4. lecture

Hole-burning spectroscopy
The hole-burning spectroscopy (HBS) utilizes the monochromaticity (high spectral resolution) and the high intensity properties of a dye laser to remove a narrow and homogenous line from an inhomogeneously broadened spectral line causing the appearance of a dip (hole) in the resultant spectrum. Spectral hole burning was first introduced to nuclear magnetic resonance (NMR) spectroscopy (Bloembergen, 1948) and later to optical spectroscopy (Friedrich and Haarer 1984; Jankowiak and Small 1987). The hole may be either transient, photochemical or nonphotochemical (photophysical). The HBS enables high resolution studies of biologically important molecules which normally have only relatively low resolution spectroscopy even at low temperatures.

Homogeneous Spectral Line Shape. If a photon is absorbed by one single molecule embedded in an optically transparent solid, it will result in transition from the ground electronic state to its excited electronic state (Fig. 4.1). For organic dye molecules the ground electronic sate is singlet (S0) and the excited electronic state is usually the lowest excited singlet (S1). If the molecule was free in a gas phase, the absorption spectrum would have a sharp maximum whose energy would equal the energy difference between the states. For a molecule surrounded by a solid, however, the transition probability depends also on the coordinates of the surrounding atoms. The relevant quantum-mechanical system consists of the electronic and vibrational degrees of freedom of the molecule and of the vibrational motion of the surrounding solid. The absorption spectrum of one molecule together with its closest neighbors is called homogeneous absorption spectrum or homogeneous line shape. If absorbing molecules are a part of a perfect crystal, all of them have the same local environments and all of them absorb photons of exactly the same energy (Fig. 4.2 top). 

The absorption transition probability is a function of the density and of the frequency of the vibrational states of the solid. Crystal lattice vibrations, which propagate like waves are called phonons. The phonons of the ground state wave function are the most critical. The absorption spectrum of an individual molecule consists of a narrow zero-phonon line (ZPL) and of a broad phonon side band. In the ZPL, the vibrational state of the system remains unchanged. Pure electronic transition occurs where the phonons do not participate at all. Its important property is the very well defined frequency. The width of the ZPL is given by the inverse value of the excited state's (natural) lifetime. The relative intensity of the zero-phonon line is given by the Debye-Waller factor exp{-S}, where S characterizes  the strength of the electron-phonon coupling. The photon sideband occurs because the environment starts vibrating as a result of the chromophore excitation. The phonon side band characterizes the changes of the vibrational states of the system and shows up on the shorter wavelength (higher energy) side of the ZPL. 
Because the phonon state population varies largely with the temperature of the crystal, the whole absorption spectrum depends strongly on the temperature (Fig. 4.1). The homogeneous absorption spectrum of the molecule changes if the temperature is varied between room temperature and cryogenic temperatures. At higher temperatures T =100-300 K, the spectrum is tens to hundreds of cm-1 broad. It hardly contains any sharp structure. Since typical phonons in a solid matrix have an energy quanta of hνph ~10-1000 cm-1, the thermal motion at around room temperature ( kBT ~ 300 cm-1) has enough energy to excite a wealth of phonons. If many phonons are present, then each time the electronic transition occurs in the molecule, it is impossible to predict what will be exactly the energy difference between the ground state and the excited state. Therefore, the room temperature absorption spectrum appears to be broad and without sharp lines. It consists mostly of phonon side band. At lower temperatures, however, the number of phonons is much reduced and zero phonon transitions occur. The phonon side band reduces to a relatively weak feature on the higher energy side of the ZPL. In some special cases, the zero phonon line can be detected already at liquid nitrogen temperature (T = 77 oK), but more typical is that the sample has to be first cooled to 
10-20 K. The narrowest and most intense zero phonon line should be observed at absolute zero temperature.
Inhomogeneous Line Broadening. The real situation is more or less far from the ideal case. In fact, all molecules have somewhat different local environments and somewhat different absorption energies in a not perfect crystal (Fig. 4.2). In real lattice, the chemically indistinguishable dye molecules are located in a randomly fluctuating environment that makes the ground and excited state energy to vary randomly from molecule to molecule. That causes the transition frequency to change randomly and the observed absorption spectra to broaden inhomogeneously.
The inhomogeneous absorption band results from the superposition of many homogeneous line shapes. One of the most accepted view is the Gaussian superposition of Lorentzian (homogeneous) lines that is called a Voigtian distribution (Fig. 4.3) but more general forms may also occur. Figure 4.4 shows the composition of the inhomogeneous absorption band at high (room) and at low (cryogenic) temperatures. At high temperatures, the inhomogeneous spectrum is a superposition of many broad phonon-induced bands. Usually the width of the phonon bands is on the same order as the width of the inhomogeneous distribution function, therefore the absorption spectrum of molecules within the inhomogeneous band can hardly be distinguished from each other. Such absorption band has practically no spectral selectivity. At low temperatures, however, each molecule has a sharp zero phonon line. This allows groups of molecules to be addressed selectively based on their ZPL frequency: the material has a high degree of spectral selectivity.

