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 Abstract 
 

Mid-infrared spectra of biological matter such as tissues, or microbial and eukaryotic cells 

measured in a transmission-type optical setup frequently show strongly distorted line shapes which 

arise from mixing of absorption and scattering contributions. Scattering-associated distorted line 

shapes may considerably complicate the analysis and interpretation of the infrared spectra and large 

efforts have been made to understand the mechanisms of scattering in biological matter and to 

compensate for spectral alterations caused by scattering. The goals of the present study were 

twofold: Firstly, to get a deeper understanding of the physics of scattering of biological systems and 

to explore how physical parameters of the scatterers such as shape, size and refractive index 

influence the line shape distortions observed. In this context, simulations based on the full Mie 

scattering formalism for spherical particles were found to be useful to explain the characteristics of 

the Mie scatter-associated distortions and yielded a size criterion for the scattering particles similar 

to the well-known near field criterion. 

The second objective of the study was to investigate whether alternative optical setups allow to 

minimise the effects of scattering. For this purpose, an optical system is proposed which is 

composed of an integrating sphere unit originally designed for diffuse reflection measurements, an 

off-axis DLaTGS detector to collect scattered and transmitted light components and a commercial 

Fourier transform infrared (FTIR) spectrometer. In the context of this study transmission type (tt-) 

FTIR spectra and spectra acquired by means of the integrating sphere setup (is-FTIR) were acquired 

from monodisperse poly(methyl) methacrylate (PMMA) microspheres of systematically varying 

size. The tt-FTIR spectral data of different PMMA particles confirmed earlier observations such as 

the presence of size-dependent oscillating spectral baselines, peaks shifts, or derivative-like spectral 

line shapes. Such effects could be dramatically minimised when is-FTIR spectra were acquired by 

the integrating sphere unit. Utilisation of an integrating sphere is suggested as a convenient and 

easy-to use alternative to computer-based methods of scatter correction. 

 
 I. Introduction 

 

The last fifteen years have seen significant progress in the field of applications of infrared (IR) 

spectroscopy. Advances in instrumentation such as the development of sensitive detectors 1, 

coupling of IR microscopy and IR spectroscopy (IR microscopy) 2,3 and the introduction of IR 

imaging systems with multi-channel focal plane array detectors 4 have expanded the capabilities of 

IR spectroscopy and significantly opened up new fields of application of this methodology. Today, 

the areas of application of IR spectroscopy are manifold, ranging from classical analytical 

chemistry, art conservation, archaeology, forensics, pharmaceutics, microbiology and involve also 

medical research activities to develop application for histology, pathology and cytology. 

Concurrently with the numerous technical improvements in the field of IR spectroscopy, novel 

methods of spectral data analysis were introduced that helped to analyse the increasing amounts of 

data and to extract the relevant chemical and structural information. Examples of such methods are 
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novel techniques for spectral pre-processing, 5-9 multivariate spectral analysis (fingerprint 

techniques) 10-11, and advanced segmentation methods for hyperspectral imaging. 12-14 

The expansion of the applications of IR spectroscopy, IR microscopy and IR imaging also showed 

the limits of the applicability of the techniques. Analysis of IR spectroscopic data is based on the 

assumption that the sample under study absorbs IR light of different wavelengths in a way that is 

characteristic for it. The absence of other types of optical processes (scattering) with an impact on 

the spectral characteristics of transmitted light is considered an important prerequisite for data 

interpretability and subsequent quantitative and qualitative spectral analyses. Typical measurement 

setups for IR absorption measurements are transmission, reflection, transflection and ATR-type 

configurations. All these measurement setups have in common that scattering as the second 

important optical process associated with the interaction of light and matter cannot be neglected. 15 

Many studies have shown that scattering may significantly alter the typical band profiles of IR 

absorption spectra. Because many biomedical applications of IR spectroscopy rely on observing 

specific disease-associated spectral markers or signatures, scattering renders the analysis of the 

spectral data very difficult if not impossible. 7,8,15-18 IR spectral scattering effects are manifested in a 

typical manner and express themselves as altered spectral baselines (baseline slopes, undulating 

baselines), shifted peak positions, derivative-like band profiles, or may even lead to inverted 

(negative) peak shapes. 15,17 

Many authors have stated that spectra from biomedical samples such as cells and tissues can be 

influenced by factors other than the biochemical composition. 18 For example, Mohlenhoff et al. 

reported that the nuclei of eukaryotic cells act as scatterers causing a broad, undulating spectral 

background onto which the absorption features are superimposed. 7,16 The spectral baseline effects 

could be successfully modelled by the well-known Mie theory 16,19,20 which applies to scattering of 

dielectric spheres of a size similar to the wavelength of light. Based on these findings Kohler et al. 

suggested a computational method to correct for the undulating baseline patterns. 21 These models 

could, however, not explain the origin of band distortions like derivative-like spectral line shapes, 

band splitting or inverted IR bands sometimes mistakenly called the “dispersion artefact”.22 In 

2009, Bassan et al. demonstrated then that such band distortions are a result of both, scattering and 

the fact that the real part nr and the imaginary part of the refractive index are linked via the 

Kramers-Kronig relationship. 17 The variation of nr and  in the region of an absorption band (i.e. in 

resonance) prompted the authors to term this optical process Resonant Mie Scattering (RMieS). 17 

Based on this finding, the same group developed in the following years theoretical models of 

scattering which could be incorporated into computer algorithms to minimise unwanted scattering 

contributions from IR spectra showing both, broad Mie-type scattering features and spectral 

characteristics caused by RMieS. 8,22 

Although with the described computer models tremendous progress has been achieved, it must be 

noted that scattering effects cannot be always completely eliminated from the experimental data. 

