
Eletromagnetismo Ondas na matéria – modelo clássico

• Como podemos descrever as ondas se propagando em 

um meio qualquer – dadas as propriedades do meio?

• Podemos explicar a dispersão da luz?

• E a absorção? Como ocorre?

• Condutores são sempre opacos?
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for fabricating such mid-infrared devices have been developed by our group5 and by others6–10, but these devices 
have not yet been used for characterising the composition of human-derived materials such as blood.

Optimal design of waveguides or ATR elements for MIR spectroscopy requires accurate knowledge of the 
refractive index of the sample medium, as the evanescent absorption is strongly dependent upon index, due to 
variation in the evanescent penetration depth. Furthermore, the refractive index excursions which occur near 
absorption lines distort the measured spectra, so that knowledge of both the real and imaginary (absorptive) parts 
of the refractive index of samples containing absorbing species is necessary for accurate interpretation of spectra. 
!us, a priori knowledge of the optical properties of (i) common sample matrices and (ii) samples containing 
clinically important analytes is needed in order to model the behaviour of mid-infrared evanescent biosensors 
and optimise the sensitivity and limit of detection for biomedical applications.

Blood composition is critically important throughout medicine, so its refractive index is of widespread sig-
ni"cance to the design of mid-infrared biosensors. Refractive index spectrum measurements on whole blood are 
of particular interest because clinical measurements are ideally carried out in whole blood in order to minimise 
sample preparation, critically saving time and reducing cost. !e MIR absorbance of blood has previously been 
reported in the wavelength range 2–10 µm11 using a single re#ection ATR element but there is insu$cient infor-
mation to calculate either component of the complex refractive index.

An exemplar clinical application is the analysis of analgesics in whole blood12. Two drugs commonly 
self-administered in overdose are paracetamol and aspirin13, 14, each of which requires a di%erent treatment15, 16 
in a short timescale. !e refractive index spectra of these materials is of interest for designing an optical device to 
identify the drugs from a blood sample and to quantify their concentrations. Both paracetamol and aspirin have 
been thoroughly modelled and characterised in the mid-infrared region but not in aqueous solution, as will ulti-
mately be required for point-of-care blood testing, and not in terms of complex refractive index17–24.

In practice, the majority of prototype point-of-care sensors will employ ex vivo testing rather than in vivo 
testing, necessitating the use of anticoagulants because clotting factors readily cause whole blood to coagulate 
ex vivo, complicating sample handling. To date there are no reported examples of the mid-infrared properties of 
anticoagulants, and the e%ect of these on sample refractive index is important for the purposes of interpreting 
sample spectra in the presence of anticoagulants.

Phosphate-bu%ered saline and carbonate-bicarbonate are aqueous bu%er solutions that are widely used in 
clinical and analytical settings for biochemical measurements. We anticipate that precise knowledge of the com-
plex refractive index spectra of bu%er solutions will become signi"cant as mid-infrared technologies mature and 
become used for applications such as characterising proteins which have been extracted into bu%er and adsorbed 
onto a waveguide surface.

!erefore we present (i) reference data for the mid-infrared complex refractive index of human whole blood 
and aqueous solutions of anticoagulants, analgesics and bu%ers of general interest to the clinical community 
and which may be used to aid the design of any MIR device for biodiagnostics and (ii) a generalised method for 
extracting such complex refractive indices of aqueous solutions in the mid-infrared region using conventional 
ATR-FTIR without the need for collimated or polarised incident light as is required for existing methods. ATR 
absorption spectra are obtained, calibrated by reference to known water spectra, the real part of index is deduced 
using the Kramers-Kronig (KK) transform, and the full complex refractive index are generated and can be found 
at DOI 10.5258/SOTON/405161. We also present the change in complex refractive index for the aqueous solu-
tions relative to water to illustrate how this method can be implemented for sensing applications and allow design 
of optimised sensing devices. !e reference data presented here will enable the optimised design of speci"c ultra-
sensitive biodiagnostic modalities, such as waveguide evanescent spectroscopy3–10 or resonant antennas25–27, for 
detection of low concentrations of solutes at the point of care.

Results
���Ǧ	����������������������Ǥ� Figure 1 shows the absorbance spectra for all measured samples, refer-
enced to a nitrogen atmosphere. Clearly the absorption due to water dominates the absorption of all other solutes. 

Figure 1. Absorbance spectra of DI water, whole blood and aqueous solutions of paracetamol, aspirin, heparin, 
EDTA, PBS and CBC.
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n can be calculated from k using the algorithms provided by Lucarini et al.30, for example. !e algorithms provide 
numerical solutions to the general forms.

