6. Lecture
Time-resolved Absorption Spectroscopy

Dynamic processes in molecules (electron transfer, charge rearrangements, mechanical movements) can be initiated or modified by sudden illumination and investigated kinetically by means of spectroscopic techniques. If the processes can be tracked by characteristic changes of the absorption properties of the sample, we talk about transient absorption spectroscopy. The advantages of lasers on that field compared to thermal light sources are obvious: they can form well shaped light pulses of high energy and short duration. In contrast to discharge tubes, the cut-off time of the laser flash is well defined (there is no “afterglow” that would interfere with the measured signal). In majority of the cases, the high intensity of the laser can bring the system (close) to saturation or even to bleaching during the short illumination time. To illustrate the importance of transient spectroscopy in biophysics, we describe some biological studies based on time-resolved absorption, but the same principles are applied for infrared, circular dichroism as well as Raman spectroscopy.
Crucial parts of the spectrometers: lasers and detectors. The fastest lasers today have pulse lengths of only a few femtoseconds (but encouraging efforts have been carried out to shorten the duration of laser flashes to attoseconds, see the part of the European ELI (Extra Light Infrastructure) project planned in Szeged, Hungary). The short pulse duration Δt implies a large spectral bandwidth Δv according to the relation of time–bandwidth product Δt·Δv = 0.44 for Gaussian-shaped pulses. For instance, a 10-fs pulse with a center wavelength of 800 nm has a spectral bandwidth of 4.4·1013 Hz at full-width at half maximum (FWHM), which corresponds to about 100 nm in this wavelength region. Thus, one has to make a trade-off between time resolution and spectral selectivity. Similar compromise has to be done between the flash energy and the repetition rate of the laser. With laser systems that operate at 40–250 kHz, pulse energies of 0.5–10 nJ are used corresponding to small (typically <1–10%) excited-state populations. In other laser systems, the repetition rate is smaller (1–5 kHz) but the pulse energies are higher (5–100 nJ) that results in 2–20% of the molecules being promoted to the excited state.
The difficulties arise not only with the production of such short pulses, but with the reliable observation of the signals, as well. Commercial detectors (e.g. photomultipliers) are too slow. The fastest oscilloscope, for instance, has a resolution of about 300 ps. Typical detection method employs silicon diode array consisting of tens to hundreds of elements or charge-coupled device (CCD) detector in the visible spectrum and mercury cadmium telluride (MCT) arrays consisting of 32 or 64 elements in the mid-IR (~3–10 μm). Frequently, indirect method e.g. streak camera is used.  

Principles. 1) Pump-probe method (Fig. 6.1). Transient absorption measurements are performed by pump-probe laser system. A powerful laser light source (called „pump pulse”) interacts with the sample and excites it into a non-equilibrium or excited state. From here, the sample may experience a series of reactions (relaxations) toward new equilibrium positions which may take place in broad time scale from several femtoseconds to seconds or minutes. This change can be monitored by sending a low-energy second laser light which is called as a „probe pulse” into the sample. This probe pulse is functioning like a camera as it should not modify only to detect the natural processes initiated by the pump pulse. The intensity of the transmitted probe pulse is measured in the absence (I) and in the presence (I + ΔI) of pump pulse. The probe pulse should be weak not to disturb the system but strong enough to evoke satisfactory signal-to-noise ratio in the detector. Depending on the photosensitivity of the observed system, this can be achieved by a continuous light on longer time range (down to tens of μs), but pulses (flashes) should be applied below that limit.
2) Probe pulse: Delay and intensity-change of the probe pulse. The method of delayed probe pulses uses the fact that light travels 0.3 mm in1 ps in the air. The laser pulse is first split into the pump and the probe pulses in an intensity ratio of about 20:1. The pump pulse hits the sample first. The probe pulse is delayed by a time t = 2L/c and traverses the sample. The kinetics of the process under investigation is obtained by recording the relative change of its intensity (ΔI/I) as a function of the delay time. A spectrum can be recorded if the wavelength of the probe pulse is changed by wavelength shifters (converted to white light).