This is to a large extent due to the fact that the theoretical models of Mie scattering basically apply 

to spherical objects. This precondition is, however, often not satisfied in the field of biomedical 

applications of IR spectroscopy, where objects with irregular morphology such as cells, tissues or 

microorganisms are studied. The assumption, that any non-spherical object can be approximated by 
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a plurality of spheres having different radii certainly holds true. But one should always keep in 

mind that this is only a first order approximation and not an analytical solution. Another problem is 

the lack of knowledge about the exact values of parameters like the complex refractive index n, or 

the radii r of the particles composing the sample. In the approach suggested by Bassan et al. 8,22 this 

problem was addressed by simultaneously solving a multitude of equations for a set of spherical 

microparticles having different radii and refractive indices. For estimating the scattering 

contributions an iterative procedure was suggested that involves repetitively fitting the 

superposition of compressed solutions to a given reference spectrum. The suggested procedure is 

complex, computational demanding and often inaccessible to the practitioner. In addition, 

separation of scattered contributions and purely absorptive components in the measured spectra 

suffers also from the problem that a reference spectrum is required which must not contain any 

scattering contributions. Unfortunately, this condition cannot be always met. 

With the present study we suggest an alternative solution to minimise contributions from scattering 

in the IR absorption spectra. The proposed approach is based on a radically different principle: 

instead of trying to eliminate scattering effects by computer-based computational methods, we 

propose to collect scattered light components by means of an integrating sphere unit which is 

equipped with an IR sensitive off-axis detector. The suggested optical configuration has been used 

to spectroscopically characterise strong IR scatterers of known chemical composition, poly(methyl 

methacrylate) (PMMA) beads. IR spectra acquired from PMMA microparticles of various radii 

were systematically analysed and compared with the respective spectra of a conventional 

transmission-type experiment. 

 
II. Theory of absorption and scattering 
 
II.1 Absorption and scattering 

 

Absorption: Absorption and scattering are the two major optical processes describing the interaction 

of light with a given material. In optical spectroscopy absorption refers to the attenuation of light by 

which the energy of electromagnetic radiation is transformed into other forms. The extent of light 

attenuation by a given sample (see Fig. 1a) can be described by the well-known law of Beer-

Lambert: 

 

(1) 

 

 

In equation (1) A is the absorbance, IT and I0 are the intensities of transmitted and incident light,  is 

the molar extinction coefficient, C the concentration of absorbing species and d the distance the 

light travels through the sample. 

Equation (1) can be easily rewritten into the following form: 

(2) 
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In infrared spectroscopy, it is common practise to describe the wavelength-dependence of the 

absorbance A(). From equation (2) it becomes obvious that A() is directly related to the 

wavelength-dependence of the molar extinction coefficients () 

 

(3a) 

Equation (3a) can be alternatively written as  

 

(3b) 

 

with  being the imaginary part of the refractive index. , nr and n are linked via the following 

equation:  

 

(4) 

The symbol n denotes the complex index of refraction. Furthermore, nr is the real part of the 

refractive index. 

Scattering: One of the preconditions that must be fulfilled in order for Beer-Lambert law to be valid 

is the absence of scattering. For the sake of clarity, we refer in this study only to elastic scattering 

processes in which the energy of the scattered photons remain unchanged and only the direction is 

altered. Elastic scattering of light is well understood and the theory of scattering has been 

established already decades ago. Furthermore, for complex objects an electromagnetic description 

of light scattering has been extensively formalised. 23-27 Scattering of electromagnetic radiation by 

an object, or a system of objects, occurs as a result of spatial heterogeneity of the refractive index, 

i.e. variations of the complex refractive index n over a spatial dimension x. The literature 

differentiates between three major forms of elastic light scattering. Rayleigh and Mie scattering are 

known as scattering by particles with dimensions smaller, or of about the same size as the 

wavelength 27 whereas geometric scattering applies to large objects. Mie scattering is of particular 

importance in this study. It applies to the particular case of light scattering by an absorbing 

spherical object 20,27. The Mie theory turned out to be extremely successful to precisely describe 

cloud or dust light transmission in metrology and aeronomy, but also in many other areas of 

research such as astronomy and chemistry for modelling the interaction of starlight with interstellar 

dust, or to estimate the size of particles in colloidal suspensions. 19,28-31 

An important characteristic of scattering is that singly scattered light components usually have other 

directions than the original direction of incident light (multiple scattered light can have the same 

direction). For transmission-type measurements it is thus important to realise that only a very small 

fraction of scattered light reaches an on-axis detector (see Fig. 1b). The intensity of light as 

measured by such a detector IT() can be thus calculated on the basis of the following formula :  

 

(5) 
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where I0() corresponds to the intensity of the incident light of the wavelength . IScat is the energy 

of the scattered light integrated over all directions of space and IA() corresponds to the intensity of 

light that is absorbed by the sample. Equation (5) shows that only in cases where no scattering 

occurs, i.e. IScat= 0, transmission-type measurements will obey the Beer-Lambert law. In cases 

where light is scattered, but the scattering efficiency is independent from the wavelength , or 

nearly independent over relatively narrow spectral regions in the case of Rayleigh scattering, (i.e. 

IScat()  I0() with IScat()/I0()=k, with 0≤k≤1) one can still observe the band profiles known from 

IR absorption spectra. In these cases, the experimental absorbance values are scaled by a 

wavelength-independent factor. In many cases, however, scattering is wavelength-dependent 

(IScat()/I0()≠ const). Under these conditions transmission-type measurements cannot be used 

anymore for estimating the absorption properties of a sample. 

The concept of extinction: In optics the concept of extinction is often used to describe the quantity 

of light not reaching the detector: 19 

(6) 

 

In equation (6) IA() and IScat() denote the wavelength dependencies of the intensity of absorbed 

and of scattered light, respectively with the latter being integrated over all directions. The concept 

of extinction differs from the concept given by equation (1) in that it includes also other optical 

processes (scattering) that can lower the intensity of light recorded by an on-axis detector. In 

electromagnetism the extinction is convenient to calculate because it corresponds to the interference 

between the incident and forward scattered light (=0°, is the scattering angle). 19 Equations (5) 

and (6) are equivalent because I0() =IT() + IExt(). 