In theory the entire spectral range of k (i.e. from zero to in"nite frequency) must be known in order to cal-
culate n using KK transforms. Empirically this is not usually possible so extrapolation is required outside the 
measured frequency range because the calculated n is otherwise strongly divergent, even within the measured 
frequency range. In practice extrapolating to the high frequency range makes little di#erence because there are 
no signi"cant spectral features. Extrapolation below the measured frequency range, however, greatly improves 
the accuracy of the results. Here we extend the imaginary part of the refractive index spectra k(λ) of each solution 
through the region 15 µm–200 µm using published data28 because the absorption of water is so strong compared 
to all other common solvents that it can be assumed to dominate over the entire electromagnetic spectrum. !is 
is supported by a far-infrared comparison of water and blood sera31 which found no di#erence between the two 
at wavelengths above 14.3 µm.

The result for the real part of index is obtained in terms of susceptibility and must be shifted by a 
wavelength-independent index o#set to obtain n. !is o#set is obtained by comparing the KK result with the 
known index at one wavelength, usually from a region of low loss where no depolarisation mechanisms are 
observed. Examples of depolarisation mechanisms are dipolar reorientation in the microwave region, molecular 
vibrations in the MIR region and electron density distortions in the visible and ultraviolet regions. In response to 
an applied electric "eld these mechanisms cause observable features in permittivity and refractive index spectra. 
For extracting the refractive index of aqueous solutions we choose to obtain the o#set from the high frequency 
region of water near 2 µm where there are no spectral contributions from depolarisation of the analytes in solution.

Figure 4 gives plots of n vs λ for water from literature28 compared with those calculated from the measured 
k following extrapolation, KK transformation and o#set as described, and good agreement is achieved. !e cal-
culated responses with and without low frequency extrapolation of k are both shown, and the response without 
extrapolated k can be seen to be strongly divergent at longer wavelengths.

!is method allows accurate determination of the complex refractive index spectra of aqueous solutions of 
relatively weakly absorbing solutes, by calibration with water as a simple standard. !e real parts of the refractive 
index spectra of whole blood and aqueous solutions of anticoagulants, analgesics and bu#ers calculated using the 
o#set and extrapolation described above are shown in Fig. 5.

Figure 3. Imaginary part of refractive index spectra k(λ) for whole blood and aqueous solutions of 
paracetamol, aspirin, heparin, EDTA, PBS and CBC.

Figure 4. !e real part of refractive index of water reported in literature compared with the real index 
calculated from mid-infrared measurement. !e yellow and red traces show the responses with and without low 
frequency extrapolation of the k spectrum used in the calculation.
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sample and the whole blood spectra exhibit additional strong features due to protein content. 
Furthermore, we present a generalised method for extracting complex refractive indices of aqueous 
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existing methods.

!e mid-infrared (MIR) spectral region covering wavelengths from 2 µm to 15 µm is dominated by absorptions 
corresponding to molecular vibrations, making it suitable for label-free biosensing through direct identi"cation 
of the molecular “"ngerprint”. It is especially suitable for identifying pharmaceutical compounds, o#ering greater 
speci"city than for macromolecules such as proteins, because the molecules are signi"cantly smaller. !is means 
there are typically both fewer bonds and fewer types of bonds present, resulting in a better de"ned distribution of 
absorptions and simpler data analysis, leading to reliable identi"cation or quanti"cation of the chemical species 
in a given sample.

Infrared spectroscopy has found widespread use as a laboratory technique for compositional analysis over 
recent decades1, especially in the form of Fourier transform infrared (FTIR) spectroscopy. !e attenuated total 
re$ection con"guration2 (ATR-FTIR) is particularly well suited to analysing highly absorbing samples by reduc-
ing the path length of interaction between the incident beam and the sample from the submillimetre to the 
micron scale. !is is achieved by total internal re$ection of the incident beam within a crystal where the sample 
is placed in contact with the crystal so that it interacts with the evanescent "eld. !e ATR approach also allows 
straightforward analysis of the sample matrix in turbid media such as whole blood, as the evanescent "eld is min-
imally a#ected by scatterers such as erythrocytes3.

Point-of-care diagnostics, where sample preparation and logistical aspects of biomedical analyses are mini-
mised and analytical devices are brought to the patient, have the potential to revolutionise healthcare. While ATR 
spectroscopy in the mid-infrared has the potential to achieve this, moving specimen characterisation from the 
laboratory to the bedside would bene"t from low-cost, miniaturised, mass-producible technology allowing hand-
held diagnostic devices. Economies of scale could potentially yield disposable point-of-care sensors that, unlike 
benchtop instruments, would not rely on user alignment. !is could be achieved for ATR-FTIR spectroscopy 
using an evanescent waveguide sensor, which is e#ectively a compact and ultrasensitive ATR element4. Techniques 
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