The ultrafast time-resolved absorption spectrum reflects the contribution of four major processes: i) Ground-state bleaching. The probe pulse will find fewer molecules in the ground state after excitation (pumping) than in lack of excitation. Hence, a negative signal will appear in the absorption spectrum. ii) Stimulated emission. The photons produced by stimulated emission of the probing beam will be detected which correspond to a negative signal in the absorption spectrum. iii) Excited-state absorption to higher excited states gives a positive signal in the absorption spectrum. iv) Product absorption. The appearance of a product (triplet, charge separated or isomerized states) will add a positive contribution to the absorption spectrum.
Applications in biophysics. Photodissociation and rebinding of a diatomic (NO, O2, CO) in a heme protein (hymoglobin, myoglobin) (Fig. 6.2). The dissociation and association of the diatomic ligand are determined not only by the chemical reactivity but by the protein structure and dynamics, as well. For example, the reaction of binding/unbinding of oxygen to/from the dioxygen transporter hymoglobin (Hb) is
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(6.1)
The diatomic ligand encounters several structural and energy barriers on its way diffusing to or from the heme and its surroundings. All the elementary steps to overcome the barriers influence the values of kinetic constants kon and koff (thus the dissociation constant KD = koff/kon). The times of the rebinding (≈ kon-1) depend on the temperature and range from about 100 fs to ks or longer (16 orders of magnitude!). At present, no equipment covers the entire range. By analyzing the individual kinetic steps we can understand the mechanisms and access to the structural features determining the properties of the heme proteins. 


In a stopped-flow experiment, two solutions, one containing free Hb, the other O2, are mechanically mixed. As the deoxygenated (Hb) and the oxygenated (HbO2) hemoglobins have different absorption spectra (the venous and arterial blood have different color, see Fig. 6.3), the degree of oxygenation can be tracked after mixing by observation at a suitably chosen wavelength. This method can be applied to many similar problems, but it is slow (the lower limit is about 1 ms) and works only in a limited temperature range.

In a flash photolysis experiment, the oxygenated heme protein is photodissociated with a laser pulse and the photodissociation and rebinding are then followed at appropriate wavelength in time (see Eq. (6.1)). Figure 6.4 shows the rebinding kinetics of oxygen in myoglobin (Mb) at low temperatures measured by absorption change at 436 nm. The relaxation function is not exponential in time and cannot be characterized by a unique rate coefficient koff, but rather by power law (or by extended or stretched exponentials):
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The curve is constant at times small compared to trelax. It bends over at times large compared to trelax and represents a power law: it yields straight line in a log-log representation and the slope gives n. The extended kinetics resemble to relaxation phenomena in glasses. A rich spectrum of motions is observed and these motions tell us more about the energy landscape of the protein, because they depend on the barriers between the conformational substates. It is clear that these motions are collective in nature and hence must involve a major part of the protein. Several open questions are waiting for answer: are the substates organized into tiers or is the spectrum of motions continuous? Do different types of motions exist within a given tier? How are the motions related to the structure of a given protein? Is the overall arrangement of tiers similar in different proteins?
Allosteric transition in hemoglobin. The hemoglobin is one of the allosteric proteins, with the ability of influencing the properties of a binding site by ligating a diatomic to a remote site located in another subunit of the protein. The binding and release of diatomics (O2, NO or CO) according to Eq. (6.1) are the very first events of activation and deactivation mechanisms, and trigger changes in protein structure. Thus, these local chemical events must be transmitted to the entire protein structure. This necessarily takes place through the heme iron motion. For example, this motion occurs from out-of plane to in-plane position of the iron with respect to the heme in the case of O2 and NO binding to the O2-carriers myoglobin and hemoglobin (5- to 6-coordinate iron, see Fig. 6.2). The out-of plane iron motion induced by NO or CO dissociation occurs faster than 0.3 ps as measured by transient absorption or by Raman spectroscopy and is thus considered quasi-instantaneous. However, since the iron motion is coupled to protein backbone dynamics, the reverse in-plane motion induced by ligand binding is not necessarily instantaneous.
Figure 6.5 shows the time dependence of the transient blue absorption spectrum (Soret band) of the human hemoglobin upon rebinding of the diatomic NO. The kinetics of the NO recombination can be decomposed into a fast process (11 ps, 74 %) and a slow process (61 ps, 22 %) together with a constant (4%). In addition to the blue band, there is a red absorption band (the so called Band III) in 5-coordinate ferrous heme, that is assigned to a charge transfer transition from π-porphyrin molecular orbital to a dyz iron orbital. While the Soret spectrum reflects the evolution of the heme iron coordination only, the Band III spectrum at 760 nm reflects the iron position with respect to the heme plane during the rebinding of NO. The transient change of the Band III absorption contains a fast (18 ps, 61 %) and a slow (140 ps, 24 %) component together with a constant (15%). The dominant 18 ps decay component of Band III is clearly slower than that at Soret. The very fast kinetics (11 ps) represents the coordination of the heme after photodissociation while the Band III represents the motion of the iron central to the heme (18 ps). Because this latter kinetics is slower, we can deduce that the iron does not move instantaneously upon NO binding due to the protein relaxation which influences this motion. This motion of the iron back into the heme plane represents the first step of the allosteric transition T→R upon NO binding. 