Absorption and scattering are not independent from each other: Absorption and scattering are 

optical processes that are intertwined via the complex index of refraction of the sample under study 

(see equation (4)). It is well-established that the efficiency of light scattering can be mainly 

described by the real part of the refractive index nr() which is, among others, dependent on the 

physical properties of the sample (shape, size and number of scatterers). 19 Contrary to that, 

absorption is dominated by the imaginary part of the refractive index () which describes the 

samples’ chemistry (Note that the real and imaginary parts of the refractive index are linked via the 

Kramers-Kronig relation). The complex nature of the refractive index has substantial consequences 

for spectral analysis in practise. In a typical IR measurement arrangement, for example in a 

reflection or transmission-type setup with an on-axis detector, it is impossible to distinguish 

between light attenuation due to absorption or scattering. As in such experimental setups only the 

extinction, i.e. the sum of both optical effects can be registered, a classical spectroscopic analysis 

can be made only in cases where scattering is negligible or completely absent. Such a chemical 

analysis of the spectra, however, will become possible when scattered light components are guided 

by a suitable optical arrangement onto the detector. Within the context of the present study we 

suggest a measurement arrangement consisting of an integrating sphere unit and an off-axis IR 

sensitive detector. In the following we will show that this arrangement will be helpful to correct for 

spectral contributions from light scattering in FTIR spectral measurements.  

 

      ScatAExt III 
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II.2 The Mie scatter size criterion 

 

In the previous section we have outlined that a chemical analysis of IR spectra is not applicable in 

cases where scattering cannot be neglected and the scattering efficiency depends on the wavelength 

(i.e. IScat()/I0()≠ const.). As the scattering properties of spherical absorbing particles obviously 

depend on their physical parameters such as the real part of the refractive index nr,s and the size 

(radius, r), we have investigated this dependency with more detail. 

For this purpose we propose to use the Mie scattering formalism for spherical particles which gives 

the full analytical expression for the intensity of light based on Maxwell’s theory of 

electromagnetism. We will use the general equation (see appendix A) to describe shape and position 

of bands in IR extinction spectra taking into account the complex nature of the refractive index n 

(see equation (4)). Firstly, it is assumed that scattering results in a shift of the band maximum which 

holds true in cases of a small scattering efficiency. Secondly, it is proposed that the shift induced by 

scattering must be larger than 0.1 cm-1 to be detectable. This definition is somewhat arbitrary but 

appears quite reasonable in the light of a spectral resolution of 4 cm-1 which is commonly used in 

FTIR spectroscopy of condensed matter with biological samples as a particular case. In appendix B 

we show that band shifts are not observable (i.e. ≤ 0.1 cm-1) when the following condition is 

satisfied: 

 

(7) 

 

In this expression m is the ratio between the real part of the refractive index of the sphere nr,s and 

the corresponding value of the surrounding medium (air) nr,a. The radius of the sphere is denoted by 

r and  is the wavelength of light. At this point it should be emphasised that the Mie scatter size 

condition was obtained by assuming a band shift not larger than 0.1 cm-1. We have mentioned 

earlier that 0.1 cm-1 is a rather arbitrary value, but additional simulations have, however, shown that 

the above-mentioned condition holds true also for smaller band shifts e.g. for 0.01, 0.001 cm-1 or 

even for infinitesimal band shifts. Condition (7) can be thus considered a general criterion that 

applies to any Mie scattering-associated spectral alteration, including band shifts that are equal or 

smaller than 0.1 cm-1. Noticeably, the criterion of expression (7) somewhat resembles the well-

known near-field criterion in optics where the evanescent waves dominate the electric field. 32 It 

means that the electric field inside a sphere is mainly described by the distribution of evanescent 

waves in cases where the size of the sphere is small compared to the wavelength. In cases where 

inequality (7) holds true, the pattern corresponding to the scattered electric field becomes isotropic 

and nearly independent from the wavelength so that transmission-type measurements allow to 

obtain interpretable band profiles, i.e. spectra in which the Mie scattering effects are negligible. 

The dependence of the critical radius r from the wavelength  has been illustrated in Fig. 2 for a set 

of spherical absorbing microparticles having different refractive indices nr,s. Considering 

poly(methyl methacrylate) (PMMA) particles of a refractive index of n = 1.3, 17 we can predict that 

typical PMMA absorbance features such as the syCH stretching band of >CH2 groups (2850 cm-1, 

=3.51 m) will be undisturbed if the radius r of the beads is equal or smaller than 0.43 m (tt-




2
 rm
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FTIR setup, case (a) of Fig. 2). Distortions will be only present in cases where larger spheres are 

studied. Similarly, in the region of the carbonyl band (1731 cm-1, 5.78 m) we will find Mie scatter 

induced spectral alterations only for particles having a radius larger than 0.71 m (case (b) of Fig. 

2).  

 
III. Experimental 
 

PMMA samples: Monodisperse poly(methyl methacrylate) (PMMA) beads of varying sizes were 

obtained from microParticles GmbH (Berlin, Germany). The size of the particles was specified by 

the manufacturer as follows: (i) 0.242±0.006 µm, (ii) 0.404±0.010 µm, (iii) 0.615±0.02 µm, (iv) 

1.04±0.03 µm, (v) 2.31±0.06 µm, and (vi) 4.86±0.10 µm (average radius ± standard deviation). The 

PMMA reference sample has been prepared from a PMMA-chloroform solution. This solution was 

deposited onto a ZnSe window and allowed to air-dry. The thickness of the PMMA film sample 

was approximately 2 µm. 

Aqueous suspensions containing the PMMA spheres were diluted in deionised water and deposited 

for drying on ZnSe windows. Reducing the original concentration of the microparticles was 

necessary to exclude contacts between, and stacking of individual PMMA microspheres. 