Spectral Hole Burning. The selective excitation of the molecules absorbing at given frequency using narrow-band laser may lead to either rearrangement of its environment or to photochemical (or nonphotochemical) transformation of the molecule itself. In all cases, the absorption frequency of the molecule changes and the total number of the molecules with absorption in resonance with the laser decreases. The SHB is the selective bleaching of the inhomogeneously broadened absorption band consisting of narrow homogeneous absorption lines. The SHB relies on three basic factors: existence of narrow homogeneous zero phonon lines, existence of inhomogeneous broadening and existence of some kinds of molecular and/or electronic mechanisms, which may alter the homogeneous absorption spectrum upon absorption of light. Three different types of hole-burning processes are important (Fig. 5). 

In transient hole burning, the incident laser line excites and bleaches just one homogeneous line (we neglect the phonon sideband) and the line after excitation shows a transient hole. The hole will usually be refilled quickly by the de-excitation.

In photochemical hole burning, the incident laser beam induces a photochemical reaction. The spectrum of the photoproduct is usually well separated from that of the chromophore and the hole consequently remains until the reaction has been reversed.

In a nonphotochemical hole burning process, the incident light modifies the chromophore-environment (lattice, glass, protein, etc) interaction. The wavenumber of the absorption of the photoproduct is close to that of the photolyzing light. In other words, the incident light transfers the microenvironment of the chromophore from one conformational (sub)state to another. In contrast to the transient hole burning, the photochemical and nonphotochemical hole burning processes are called "persistent hole burning" because the new arrangement of the environment (or configuration of the molecule itself) is preserved for a long time after the laser is off. It should be mentioned, however, that no "real" holes are burned into the samples. 
Resolution limit and uniqueness of the SHB. The hole burning technique is capable of working at the resolution limit given by the natural width of the transition of relatively large molecules. Similarly high energy resolution can be experienced by the Mössbauer spectroscopy of atomic nuclea of much smaller size and larger energy. This is why the technique of persistent hole burning has been called the optical analogue of the Mössbauer-spectroscopy. The resolving power of the energy (ΔE/E) is, for molecular solids, in the order of 10-8 which is already close to the natural life time limit for singlet-singlet transitions in complex molecules. (The resolution limit of the Mössbauer spectroscopy is in the order of ΔE /E = 10-12.) The extreme resolution power is very attractive for investigating small internal or external perturbations on the probe transition considered. Except of the transient hole burning, one exploits the fact that the hole is persistent on proper time scales. Hence, it is possible to measure inhomogeneous line broadening effects on the frequency scale of the homogeneous width with high accuracy. Such inhomogeneous line broadening phenomena can be brought about by internal (structural changes in the neighborhood of the probe) or by external (magnetic, electric or strain fields) perturbations. Because the hole is so narrow, these fields can be quite small.  