Light-harvesting function of carotenoids (Fig. 6.6). Carotenoids play an important role in light-harvesting antennae of photosynthetic organisms, not only in photoprotection but also by harvesting blue and green light and transferring the excited-state energy to nearby (B)Chls. Carotenoids have a complicated excited-state manifold: they have a strongly allowed transition from the ground state (which has Ag− symmetry in ideal polyenes) to a state with Bu+ symmetry called S2. This transition is responsible for their strong absorption of blue-green light. The optically forbidden S1 state that has Ag− symmetry, along with a number of additional optically forbidden states lies below the S2 state. 
Simple artificial photosynthetic light-harvesting systems have given important insights into the physical mechanisms that underlie the various energy transfer and relaxation processes. Figure 6.6a shows a minimal artificial light-harvesting mimic suitable for the study of the light-harvesting role of carotenoids. The model system (dyad) is made up of two moieties: a carotenoid with nine conjugated double bonds in its π-electron system and a phthalocyanine (Pc) molecule. The Pc molecule has a maximal absorption at 680 nm (called the Q band), and it acts as a chlorophyll a mimic. The carotenoid to Pc energy transfer efficiency is very high (~90%) in this particular dyad. 

Figure 6.6b shows the results of a global analysis of the time-resolved data. Figure 6.6c shows kinetic traces at selected wavelengths. Six time constants were needed for a satisfactory fit of the data. The kinetic modeling of the energy transfer pathways in the dyad is summarized in Fig. 6.6d. Note that this scheme is simplified. The carotenoid to Pc energy transfer dynamics in the dyad is reminiscent of several natural light-harvesting antennas where high energy transfer efficiency from carotenoids to chlorophylls is obtained; this occurs by transfer of energy to Chl from multiple excited states of the carotenoid. 
Initial electron transfer and protein dynamics in bacterial reaction center. The substantial body of research into the role of protein dynamics in the primary electron transfer reaction of photosynthetic reaction centers has made this system a paradigm for protein mediated charge separation. The photosynthetic reaction center of Rb. sphaeroides is a protein-cofactor complex that absorbs light and utilizes the energy to perform highly efficient charge separation between cofactors (P, BA, HA, and QA, see Figure 6.7a). The excitation of the bacteriochlorophyll dimer P results in the formation of P+QA- in about 200 ps via the series of reactions, P* → P+BA- → P+HA- → P+QA-, where the first reaction has a rate of about 3 ps, the second about 1 ps and the final transfer to the quinone occurs in about 200 ps. At the same time, each of these states has some intrinsic rate constant for returning to the ground state. Thus the yield of charge separation at any particular point during this process depends on the competition between forward electron transfer and decay to the ground state. At each step the forward reaction is usually taken to be 2-3 orders of magnitude faster than the intrinsic decay rate of the intermediate involved and therefore the yield of charge separation is close to unity throughout the process. For example, the overall time constants for the HA-→ QA electron transfer and the P+HA- → PHA recombination are 200 ps and 10~15 ns, respectively. 

