5. lecture

Laser assisted Infrared Spectroscopy

Infrared (IR) spectroscopy is based on the infrared absorption of molecules performing mechanical vibrations. It is a relatively simple and inexpensive tool to study conformational (sub)states and conformational changes of proteins and other biomolecules. Conventional thermal light sources should be often replaced by high energy and monochromatic lasers in IR spectrometers. In addition, there are sophisticated IR techniques which need the exclusive use of lasers. Some examples with biophysical aspects will be discussed below.
Molecular vibrations. In the simplest case of a diatomic molecule, only vibrations along the axis are possible with the classical vibration frequency of the oscillator. In molecules containing more than two atoms, the vibrations become more difficult but can be decomposed into the sum of the so called normal mode vibrations. The normal modes of vibrations of the simple CO2 molecule are shown in Fig. 5.1. While the center of mass of the molecule remains fixed during the vibration, the molecule can carry out symmetrical and asymmetrical stretches together with bending either in the plane or out of the plane. A few additional normal modes for a more complex molecule are also demonstrated. While it is difficult to calculate the frequencies of complex vibrations ad initio, a great deal of empirical and semi-empirical information is available based on which the important vibration modes can be located in different parts of the infrared spectrum. The term frequency is often (incorrectly) used instead of the wavenumber (=1/wavelength, unit cm-1) in IR spectroscopy. 
Raman scattering. Consider the scattering of light (intensity I0  as sketched in Fig. 5.2. The scattered light consists of a line at the incident frequency ν0 (Rayleigh scattering) and some weaker lines (Raman scattering) with higher and lower frequencies. As an order of magnitude value, the Rayleigh scattering occurs with about 10−3 I0 and the Raman scattering with about 10−6 I0. About 1 in 106 of the incident laser photons collide with the molecules in the sample, give up some of their energy to the molecular vibrations, and emerge with a lower energy (Stokes radiation). Other incident photons may collect energy from the molecular vibrations, and emerge as higher-frequency (anti-Stokes) radiation. In Stokes lines, some energy is given to the scattering system (production of phonons); in anti-Stokes scattering, energy is transferred from phonons to the outgoing photon. The intensities of the lines are different. The Stokes (S) shifted Raman is more intense than the anti-Stokes (A) including the power 4 dependence of the scattering from the frequency and the Boltzmann factor
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The two basic properties of the Raman scattering that limit the experimental facilities: 1) The shifts in frequency are small (highly monochromatic laser and high resolution monochromator are needed) and 2) the intensities of the lines are low (the laser energy has to be high). It can be improved by increase of ν0, but unfortunately, shorter wavelengths can also excite fluorescence backgrounds in many samples, obscuring the Raman bands. Although the phenomenon was invented by use of conventional (thermal) spectral lamps, presently high resolution Raman measurements can be done with appropriate laser sources only (Table 5.1).

A classical approach to describe some of the essential physical ideas of the Raman scattering will be shortly given here. The electric component of the incident electromagnetic wave, E = E0 exp(i·ω0t), induces an oscillating dipole μ in a molecule of polarizability α 
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The oscillating dipole radiates with the same (circular) frequency ω0 as the incident radiation and thus gives rise to Rayleigh scattering. If the molecule vibrates with a (circular) frequency ωvibr, the electronic and nuclear coordinates will also oscillate and the polarizability will vary with ωvibr,
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Here the coordinate Q = Q0 exp(iωvibr ·t) describes the internuclear displacement. Inserting α into μ shows that the scattered radiation now also includes Raman shifted frequencies with ω0 ± ωvibr. The intensity of these lines depends on ∂α/∂Q.

Resonance Raman scattering. In the Raman (R) scattering, the frequency of the incident light is not too important; the essential information is contained in Δν = ν0 ± νvibr. In resonance Raman (RR) scattering, the incident energy coincides with the electronic activation energy of the target molecule. Under certain conditions, strong Raman scattering is produced instead of fluorescence. The highest intensity of RR signal is obtained when laser frequency equals to the first or the second electronic excited state. Therefore, tunable lasers are the most appropriate choice for the RR technique. Although, even when the frequency of the laser does not exactly match the desired electronic excited states, an impressive enhancement of Raman signal occurs.
The essential differences between R and RR are: (i) In R, the Rayleigh line is strong and the vibration lines are weak. In RR, the overtones may be as strong as the Rayleigh line. (ii) In R, the scattering intensity varies slowly and smoothly (ν4) with the excitation frequency (see Eq. 5.1). In RR, the intensity varies strongly with excitation frequency. (iii) In R, the Stokes-to-anti-Stokes ratio follows from the Boltzmann factor. In RR, the ratio is not given by this factor and anti-Stokes lines may be more intense than Stokes lines. (iv) In R, the scattering time is “fast”; in RR, it may be slow. 