Biophysical applications. Phototautomerization of porphyrins. Large groups of low-temperature photoreactions of biophysical importance as photodissociation, proton transfer, electron transfer, etc. produce the hole-burning effect. One of the most widely investigated and broadly used photochemical SHB reactions is the phototautomerization of derivatives of porphyrins.  
The significant conformational variety of porphyrins is one reason for the manifold different physical, biological and chemical properties related to them. Therefore, porphyrins play a major role in many biological processes involving redox reactions and photosynthesis, and have significant application potential in industry and medicine. Among the several possible conformations of the porphyrine, the relevance of the N-H groups (the NH-tautomerism) should be addressed (Fig. 4.6). The photoreaction includes a set of possible proton transfer reactions (or internal proton re-arrangements), therefore many conformational states can be constructed. It has been assumed for long, that the inner protons of the ring are coherently rotated by 1800. The protons can reside in neighboring positions in addition to the two diagonal configurations, as well. It is for sure that more than two states are involved in the light induced switching of the two inner protons. SHB experiments deliver knowledge about the inner proton-hopping mechanism and the means how to fine-tune it.
Some organic dye molecules can undergo photochemical reaction, which alters the whole chemical structure of the molecule (Fig. 4.7). If such photochemically active molecule absorbs light (S0→S1 or S0→S2), then with a probability of a few % it will not return to the initial state called educt, but rather switches over to a new ground state called product. The excited singlet state (S1) of the educt populates with low yield the triplet state (T1) which has much larger life time than that of S1. From the long lived (trapped) T1 state, the educt can either relax to S0 ground state (T1→S0) or transfer to the ground state of the spectrally different product (T1→S’0). Often the homogeneous absorption spectrum of the product is much different from the educt, so that the corresponding inhomogeneous bands do not even overlap. The photochemical tautomerization at liquid helium temperature results in the shift of the S0 → S1 absorption band from 634 nm (red) to 570 nm (green-orange). In fact, by illuminating the sample in the spectral interval around 634 nm, most of the molecules can be transferred from the educt to the product sate. If the illumination is terminated, then the initial absorption profile would not restore unless the sample is heated up to about liquid nitrogen temperature. To illustrate this fact, Figure 4.7 shows the absorption profile taken before (red) and after (orange) illumination. Since at low temperatures the inhomogeneous absorption band of the educt consists of narrow zero phonon lines, it is possible to produce such photochemical transformations only in a small group of molecules, which are selected by their ZPL frequency. 
Photosynthetic light harvesting pigments. Green plants, algae and some bacteria synthesize organic substances and produce free energy by absorption of (sun) light to fuel the physical and chemical processes of their metabolism. The light is absorbed by a well organized system of chlorophyll pigments and funneled to a special chlorophyll protein complex, called reaction center where the electronic excitation energy of the pigments is converted directly to chemical (redox) free energy. The high level of hierarchy in the light harvesting complex of the photosynthetic organism is well demonstrated in Figure 4.8. 
Just by looking at the molecular organization of the light harvesting system, one can be sure about the rich application of SHB in that field: the individual pigments (mainly chlorophylls) are chemically identical and are arranged in great spatial (crystal-like) order. It means that in every individual pigment-protein complex, the chromophores are in the similar position and absorb nearly at the same frequency. The identity of the central frequencies, however, is not complete due to inhomogeneous broadening. The conditions for SHB experiments seem to be appropriate and can be fulfilled. 

The width of the observed spectral hole is characteristic to several parameters of the processes taking place in the pigment bed because it depends on the life time of the excited state of the chromophore. The natural life time of the excited singlet chlorophyll and similar pigments (measured by decay of the fluorescence in solution) is very large, typically several nanoseconds. The actual life time, however, is much smaller due to the high rate of energy transfer to other neighboring pigments and amounts picoseconds and even femtoseconds in photosynthetic complexes. The electronic excitation energy is not only exchanges among pigment molecules (energy transfer takes place in form of exciton migration) but is also coupled to the vibrations of the protein scaffold (phonon is coupled to the exciton). The latter effect is considered as dephasing which is the change of phase of the wavefunction in the excited state due to e.g. interaction with phonons (delocalized lattice vibrations) or localized vibrations. The probability of such event is zero at 0 K but rapidly increases with temperature. In glasses and photosynthetic complexes, dephasing occurs much faster than fluorescence even at several K. Therefore, in order to utilize high resolution of SHB one has to perform experiments at temperatures as low as possible. 


The hole burning spectra of Photosystem I of cyanobacterium Synechocystis can be seen in Figure 4.9. A central hole appears with several satellite holes. The width of the narrow central hole at 670 nm (at the laser frequency) is determined by the rate of the downward excitation energy transfer. Although all photosynthetic complexes have well-defined structure, the precise absorption frequencies of different molecules in an individual complex are not correlated. That is the reason why the satellite holes are much broader than the resonant (central) hole. The widths of satellite holes are determined not by the lifetimes of corresponding states, but by inhomogeneous broadening.

Measurement of the compressibility of proteins. The determination of the compressibility of proteins under isotropic pressure is a real challenge for biophysicists and widespread consequences can be drawn from this parameter. Looking at the three dimensional pictures of the proteins, one can think of a pretty loose structure. For example, if we consider the giant molecule titin responsible for skeletal muscle contraction, then definite (PEVK) segments can be identified with far not dense filling of the available space. Based on these experiences, you might get the feeling that the proteins are generally easily compressible objects, i.e. their compressibility factor defined as the measure of the relative volume change (ΔV/V) to the response of a pressure change (Δp)
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should be large. It will turn out soon, that this is not the case. 

Once the compressibility of a protein is known, its relative volume fluctuations can be determined by simple energetic consideration. If the elastic energy due to pressure-induced compression (-Δp·ΔV ) becomes comparable to the thermal energy (kBT), then using Eq. (4.1) 
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The size of the volume fluctuations is important with respect to the functioning of the proteins. For example, myoglobin and hemoglobin are transporter proteins for oxygen. The oxygen molecule is bound to and transported within the heme pocket. It can enter the pocket because the protein molecule performs once in a while large scale motions which open and close the pocket.