The processes can be monitored by pump-probe transient absorption measurements which take advantage of the fact that, once light is absorbed, P leaves its ground state and remains out of its ground state throughout the process unless charge recombination occurs. Laser pulses were generated at a repetition rate of 1 kHz with 130 fs duration at 800 nm using a regenerative amplifier system based on a Titanium:Sapphire laser. Part of the beam was used to pump an infrared optical parameter amplifier to generate excitation pulses at 860 nm, and the other part was focused to a 3-mm sapphire plate. The white light generated was then compressed by prism pairs before passing through the sample. The polarization of pump beam was set to the magic angle (54.7°) relative to the probe beam. The white light probe is dispersed by a spectrograph (300 line grating) onto a charge-coupled device (CCD) camera  

Figure 6.7b shows the time dependent absorbance spectral changes in the vicinity of the ground state band of P. It is clear that the bleaching of the ground state absorbance centered at 860 nm overlaps both the time dependent changes associated with the BA and BB bands of the monomer bacteriochlorophyll near 800 nm and with the broad stimulated emission band of P* that extends from about 850 nm to > 950 nm. However, the blue side of the P ground state band in the 835-840 nm region seems to remain constant, at least during the initial reactions, consistent with the near unity yield of charge separation. The bleaching of the dimer P ==> P* → P+BA- is abrupt on this time scale and lasts for the whole time range (for several ns, Fig. 6.7c). 

The movements of the protein are restricted to small scale motions on the picosecond time scale and are likely to be more homogeneous than motions on longer time scales. Thus, protein dynamics does not show significant influence on the initial electron transfer reactions. However, understanding the role of protein dynamics in the secondary electron transfer from HA- to QA
(hundreds of picoseconds), or charge recombination in the state P+HA- (nanoseconds) may prove

considerably more challenging.
Take-home messages. The time-resolved spectroscopy allows the identification of the very first photophysical steps and structural events which induce separation of charges (in photosynthetic reaction center) or allosteric transitions (in heme binding sites) and consequently the activation and deactivation of the proteins. The light absorption is used to trigger these events and to synchronize the population of molecules to be observed. The time-resolved absorption spectroscopy has been applied to proteins such as heme proteins of oxygen transport, reaction center of photosystems and rhodopsin of vision and is awaiting for adaptation to proteins made photoactive by effectors or by light-sensitive constituents with the contribution of bioengineering.
Home works
1. How much is the spectral bandwidth at half maximum (FWHM) of a10 as laser pulse with a center wavelength of 800 nm? What is the corresponding bandwidth in the wavelength region?
2. How much is the light-induced change of the absorption coefficient of the sample of 1 μM concentration in a 1 mm cuvette if the amplitude of the probe pulse increases from 950.0 mV to 950.1 mV after excitation?

3. Demonstrate the differences of kinetics described by exponential and power laws on log-log plot! Formulate the consequences!
4. What is the yield of charge separation (photochemistry) in a mutant reaction center where rate of charge recombination from P+HA- (→ PHA) increased from (10 ns)-1 (wild type) to (1 ns)-1 while the rate of forward electron transfer (P+HA- → P+QA-) remained (200 ps)-1 (as in wild type)?

5. Estimate the time required for the external diatomic ligand to reach the iron atom of the heme group of the hemoglobin by pure diffusion. Compare this value with those obtained from rebinding experiments after flash photolysis.
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Fig. 6.1. Principles of pump-probe method and delay of the probe pulse in a hypothetic time-resolved absorption spectrometer. 