Representative light-microscopy photographs of the PMMA microsphere preparations were 

obtained from the air-dried samples (see Fig. 1S of the supporting information). These photographs 

demonstrate the absence of stacking and illustrate that contacts between individual microspheres 

can be considered an exception. The dried samples were characterised in FTIR transmission mode 

(tt-FTIR) and by the help of an integrating sphere unit (is-FTIR). 

FTIR transmission-type measurements (tt-FTIR): These measurements were carried out in 

transmission mode using a Bruker Vertex 70 FTIR spectrometer (Bruker Optics GmbH, 

Rheinstetten, Germany), which was equipped with a sensitive liquid nitrogen cooled MCT detector. 

Spectra were recorded in the spectral range between 400 to 4000 cm-1 (= 25-2.5 m). The nominal 

spectral resolution used was 4 cm-1. Altogether 100 scans were co-added per sample spectrum and 

were apodised using a Happ-Genzel apodisation function for Fourier transformation. Interferograms 

were zero-filled using a zero filling factor of 4 to yield an encoding interval of approximately one 

data point per wavenumber. Spectra of the tt-FTIR measurements were vector-normalized (2-norm) 

in order to compensate for the unavoidable variations of the concentration of the microparticles. 

FTIR measurements by an integrating sphere unit (is-FTIR): is-FTIR measurements have been 

realised by means of an integrating sphere unit from Bruker (A 562-G/Q, Bruker Optics GmbH, 

Rheinstetten, Germany). The unit was originally designed for diffuse reflection measurements and 

was coated with a layer of diffuse reflecting gold. The IR signal was recorded by the help of a mid-

infrared off-axis DLaTGS (deuterated L-alanin doped triglycine sulfate) detector with an element 

size of 2.5 × 2.5 mm2 operating at room temperature. Parameters of spectral data acquisition 

(resolution, scan numbers, spectral range, apodisation function, etc.) were the same as for the tt-

FTIR measurements. Again, spectra were vector-normalized for reason of comparison. 

Numerical simulations: The calculation of the scattering efficiency Qext and of the apparent 

absorbance has been performed by a program written in C developed in-house by one of us (A.D.). 
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In order to obtain good convergence, spherical Bessel and Hankel functions were developed by a 

series expansion until the 10th order term. Another C code program has been written by A.D to 

determine the values of the radii r for a series of spheres with variable refractive indices ns. To 

simulate the peak shift of a synthetic absorption band as a result of scattering, an iterative procedure 

was employed in which combinations of ns and r values were systematically varied until the 

superposition of absorptive and scattering line shapes resulted in a peak shift of 0.1 cm-1. The peak 

shift was obtained as the difference between the positions of the maxima of the mixed and the pure 

absorptive reference band. 

 

IV. Results 
 

One of the main objectives of the present study was to systematically examine the absorption and 

scattering properties of microparticles of known chemical composition in the mid-infrared spectral 

range. In this context the dependence of the scattering properties on the size (radius, r) of the 

microparticles and the analysis of the question whether the disturbing influence of Mie scattering 

can be suppressed by a suitable measurement arrangement were of particular interest. To answer 

these questions monodisperse poly(methyl methacrylate) (PMMA) beads of various radii 

(0.242 ≥ r ≥ 4.86 µm) were characterised by means of the classical transmission-type FTIR 

measurement technique (tt-FTIR) and alternatively, by the help of an integrating sphere unit (is-

FTIR). While in the case of tt-FTIR light is collected only in the direction of incoming (incident) 

light, the is-FTIR technique allowed to collect the signal from transmitted and forward-scattered 

light components (cf. Fig. 1b and 1c).  

Fig. 3 shows a reference spectrum of a thin and homogeneous PMMA polymer film prepared on a 

ZnSe substrate. This spectrum was recorded in IR transmission mode and exhibits on a flat spectral 

baseline a number of intense IR absorption bands. Vibrational bands of this spectrum were found in 

good agreement with the literature values. 33-35 Infrared bands arising from methylene and methyl 

groups ((CH) of >CH2 and -CH3) were observed at short wavelengths between 2800 and 3000 cm-

1, (3.57 - 3.28 m) whereas the intense carbonyl band was found at 1731 cm-1 (5.78 m). At longer 

wavelengths (1000 - 1400 cm-1, 10 – 7.14 m) one can detect a number of vibrational modes from 

C-C-O or C-O-C groups (see Tab. 1 for details of band assignments in this region). 

FTIR spectra from the transmission-type (tt-FTIR) and the integrating sphere (is-FTIR) 

measurements are shown in Fig. 4. These spectra have been obtained from diluted PMMA bead 

preparations which were mounted by air-drying on a ZnSe substrate (cf. Fig 1S). In Fig. 4 spectra 

were shifted along the y-axis for clarity. Traces 1 of Fig. 4 demonstrate IR spectra from PMMA 

beads of a radius of 0.242 µm. Both IR spectra exhibit a relatively high level of similarity with the 

PMMA reference spectrum of Fig. 3. The latter finding indicates only little influence of light 

scattering on the characteristics of both, the tt-FTIR and is-FTIR spectrum. It must be noted 

however, that the SNR of the is-FTIR spectrum is relatively low, possibly a result of a low 

concentration of PMMA beads and the generally reduced intensity in the is-FTIR measurement 

configuration. The tt-FTIR spectrum and the is-FTIR spectrum of PMMA microparticles of a radius 

of 0.404 µm are given by traces 2 of Fig. 4. As in the previous case, vibrational bands of PMMA 
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are found within the accuracy of the measurements at their exact wavenumber positions. At short 

wavelengths (> 3000 cm-1, or < 3.33 µm) the tt-FTIR spectrum shows a noticeable baseline slope. 