The relatively small energetic changes attributed to pressure-induced contraction of some proteins can be measured by SHB. Deep holes were burnt in the absorption spectrum of a globular protein (myoglobin) in which the heme chromophore is substituted by protoporphyrin IX to enable hole burning, because porphyrins are among the best known hole burning systems (Fig. 4.10). The width of the burned holes was in the order of 700 MHz when external pressure was absent and  increased to 1.87 GHz upon 8 MPa pressure. By graduate increase of the pressure, not only the width but the position of the hole changed. If the frequency shift per unit pressure (Δν)/Δp was measured as a function of burn frequency ν, a straight line was obtained, whose slope was twice the compressibility κ. Hence, the compressibility can be measured by solely using optical techniques. The protein behaves like an elastic solid. The measured compressibility of various proteins (0.06 – 0.12 GPa-1) is similar like organic glasses but is significantly smaller than that of the water (0.46 GPa-1). That means that globular proteins are rather densely packed and there is no space for irreversible deformation. The globular proteins resist to external isotropic pressure better than water does. Whereas the values for organic liquids vary markedly from ambient temperature down to 1.5 K, the compressibility of proteins seems to be rather insensitive to temperature.

Based on Eq. (4.2), we can estimate the volume fluctuation of the myoglobin. The volume of myoglobin is in the order of V ≈ 104 Å3 and the compressibility of κ ≈ 0.07 GPa-1. Therefore, the relative volume fluctuations at ambient temperatures is in the order of ΔV/V ≈ 0.5%, which provides enough space to open channels for small molecules like 02 or CO to penetrate the myoglobin pocket.
Take-home messages. A series of chromoproteins in glassy matrix at cryogenic temperatures (for example in photosynthesis) undergo persistent spectral hole burning reactions, so that narrow holes can be burnt by photobleaching into respective absorption bands. The spectral parameters of the burnt holes are characteristic to the essential photophysical/photochemical reactions (mechanical changes, energy migration, proton rearrangement, electron transfer, etc.) taking place in the pigment-protein complex even at very low temperatures.
Home work
1. What is the resolution limit ΔE/E of hole burning experiment for singlet-singlet transition of chlorophyll? (Hint: Estimate ΔE by the natural life time of the excited state of the molecule.)

2. Collect evidences in favor of hole burning as the optical analogue of the Mössbauer spectroscopy.
3. Compare the Gaussian, Lorentzian and Voigtian line shapes.
4. Estimate the volume contraction of integral membrane proteins upon energization of the membrane. The thickness of the membrane is 100 Å and the potential is 100 mV.
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Figure 4.2. Origin of inhomogeneous broadening of the absorption spectrum of a chromophore. If all of the chromophores are under identical conditions (perfect lattice), the  observed spectrum shows homogeneous linewidth. If they are in somewhat distored microenviromental conditions (amorphous lattice), the spectrum shows inhomogeneous broadening. The absorption spectrum of an individual molecule consists of a narrow zero-phonon line and a broad phonon side band. (Adapted from J. Friedrich, Technical University of Munich.)





Figure 4.3. Inhomogeneous spectral lines. The observed line is a Gaussian superposition of Lorentzians and is expected to have a Voigtian shape. 





Figure 4.1. Variation of the homogeneous absorption spectrum with temperature. 





Figure 4.4. The composition of the inhomogeneously broadened absorption band at room temperature (top) and the absorption spectral lines at cryogenic temperature (bottom) spectral lines. 





Figure 4.5. Different types of hole burning effects: transient hole burning (top) and persistent hole burning including photochemical hole burning (middle) and nonphotochemical hole burning (bottom). The phonon sideband is not shown.





Figure 4.7. The mechanism of photochemical tautomerization in tetrapyrrol (porphyrin). The molecule's absorption spectrum changes from educt (red) to photoproduct (orange) as a result of illumination in the spectral interval 620 -640nm.





Figure 4.8. Light harvesting system of photosynthetic organisms (left) consisting of several pigments (chlorophylls, carotenoids etc.) attached to proteins (right). The high level of organization of the system is assured by the well defined structure of (ring form) proteins to which the individual pigment molecules are bound to definite binding sites. 





Figure 4.9. Hole burning experiment on Photosystem I of cyanobacterium Synechocystis.





Figure 4.6. Tautomerization of porphyrin.





Figure 4.10. Fluorescence excitation spectrum of myoglobin substituted by protoporphyrin IX. The insert shows an enlarged view of the part of the spectrum between the dashed lines. Hole burning positions are indicated by arrows (top). Reversibility of protein compression under 8 MPa applied pressure checked by hole burning (bottom left). Pressure-induced shift of spectral holes at various burn frequencies (bottom right). The slope determines the compressibility of the protein. (Adapted from Zollfrank et al. 1992.)
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