Complementary nature of Raman and IR spectroscopies. The IR and Raman spectroscopies are complementary. A molecule without a permanent electric dipole moment does not absorb radiation and hence cannot be studied by IR absorption. Eqs. (5.2) and (5.3) show that this restriction does not hold for Raman spectroscopy. However, a different condition, the change of the polarizability of the molecule is needed to get Raman scattering which condition is not a prerequisite for IR absorption. Thus, molecules can show up partly complementary faces in the two spectra.
The complementary character of the two spectroscopies can be demonstrated by the vibrational modes of the CO2 molecule (Fig. 5.1). In symmetrical stretch, the dipolmoment of the molecule does not change (this mode is called „IR inactive”) but the polarizability of the molecule does change (the mode is „Raman active”). In asymmetrical stretch, the case is opposite: the dipol moment changes (IR active) but the polarizability does not (Raman inactive). The banding can occur either in the plane or out of the plane. The deformation vibrations of the CO2 are degenerate and appear in the same region (666 cm-1) in the IR spectrum. There is no change in the polarizability of the molecule, therefore the bending vibrations are Raman inactive.

The water has strong absorption in two regions of the IR spectrum: around 1500 cm-1 and 350 cm-1. Unfortunately, vibration spectra of many important biomolecules fall into these sections and are overlapped by the strong bands of the water. To obtain data in these regions, dried samples

or samples in D2O are used, but both methods can affect the function of the biomolecule. A clear advantage of the Raman spectroscopy over the infrared spectroscopy is that the radiation can be entirely in the visible range, so the complications arising from needing to select a range of infrared-transparent sample cells and from the strong absorption of the water are avoided. In Table 5.2, the most important differences between the two spectroscopies are listed.
IR spectrum: fingerprinting of biomolecule. Amides. The bands of amides dominate an essential part of the IR spectrum of the proteins. The typical amide is a planar molecule as shown in Fig. 5.3. If R3 residue is a hydrogen, then two configurations occur, trans and cis: Normally, the trans configuration is more stable than the cis. The number, position, and intensity of the N–H bands of many amides depend on the configuration. The peptide groups in the protein backbone possess five in-plane (CONH plane) and three out-of-plane vibrations. The amide I band occurs at about 1650 cm−1; it is mainly caused by C = 0 stretching vibration. The amide II bond at 1540 cm−1 has C–N stretching and NH bending character. A strong band occurs at about 3300 cm−1 and a somewhat weaker one at 3100 cm−1. These are called amide A and amide B bands. The amide A is caused by the NH stretching vibration, the amide B is the first overtone of the amide II vibration. For proteins, the study of the amide bands is particularly important for the assessment of secondary structure and structural changes. The exact positions of the various amide bands depend on the conformation of the backbone that can show (in mixture) helical structure, sheets and non-regular (random) structure. For example, the frequencies of the Amide I band assigned to C = 0 stretching are 1655 cm-1, 1650 cm-1 and 1630 cm-1 in coil, helix and sheet conformations, respectively. From the point of view of resolution of protein secondary structure, the information content of IR spectroscopy is comparable with that of the presently dominating method, the circular dichroism. Regarding the resolution of the tertiary structure of proteins, the IR is more often inferior, not speaking about its advantages of easy application on a fast time scale and for remote sensing.  
Human carbonic anhydrase-B. This enzyme catalyses the CO2 + H2O ↔ H2CO3 reaction which is important in the transfer of CO2 from the tissues into the blood. In the Raman spectrum of the enzyme, vibrational modes of the backbone and the constituent amino acids are apparent (Fig. 5.4). Two modes associated with the amide bond are shown, amide I (peptide C=O stretching) and amide II (C–N stretching and N–H bending). The position of these bands provides information about the secondary structure of the enzyme. Information on conformations, conformational changes, hydrogen bonding, and the environment of individual residues can be extracted from such spectra.

