because, due to the long
wavelengths, it feels an effective refractive
index. If the wavelengths are smaller, than
light that travels within a pore is not ab-
sorbed at all. On the other hand, while en-
tering and leaving the pore, it is reflected,
leading to scattering. Depending on the
microstructure and the wavelength, one or
the other effect will dominate. But, since
the microstructure depends, for example,
on the thickness of the polymer, simply de-
termining the absorbance and dividing it
by the thickness will not lead to the same
result as equation 1 would imply.

Certainly, this short article could only
touch superficially on this topic. A more
detailed discussion of these and other
limits can be found in a recent review by
us (9). For solutions of some of the related
problems, we suggest to consult books
about wave optics and dispersion theory
@,21,22).
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