Traces 3 of Fig. 4 display the tt-FTIR and the is-FTIR spectrum recorded from PMMA spheres with 

a radius of 0.615 µm. Spectra are still remarkably similar but the baseline slope of the tt-FTIR 

spectrum is more pronounced and can be observed also at longer wavelengths ( 1800 cm-1, 5.56 

m). Contrary to that, the is-FTIR measurement resulted in a spectrum with a flat baseline and 

nearly unchanged spectral bands. Spectra of monodisperse PMMA beads with a radius of 1.04 µm 

are given by traces 4 of Fig. 4. The tt-FTIR spectrum exhibits a markedly distorted baseline at 

wavelengths below 10 µm. Furthermore, the shape of the carbonyl band has become asymmetric 

with a negative side lobe at the short wavelength side. These spectral changes are in good 

agreement with earlier observations of Bassan et al. 17, who found similar changes in IR 

microspectra of individual PMMA microspheres. Contrary to the findings, the is-FTIR spectrum 

showed no significant differences compared to the pure absorption spectrum of Fig. 3. FTIR spectra 

obtained from PMMA beads of a radius of 2.31 µm are given by traces 5 of Fig. 4. As it can be 

taken from the stronger baseline slope and inverted band features in the CH-stretching region, the tt-

FTIR spectrum is strongly influenced by scattering. Furthermore, scattering-induced alterations in 

the carbonyl band region are so intense that the carbonyl band resembles a derivative-like line shape 

rather than a Lorentzian band profile. The band shift, by measuring the position at the band 

maximum, reaches a value of -11 cm-1 (1720 cm-1 compared with 1731 cm-1 when scattering is 

absent). In trace 5 (left panel) spectral alterations are not anymore limited to the CH stretching 

region, or the carbonyl band: other bands at longer wavelengths (> 6 cm-1) are also affected, albeit 

to a lesser extent. The C-C-O and C-O-C vibrations (see Tab. 1) are markedly degraded as seen by 

apparent changes in intensity, position and number of peaks. Measurements of beads of a radius of 

2.31 µm in the is-FTIR configuration resulted again in a spectrum with a flat baseline and bands 

with only little modified spectral characteristics (see trace 5 of Fig. 4, right panel).  

Traces 6 of Fig. 4 depict tt-FTIR and is-FTIR spectra for spheres with a radius of 4.86 µm. The is-

FTIR spectrum shows again a flat baseline and vibrational bands at their correct positions. It should 

be mentioned, however, that some band broadening along with alterations of the relative intensity 

ratios are observable (which could be a result of saturation effects, possibly because of large optical 

path lengths for individual microparticles, d=2r). In contrast to this the changes in the tt-FTIR 

spectrum are indeed remarkable: instead of a single carbonyl band at 1731 cm-1 one can observe an 

inverted band doublet. Furthermore, IR bands at longer IR wavelengths (> 6 µm) exhibit reduced 

relative intensities, peak shifts and derivative-like line shapes indicating strong scattering effects 

also in this spectral region. Interestingly, at shorter wavelengths (< 5 m) one can now see a 

decrease of scattering-associated features. Such alterations are surprisingly moderate in the C-H 

stretching region of the tt-FTIR spectrum. Negative peaks of the C-H stretching region (cf. trace 5) 

became positive again and band positions can be found close to the expected values.  
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V. Discussion 
 

Scattering-associated spectral changes in the mid-infrared region have been described by many 

authors in a number of studies. 7,8,15-18 Typical spectral characteristics of Mie scattering are broad 

baseline effects (oscillating baselines, baseline slopes) and sharp scattering features (e.g. derivative-

like line shapes, band shifts, inverted bands, etc.). These spectral changes are often dramatic and 

can significantly complicate the analysis and interpretation of the data. 

A variety of different terms such as "dispersion artefact", "anomalous dispersion", or "(Resonant) 

Mie scattering" can be found in the literature to describe the wealth of scattering-induced spectral 

alterations. We and others 22 believe that “Resonant Mie scattering” should preferably be used to 

describe such effects because this term includes both, the presence of Mie scattering and the fact 

that the real and the imaginary part vary together in “resonance” in the region of an absorption 

band. Other terms ("dispersion artefact", "anomalous dispersion" 7,17) should be avoided in the 

future because they more likely confuse than clarify the complex subject. 

Besides the potential application of an integrating sphere for reducing light scattering contributions 

(see below) it was also important to us to understand the relationships between the wavelength-

dependent spectral changes of the PMMA microspheres and physical parameters, the radius r and 

the refractive index n, of our model objects. In this regard it was possible to deduce a theoretical 

relationship, the Mie scatter size criterion, from simulated data and to experimentally confirm the 

validity of this dependency. It was found that the Mie scatter size criterion represents a threshold of 

the size of spherical microparticles that describes the occurrence of Mie scattering phenomena in a 

way similar to the well-known near field criterion. While light scattering by microparticles larger 

than the Mie scatter size criterion can be explained by the Mie theory, scattering by smaller spheres 

follows the laws of Rayleigh scattering. 

We now turn to a brief discussion of the experimental results and a comparison of the classical tt-

FTIR and the is-FTIR measurement technique. The experimental data acquired using the tt-FTIR 

data acquisition setup from the chemically uniform, but physically heterogeneous PMMA 

microspheres demonstrate the large spectral changes caused by the optical process of scattering. As 

shown by traces 1-6 of Fig. 4 (tt-FTIR setup, left panel) variations of the size of the PMMA 

microspheres resulted in enormous spectral effects: baseline slopes including oscillating/undulating 

baselines, peaks shifts, derivative-like line shapes, band splitting and even inverted IR bands can 

significantly modify the characteristic band profiles of tt-FTIR spectra and considerably complicate 

the interpretation of the spectra in terms of biochemical structure and composition. These 

observations are not new to the field of biomedical IR spectroscopy. PMMA microspheres have 

been used by others as excellent surrogates to model scattering from cells and cell nuclei. 17 