Heme proteins. The Raman lines provide considerable information about the physical properties of the heme group. The position of some Raman lines correlate very well with structural parameters of the heme, namely with oxidation state, spin state, metal displacement distance, and core expansion. 


In resonance Raman studies, the laser excitation frequency can be chosen to excite either the Q (red) or the B (Soret) band. The RR lines can be assigned to various modes of the protein-heme system: inplane and out-of-plane heme vibrations, vibrations of the Fe-axial bonds, and charge transfer modes. The intensity of the RR lines makes it possible to study time-dependent processes. Transient Raman investigations have become very important in the exploration of the structure-function relation in heme proteins and in the studies of the dynamics.
Retinal. The retinal containing bacteriorhodopsin is the major protein of the archaeon Halobacterium salinarum. It converts green photons (500-650 nm, max. 568 nm) into electrochemical proton gradient and functions as a light-driven proton pump by transport of protons out of the cell. The protonmotive force in turn is used for ATP production by ATP synthase. The bacteriorhodopsin has become a paradigm for membrane proteins and the best-understood example of vectorial catalysis. 
The chromophore (retinal) is covalently linked to an amino acid polypeptide chain through

the ε-amino group of a lysine residue. The configuration of the chromophore (light-adapted, proton-pumping active form) is an all-trans-retinal, and the linkage is through a protonated Schiff base (Fig. 5.5). The chromophore-retinal can undergo many vibrations whose bands populate the relevant range of the IR spectrum densely. The vibrational analysis, which aims at a reliable decoding of the observed (FT)IR and (resonance) Raman spectra in terms of the chromophore structures, is a particularly hard task as the observed bands are exposed to changes of the protein backbone, of the specific amino acid residues during the photocycle and of the protonation state of the Schiff base. Figure 5.5 shows the vibrations spectra of the all-trans conformation of the retinal. Each peak in the spectrum corresponds to a given vibration of the retinal molecule. The number of the expected peaks or modes of vibration can be calculated based on the number and interactions of the atoms.
Special techniques. Attenuated total reflection (ATR) IR spectroscopy. The IR light is introduced into an optical waveguide from which it cannot escape on the side but at the other end of the cable only after a series of total reflections at the side walls neighboring a flow cell (Fig. 5.6). Although the light suffers total reflection in the waveguide, it still does penetrate the neighboring medium in a depth commeasurable with the wavelength. The observation follows from the quantum nature of the light-matter interaction (let’s think about the tunneling effect that is based on this feature, as well). In other words, the light does not continue its way in the other medium (because of the total reflection) but returns after a short visit (penetration) in the surrounding medium. The part of the light wave which leaves the waveguide at the total reflection points is called evanescent wave. The evanescent beam can be utilized if a sample is deposited on the outer surface of the waveguide. (Be cautious, the threshold angle of the total reflection depends on the ratio of the refractive indexes in the two media and will be modified by deposition of samples in one of the media.) Although the depth of penetration is small, the number of total reflections and therefore the effective optical path length could be large. The multiple reflections can lead to a more than 100-fold amplification of the measured signal and accordingly to decrease of the quantity of the sample to very low values. That makes the ATR much more sensitive than the conventional transmission spectroscopy on thin layers.

Two possible studies are depicted in Fig. 5.6. If some reactants (e.g. enzyme or antibody) were immobilized on the surface of the cell, then the binding properties of the free reactants available in the cell (substrate or antigen) would be measured. The determination is based on the somewhat different absorption properties of the free and bound species at the wavelength of the laser beam. Similarly, the absorption characteristics of integral membrane proteins can be measured if the membranes (either natural or artificial, e.g. liposome) of different compositions and/or states of conformation (e.g. modified by temperature) can be deposited on the outer wall of the light guide. 