Fig. 6.5. Pseudo 3D presentation of fast transient absorption spectra of myoglobin with NO ligand. The dissociation is performed by the pump laser pulse and the subsequent structural changes in the protein are tested by the probe laser pulse. 





Fig. 6.6. Molecular structure of the carotenophthalocyanine light-harvesting dyad (a). Difference absorption spectra of the dyad at various delays after pump pulse. The excitation wavelength was 475 nm (b). Kinetic traces at 560 nm (upper panel) and 680 nm (lower panel) (c). Kinetic scheme that describes the excited-state processes in dyad upon carotenoid excitation. Solid lines denote energy transfer, dotted denote internal conversion, dashed denotes intersystem crossing processes (d). Source: Berera et al. (2009).





Fig. 6.4. Rebinding of carbon monoxide (CO) to myoglobin (Mb) after photodissociation by a laser flash at t = t0 at two different low temperature values. N(t)/N(t0) denotes the fraction of myoglobin molecules that have not rebound a carbon monoxide molecule at the time t after flash. Note the logarithmic time scale.





Fig. 6.3. Absorption spectra of oxygenated and deoxygenated hemoglobin. 





Fig. 6.7. A structural view for the photosynthetic reaction center Rhodobacter (Rba.) sphaeroides (a). The protein structure is shown in transparent ribbons, including three subunits: L, M, and H, which are rendered in pink, blue and grey respectively. The cofactors are shown as stick structures; the bacteriochlorophylls are green (including the bacteriochlorophyll dimer, P, and one monomeric bacteriochlorophyll on each side, BA and BB). The bacteriopheophytins are pink (HA and HB), and the quinones are cyan (QA and QB). The electron transfer chain starts from the excited state of P (P*), the initial donor, and continues along a series of acceptors on the L side of the reaction center as indicated by the arrows, ultimately reaching QB. Time-resolved spectra of the reaction center protein in the 680~960 nm spectral region at 1 ps (P*), 10 ps (P+HA-), 3 ns and 6 ns (P+QA-) after laser excitation at 860 nm (b). Arrow at 835 nm indicates the wavelengths where the kinetics of the P ground state bleaching (recovery) was monitored (c). 





Fig. 6.2. The heme group (left) consists of an iron (Fe) ion (charged atom) held in a � HYPERLINK "http://en.wikipedia.org/wiki/Heterocyclic_compound" \o "Heterocyclic compound" �heterocyclic� (porphyrin) ring which consists of four pyrrole molecules cyclically linked together by � HYPERLINK "http://en.wikipedia.org/wiki/Methene" \o "Methene" �methene� bridges with the iron ion bound in the center. The iron ion, which is the site of oxygen binding, coordinates with the four � HYPERLINK "http://en.wikipedia.org/wiki/Nitrogen" \o "Nitrogen" �nitrogen atoms� in the center of the ring. All lie in one plane. The iron is bound strongly (covalently) to the globular protein hemoglobin via the � HYPERLINK "http://en.wikipedia.org/wiki/Imidazole" \o "Imidazole" �imidazole� ring of the F8 (proximal) � HYPERLINK "http://en.wikipedia.org/wiki/Histidine" \o "Histidine" �histidine� residue below the porphyrin ring. A sixth position can reversibly bind oxygen by a � HYPERLINK "http://en.wikipedia.org/wiki/Coordinate_covalent_bond" \o "Coordinate covalent bond" �coordinate covalent bond� completing the octahedral group of six ligands. Oxygen binds in an "end-on bent" geometry where one oxygen atom binds Fe and the other protrudes at an angle. When oxygen is not bound, a very weakly bonded water molecule fills the site, forming a distorted � HYPERLINK "http://en.wikipedia.org/wiki/Octahedron" \o "Octahedron" �octahedron�.


Structure of human hemoglobin (right). The proteins α and β subunits are in red and blue, and the iron-containing four � HYPERLINK "http://en.wikipedia.org/wiki/Heme" \o "Heme" �heme� groups in green. 
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