Furthermore, scattering is known since a long time in the field of biomedical IR spectroscopy and 

has been thus a subject of intense research. 7,15,17-18 In the past, there have been multiple attempts to 

understand the nature of the spectral changes associated with scattering and to develop physical 

models to separate absorption and scattering effects in the IR spectra. 6-8,15,19 The models developed 

in these studies have been incorporated into computer algorithms to minimise scattering effects in 

contaminated IR absorption spectra. For example, Bassan et al. applied the van de Hulst 
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approximation 8 and in a subsequent study an improved model with the full Mie scattering 

formalism for separating scattering and pure absorption contributions from experimental IR spectra 
22. Although these efforts have proved to be exceptionally useful for many practical applications, it 

cannot be overlooked that the scattering correction routines are rather complex and often not 

accessible to the practitioners. Furthermore, with calculation times of hours even for small data sets 

the procedures are computationally demanding and thus only of limited usefulness for large and 

very large data sets (i.e. for hyperspectral imaging applications). It should be also noted that 

although the proposed computational methods of scatter correction often improve shape and contour 

of the experimental spectra, the spectral fine structure, e.g. of the amide I band, may resemble 

details of the reference spectrum which is required for the correction (observation of the authors 

when the van de Hulst approximation method was used 8,23). 

With this study, we propose to minimise scattering effects in a radically different way. Instead of 

modelling absorption and scattering properties of the biomedical samples we propose a 

measurement setup that allows collecting scattered and transmitted light components 

simultaneously by an integrating sphere unit as the main component of the optical setup. The 

experimental comparison between the classical tt-FTIR measurement and the is-FTIR measurement 

on the same scattering sample has successfully proved that contributions from scattering can be 

indeed removed from the measured spectra. The use of an integrating sphere is not a common 

approach in the field of mid-infrared spectroscopy, whereas such equipment has been widely 

applied to measure UV, visible and near-infrared spectra of small particles and powders. 36,37 The 

experimental data acquired from the model objects of PMMA microspheres presented in this study 

demonstrate quite clearly that integrating spheres are suitable measuring devices to minimise 

scattering contribution: spectra of the right panel of Fig. 4 (is-FTIR) exhibit a high level of 

similarity with the reference spectrum obtained from the PMMA film sample (see Fig. 3). All of the 

is-FTIR spectra exhibited pure IR absorptions features on a flat baseline in which the typical broad 

Mie-type baseline slope, or the narrow RMieS characteristics are clearly absent. Despite these 

encouraging findings, it shall not be concealed that a number of factors exist which could 

potentially preclude the use of the is-FTIR data acquisition technology. In this context it is primarily 

noteworthy, that is-FTIR spectra of Fig. 4 show a considerably reduced signal to noise ratio (SNR) 

compared with the spectra acquired by means of tt-FTIR (cf. is-FTIR spectra 1 and 2 of Fig. 4). For 

a discussion of this observation, several factors must be considered. First, it should be noted that the 

preparation of a suitable sample of PMMA microspheres is not an easy task. To avoid contacts or 

even stacking of the microparticles, only solutions of a low particle concentration could be handled. 

This resulted in a limited amount of material being measured in the given experimental setup. We 

found this consideration particularly relevant for small microparticles, i.e. PMMA spheres of radii 

of 0.242 and 0.404 m. (cf. traces 1 and 2). A second important factor in the assessment of the 

reduced SNR is that the is-FTIR system is by no means optimised for measuring spectra from 

microparticles: a large amount of IR intensity is lost due to multiple (diffuse) reflections at the inner 

surface of the sphere. Thirdly, the different sensitivities of the detectors used for tt-FTIR and is-

FTIR should be also taken into account. While in the tt-FTIR measurements, a MCT detector was 

employed, the integrating sphere unit was equipped with a large-area DLaTGS detector. Although 
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we do not find ourselves in the position to assess whether the higher sensitivity of the MCT detector 

compensates for the larger size of the DLaTGS detector (2.5 × 2.5 mm!) it is however, beyond any 

doubt that the amount of light that reaches the detector could be more sensitively registered when 

the integrating sphere unit would be equipped with one or more large area MCT detectors. 

For a practical application of is-FTIR instrumentation, for example in IR microscopy and IR 

imaging, it is in our view absolutely necessary to implement technical measures to achieve a higher 

sensitivity. Besides the aforementioned way to improve IR detection this could be achieved via 

alternative coatings of improved reflectivity, more intense IR sources (synchrotron), or adapted 

optical solutions, for examples by utilising optimised geometries to collect and transmit more of the 

isotropic radiation onto the detector. 

In case of success, both, computer-based ways and instrumental options would be available to 

separate absorption and scattering contributions in the measured mid-infrared spectra. 

 

VI. Conclusions 
 
In this paper, we have demonstrated that distorted mid-infrared spectral line shapes arising from 

scattering can be minimised by using an optical system consisting of an integrating sphere unit, an 

off-axis DLaTGS detector and a commercial Fourier transform infrared (FTIR) spectrometer. This 

system turned out to be an attractive alternative to computer-based methods of scatter correction if 

the sample under study can be conveniently deposited on the optical substrate. The main advantage 

of the method is that absorbance spectra can be directly recorded, which contain only compositional 

and structural information (absorbance) from which the physical (scattering) information has been 

eliminated. This obviates the need for using complex and time-consuming computer-based 

correction methods. For the future it is intended to further develop the proposed methodology and to 

incorporate an integrating sphere unit into a standard FTIR spectrometer. This should allow for 

simple sample preparation and collection of high-quality absorbance spectra from strong scatterers 

also in a microspectroscopic setup. 
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VII. Supplementary material 
 
APPENDIX A 

The first attempts to establish a theory of absorption and scattering for spherical objects go back to 

1908 when Gustav Mie tried to explain colour variations exhibited by small gold particles 

suspended in water. 19,20 Since then, a number of authors have worked on this topic and provided a 

modern formulation of the Mie-theory (see refs. 26,38 for example). In this appendix we will present 

the classical mathematical approach that can express both, absorption and scattering of light by a 

sphere of a radius r with a complex index of refraction ns. 