Optical coherence tomography (OCT). Another application of laser assisted IR spectroscopy on biological samples is the optical coherence tomography. Images from different layers of a microorganism (e.g. cell) can be obtained with μm spatial resolution utilizing the coherence (and monochromaticity) of the laser in an arrangement similar to a Michelson interferometer (Fig. 5.7). The echoes of IR light waves backscattered from the sample (signal beam) and reflected from a mirror (reference beam) interfere on the photodiode. If light from a scattering layer of a certain depth in the sample has the same phase as the reference beam, then they will interfere constructively, i.e. will produce high interference intensity with proportionally large electric response of the photodiode. If, however, the signal light beam comes from either slightly deeper or shallower scattering layers, then the interference will be partly constructive (partly destructive), i.e. lower interference intensity (smaller detector response) will be obtained. The path length of the reference beam can be modulated by stretching and compressing the single mode optical fiber with a piezoelectric transducer. This will introduce spatial modulation into the interference intensity that can be used for Fourier transformation or for lock-in detection of the photodiode response. Both methods lead to increase of the spatial contrast between the central layer and the surrounding layers of different depths. (The Fourier transformation of spatial coordinates to spatial frequency is similar to the time → frequency transformation used in Fourier transform infrared (FTIR) spectroscopy.) Additional advantage is the significantly lower scattering of IR light relative to visible light (the Rayleigh scattering is proportional to the fourth power of the frequency). The OCT (and IR microscopes) enable the inspection of most strongly scattering samples whose details would be hard to resolve by visible light. 
Take-home messages. The optical IR spectroscopy combined with Raman spectroscopy is based on interactions between photons and molecular vibrations. The IR spectrum is the fingerprinting of both smaller and larger (bio)molecules. The conventional and sophisticated IR/Raman spectrometers utilize the unique properties of laser light sources. 
Home works.

1. With an incident laser wavelength of 514 nm, where would the water stretching band of 3500

cm-1 appear in the Raman spectrum?
2. Can you accept as rule of thumb: symmetric vibrations are Raman active and asymmetric vibrations are IR acive?

3. What is the threshold angle of incidence below which the light runs through a cylindrical light guide of refractive index n after multiple total reflections? How the refractive index of the surrounding does modify this value?
4. If the angle at which infrared light enters the internal reflective element (also known as an ATR crystal) is greater than the critical angle, then the light will be totally internally reflected. What is the critical angel if the refractive index of germanium (ATR crystal) is 4.0 and the refractive index of a typical protein solution at 1550 cm-1 is 1.5?
5. How does the thickness of the light guide determine the amplification of the measured signal (effective light path) in an ATR experiment? (Hint: Calculate the number of total reflections within unit length of the optical cable.)
6. What should be the maximum bandwidth of the IR laser used in optical coherence tomography to be able to resolve detail of 1 μm in the object?
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	Source
	Wavelength (nm)

	Ar+
	488.0, 514.5

	Kr+
	530.9, 647.1

	He: Ne
	632.8

	Ti: Al2O3 (cw)
	720-1000

	Diode (InGaAs)
	785, 830

	Nd:YAG
	1064
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Fig. 5.2. Schematic diagram of a Raman spectrometer. Light from the laser is passed through a thin layer of solution in the sample cell. Scattered light is collected by a lens to the entrance slit of a double monochromator. A photomultiplier and a photon counter PC are used to detect the Raman lines. 





Table 5.2. Differences between Raman and conventional infrared spectroscopies.





Fig. 5.5. Demonstration of the complexity and complementarity of the infrared (left) and Raman (right) spectra in the case of all-trans retinal. In the light-adapted initial state of the photocycle of the bacteriorhodopsin, the chromophore is the protonated Schiff base which is covalently attached to the apoprotein through Lys216. Single bond vibrations are in the 1100-1200 cm-1, and the double bond vibrations are in the 1500-1660 cm-1 spectral ranges. Abbreviations: Me STR: stretching of the methyl group; Hoop: out-of-plane motion of H atoms; Me Rock: rocking of the methyl group; Me DEF: deformation of the methyl group. 





Fig. 5.4. Raman spectrum of human carbonic anhydrase. 





Fig. 5.1. Normal vibrational modes of CO2 (top) and a few additional normal modes of a more complex molecule (bottom). Signs + and – refer to motions perpendicular to


the plane. 





Fig.  5.3. Lengths and angles of bonds in a typical planar amide molecule.





Fig. 5.4. Raman spectrum of human carbonic anhydrase enzyme. 





Fig. 5.6. Different use of attenuated total reflection infrared spectroscopy on enzyme-substrate (or antibody-antigen) binding (left) or membrane proteins inbedded in lipid bilayer (right).





Fig. 5.7. Arrangement of optical coherence tomography according to a Michelson-type interferometer. The light path of the reference beam is modulated by a piezoelectric transducer. A lock-in amplification or Fourier transformation of the photodiode signal increase the image quality of the central layer (for which the light paths of the reference and the probe are equal). (After Duncan et al. 1998) 





Table 5.1. Laser sources for Raman spectroscopy.
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