The extinction efficiency Qext of a spherical object of radius r with a complex refractive index ns 
surrounded by a medium of a complex refractive index na corresponds to the extinction cross 

section per unit area. The extinction efficiency can be written in the following way: 19 

 

 

(A.1) 

 

with  

 

In equation (A.1) ai and bi denote the scattering coefficients of the electric field. The expressions of 

the scattering coefficients are a combination of Riccati-Bessel functions. 19 

 

 

 

(A.2) 

 

 

 

where m=ns/na, ji is the spherical Bessel function and hi is the spherical Hankel function. Using this 

formalism it is possible to obtain the precise wavelength-dependence of the extinction of a sphere. 

Conversion between extinction and absorbance was carried out by using the following relationship: 

 

(A.3) 

 

In equation (A.3) A denotes the so-called “apparent absorbance”, a term suggested by Bassan et al. 
17 which involves both, attenuation due to absorption and scattering. 

Application of the formalism to an absorbing sphere with one absorption band: In the following 

example we assume spheres of various sizes having a refractive index ns of 1.5 (ns=nr,s+is). We 

assume furthermore absorption of light by the spheres giving rise to a Lorentzian-shaped absorption 

band which is centred at =5 µm (2000 cm-1) and is characterised by a full width at half maximum 

of 0.01 µm (20 cm-1). We consider also the wavelength dependence of both, the imaginary and real 

parts of the refractive index (nr,s(), s(), see Fig. A).  
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The calculation of the extinction efficiency Qext as a function of the wavelength according to 

equation A.1 and the apparent absorbance (see eqn. (A.3)) will directly give us the theoretical 

spectrum of the sphere recorded in a classical infrared transmission type setup, i.e. tt-FTIR with on-

axis detection. It should be emphasised that the solutions obtained by this approach represent the 

full analytical expressions of the Mie theory, i.e. no approximations have been utilised for 

calculating the scattering coefficients.  

Fig. B shows the simulated apparent absorption spectra for spheres of various radii in the region 

between 1800 and 2200 cm-1 (5.56 – 4.55 m). The lower trace of Fig. B represents the reference 

spectrum (no scattering) with the synthetic absorption band centred at 2000 m. The next spectrum 

has been calculated for a microsphere of a radius of 0.5 m. The size of this particle is close to the 

theoretical Mie scatter size criterion (equals 0.53 µm, vide infra) so that scattering-induced spectral 

alterations are barely detectable in this case. The same statement holds true also for the 

microparticle with a radius of 0.6 m (see Fig. B). As the particle size further increases (r = 0.8 m) 

we can observe a gradual introduction of scattering features. As seen by Fig. B such features 

initially involve some band asymmetry associated with a minor band shift. With increasing particle 

size, the alterations get larger until a derivative-like line shape can be observed for a particle with a 

radius of 2.0 m. It is quite obvious that such tremendous spectral changes cannot be analysed and 

interpreted in the classical way. 

The effect of scattering is well-described for spherical objects, but there are many other 

mathematical treatments available which can be used to describe scattering on objects with 

cylindrical, oblate-like, or some other symmetrical shape. Similarly to spherical objects and 

regardless of the shape of the scatterers, scattered light will have a wavelength distribution which 

does not necessarily correspond to the original distribution of the incident light. Degradation of 

spectral absorption features is therefore not limited to scattering by spherical objects to which the 

Mie theory is restricted. For scatterers of various sizes with irregular shape - such as biological 

objects - it is therefore practically not possible to establish solutions to computationally separate 

between contributions from absorption and scattering.  

With the subsequent second section (appendix B) we provide an example of how the full Mie 

approach of light scattering by spherical particles can be utilised to determine the critical particle 

size at which the above-mentioned degradation of spectral features will be absent. 

 

APPENDIX B 
In appendix A it was demonstrated that the amplitude of spectral degradation due to scattering 

depends on the size of the spherical scatterers. The main goal of this section was thus to investigate 

the question, whether thresholds exist at which no Mie scattering-associated spectral alterations are 

detectable. 

To this aim a computer program has been developed which was used to model the band shift arising 

from mixing of real (scattering) and imaginary (absorption) band shapes. Again, we have assumed 

spheres of various sizes (radius r) having a complex refractive index ns. It was also assumed that the 

microspheres are composed of a material giving an IR band centred at  = 5 m (2000 cm-1) with 

the band having a full width at half height of 0.01 µm (20 cm-1). The microspheres are illuminated 
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by collimated light in the wavelength range between 1800 and 2200 cm-1 (5.56 - 4.55 m). For the 

sake of simplicity it was defined that only peak shifts larger than 0.1 cm-1 can be detected at our 

experimental conditions. 

Using the framework given by appendix A we have then calculated the thresholds of microsphere 

radii r for a given set of refractive indices nr,s ranging from 1.1 – 1.7 considering that the 

surrounding medium is air (nr,a=1). The thresholds of r for the different refractive indices are given 

in Tab. 2. A closer inspection of the dependence r from nr,s clearly revealed a linear dependency 

with an average product <nr,sr> of 0.786 with a standard deviation of 0.03. If we then introduce the 

wavelength dependence of r to the simulation, we can finally obtain a condition that links nr,s, r and 

: 

 

(B.1) 

 

In equation B.1 the value 0.157 was obtained by dividing 0.786 by the wavelength (2000 cm-1 or 

5 m). Although expression B.1 has been obtained to estimate if Mie scattering-associated 

degradation can be observed in the IR spectra, the condition is also valid for other wavelength 

regions, including the wavelength region of visible light. 

The value of 0.157 is not a random value and it can be shown that this parameter is linked to a well-

known optical parameter. In analogy to near-field optics where the near-field region is defined by a 

distance that is smaller than the wavelength  divided by 2, one could discuss the value of 0.157 

also as 1/2. In conclusion, we propose that the criterion given in equation B.1 is linked with the 

well-known near-field definition and can be defined in analogy to 32 by the following equation: 

 

(B.2) 

 

In this equation m is the ratio between nr,s and nr,a, which is defined as the real part of refractive 

index of the surrounding medium (air nr,a =1). The analogy between the definition of the near-field 

region and the Mie scatter size criterion of equation B.2 is quite obvious. The Mie scatter size 

criterion is linked with the near field criterion by the fact that scattering by microparticles always 

involves forward and backward propagatives waves inside the sphere. These waves can interfere 

with the incident wave. If the size of the scattering particles is smaller than the Mie scatter size 

criterion of equation B.2 then interference and consequently Mie scattering cannot be observed 

anymore. In such cases scattering from small-sized spherical particles is explained by the Rayleigh 

theory. 
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VIII. Legends to the Figures 
 

Figure 1  

A. Classical transmission-type FTIR measurement setup (tt-FTIR) of a homogeneous sample of a 

thickness d in the absence of scattering. Transmitted light is recorded by an on-axis IR detector. 

B. Same tt-FTIR measurement setup on a sample showing spatial heterogeneity of its refractive 

index n. Scattered light components do not contribute to the detector signal. 

C. FTIR measurement of heterogeneous samples using an integration sphere whose interior is 

coated with a layer of diffusing, non-absorbing gold and a sensitive off-axis detector (is-FTIR). The 

gold layer reflects incident light from transmitted and forward-scattered light components into all 

possible directions, resulting in homogeneous and isotropic radiation inside the sphere. 

 

Figure 2 

The Mie scatter size criterion for a set of spherical microparticles having various refractive indices 

nr,s illuminated by light of a wavelength . The criterion defines a critical radius r above which Mie 

scattering becomes significant. For simplicity, the refractive index of the surrounding medium nr,a, 

was set to 1 (air, see also text for details). 

 

Figure 3 

Typical FTIR absorbance spectrum collected from a chemically homogeneous film of poly(methyl 

methacrylate) (PMMA, see Tab. 1 for band assignments). 

 

Figure 4 

Vector normalized mid-IR spectra acquired from poly(methyl methacrylate) (PMMA) spheres using 

a FTIR transmission-type measurement setup (tt-FTIR, left panel) and an optical system composed 

of an integrating sphere unit equipped with an off-axis IR detector (is-FTIR, right panel). Only the 

radii of the PMMA spheres were varied. Note that in this figure the y-axis is labelled “apparent 

absorbance” which includes both, absorption and scattering effects 17. Radii of the PMMA spheres: 

trace 1 - 0.242 m, trace 2 - 0.404 m, trace 3 - 0.62 m, trace 4 - 1.04 m, trace 5 - 2.31 m, trace 

6 - 4.86 m.  

 

Figure A 

Simulated behaviour of the wavelength dependence of the real part of the refractive index (nr,s, trace 

i) and of the imaginary part (s, trace ii). The simulation was done assuming a Lorentzian band 

centred at =5 µm (2000 cm-1) with a full width at half maximum of 0.01 µm (20 cm-1, see 

appendix A for details). 

 

Figure B 

Simulated spectra (tt-FTIR setup) demonstrating band distortions due to absorption and scattering 

on spheres of various radii. In this synthetic example the wavelength dependent apparent absorption 
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curves clearly show a nearly unchanged spectral profile at radii smaller than /(2n). For spheres of 

a larger radius the apparent absorption curves are dominated by scattering.  
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IX. Tables 
Table 1 

 

Band position [cm-1] Band assignment References 

2997 (CH) of O-CH3 and C-CH3 
17,34,35 

2950 (CH) of CH2, O-CH3 and C-CH3 
17,34,35 

2851 (CH), of CH2 and O-CH3  
17,34,35 

1731 (C=O)  17,34 

1482 (CH2) (scissoring) 17,35 

1450 (CH2) (scissoring), as(CH3) of O-CH3 and 

C-CH3 

17,35 

1442 sy(CH3) of O-CH3 (umbrella)  17,35 

1388 sy(CH3) of C-CH3 (umbrella)  17,35  

1271, 1241 as(C-C-O) 17 

1191, 1150 as(C-O-C) 17 

1065 skeletal(C-C) 34 

987 CH3 rocking coupled with (C-O-C) 34 

844 CH2 rocking 34 

755 skeletal (C-C) 34 

 

Table 1. Assignment of infrared bands observed in an absorbance spectrum of a poly(methyl 

methacrylate) reference sample, a thin PMMA film. 
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Table 2 

 

ns r [m] nr,s*r [m] 

1.10 0.68000 0.74800 

1.15 0.65000 0.74750 

1.20 0.63000 0.75600 

1.25 0.61000 0.76250 

1.30 0.59000 0.76700 

1.35 0.58000 0.78300 

1.40 0.56000 0.78400 

1.45 0.55000 0.79750 

1.50 0.54000 0.81000 

1.55 0.52000 0.80600 

1.60 0.51000 0.81600 

1.65 0.50000 0.82500 

1.70 0.48000 0.81600 

 

Table 2. Critical values of microsphere radii r for a given set of refractive indices nr,s. Simulations 

were carried out using the full Mie scattering theory and under the premise that mixing of 

absorptive and scattering line shapes results in a peak shift of a synthetic band centred at 2000 cm-1 

(5 m) that is smaller than 0.1 cm-1 (see text for details). 
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Figure S1 

Light microscopy images of the PMMA microsphere preparations on ZnSe windows. These 

photographs demonstrate the absence of stacking and illustrate that contacts between individual 

microspheres can be considered an exception.  

Radii r of the PMMA spheres: 

A.) r = 0.242 m, B.) r = 0.404 m, C.) r = 0.62 m, D.) r = 1.04 m, E.) r = 2.31 m, F.) r = 

4.86 m. 
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