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Abstract

The following question has been addressed in the present work. How external high (up to 8 kbar) hydrostatic pressure
acts on photoinduced intramolecular electron transfer and on exciton relaxation processes? Unlike phenomena, as they are,
have been studied in different systems: electron transfer in an artificial Zn-porphyrin—pyromellitimide (ZnP—PM) supra-
molecular electron donor—acceptor complex dissolved in toluene measured at room temperature; exciton relaxation in a
natural photosynthetic antenna protein called FMO protein measured at low temperatures, between 4 and 100 K. Spectrally
selective picosecond time-resolved emission technique has been used to detect pressure-induced changes in the systems. The
following conclusions have been drawn from the electron transfer study: (i) External pressure may serve as a potential and
sensitive tool not only to study, but also to control and tune elementary chemical reactions in solvents; (ii) Depending on the
system parameters, pressure can both accelerate and inhibit electron transfer reactions; (iii) If competing pathways of the
reaction are available, pressure can probably change the branching ratio between the pathways; (iv) The classical
nonadiabatic electron transfer theory describes well the phenomena in the ZnP—PM complex, assuming that the driving force
or /and reorganisation energy depend linearly on pressure; (v) A decrease in the ZnP—PM donor-acceptor distance under
pressure exerts a minor effect on the electron transfer rate. The effect of pressure on the FMO protein exciton relaxation
dynamics at low temperatures has been found marginal. This may probably be explained by a unique structure of the protein
[D.E. Trondrud, M.F. Schmid, B.W. Matthews, J. Mol. Biol. 188 (1986) p. 443; Y.-F. Li, W. Zhou, E. Blankenship, J.P.
Allen, J. Mol. Biol., submitted]. A barrel made of low compressibility B-sheets may, like a diving bell, effectively screen
internal bacteriochlorophyll a molecules from external influence of high pressure. The origin of the observed slow pico =
and subnanosecond dynamics of the excitons at the exciton band bottom remains open. The phenomenon may be due to
weak coupling of phonons to the exciton states or /and to low density of the relevant low-frequency (= 50 cm™~') phonons.
Exciton solvation in the surrounding protein and water—glycerol matrix may also contribute to this effect. Drastic changes of
spectral, kinetic and dynamic properties have been observed due to protein denaturation, if the protein was compressed at
room temperature and then cooled down, as compared to the samples, first cooled and then pressurised. © 1997 Elsevier
Science B.V.
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1. Introduction
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istry and biology, notably in photosynthesis. Both for
cognitive reasons and for development of practical
molecular electronics devices, the underlying physi-
cal mechanisms should be understood in detail. To
gain a proper understanding of these processes, a
wide range of equilibrium and dynamical effects
need to be characterised.

There are two commonly used experimental ap-
proaches to study various aspects of ET and ER: by
changing the chemical composition of the solvent
and by varying the temperature. Although important
results have been obtained, the quantitative under-
standing of the ET and ER kinetics and dynamics is
still rather limited, partly because of serious limita-
tions these methods have. Temperature causes simul-
taneous changes in volume and thermal energy that
are difficult to separate. Changes in the solvent
chemical composition are discontinuous and also
alter many bulk solvent physical properties (density,
viscosity, dielectric susceptibility) at the same time.
This motivates the search for complementary experi-
mental approaches.

Pressure as another universal thermodynamic
variable may offer an attractive alternative. Continu-
ous tuning of the properties of molecular matter over
a wide range, without changing its structure and
chemical identity, can be achieved in a controlled
manner. Yet, as with temperature, the response of
the matter to increasing pressure is presumably com-
plex. In a rather broad sense, pressure effects can be
divided into equilibrium or static effects and dy-
namic effects. The most important static effect is
change of average intermolecular distances resulting
in alteration of ground- and excited-state free energy
surfaces of the dynamic system under study. Dy-
namic effects are due to modification of the solute-
solvent system relaxation characteristics under pres-
sure.

In the first part of the present work (Sections 3.1,
3.2, 4.1 and 4.2), we will demonstrate that external
pressures in the kilobar range may serve as a poten-
tial and sensitive tool not only to study, but also to
control and tune elementary chemical reactions in
solutions. As an example, pressure dependence of
the photoinduced intramolecular ET in a donor—
acceptor complex dissolved in toluene has been in-
vestigated.

The supramolecular complex under study consists

of the zinc meso-tripentylmonophenylporphyrin
(ZnP) electron donor and the pyromellitimide (PM)
electron acceptor. The donor molecule is covalently
bridged via a phenyl side-ring to the acceptor
molecule yielding a structurally rigid supermolecule
with the centre-to-centre donor-—acceptor distance of
about 1.5 nm (Fig. 1). The porphyrin-based donor—
acceptor complex was favoured because of the cen-
tral role of the porphyrin ring system in photosynthe-
sis, oxygen transport, and in biological oxidation and
reduction processes.

There are essential advantages to study intra-
molecular ET as contrasted to intermolecular ET
between weakly (non-covalently) coupled donor and
acceptor molecules. The first advantage is that ET
rate can be monitored directly, without interference
with the diffusion of donor and acceptor compo-
nents. The second advantage is that most of the ET
rate-limiting parameters, such as donor—acceptor
separation, relative orientation of donor and acceptor
parts, driving force, and reorganisation energy, can
be reasonably well controlled by modern chemical
design procedures. Notice, that in natural biomolec-
ular systems (e.g., in the photosynthetic reaction
centre proteins), the ET cofactors are fixed in certain
(favourable) positions by the rigid framework of the
protein backbone.

The specific system has been selected since the
driving force and reorganisation energy for the ET
reaction are known and they have relatively close
values at normal pressure [1]. In this case, the ET
rate is expected to be near to its maximum, which
makes it easier to compete with other, uninteresting
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Fig. 1. Molecular structure of the ZnP-PM complex.
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in the context of the present work, excited state
quenching processes (intersystem crossing, internal
conversion, and radiative decay). Also, at the maxi-
mum, the derivative of ET rate reverses (pressure in
our case) over perturbation with respect to a perturb-
ing factor, its sign giving an additional chance to
discriminate weak effects.

Although the pressure studies of the electron
donor—acceptor complexes, including reaction centre
proteins, have a relatively long history [2-9], the
underlying reaction mechanisms have remained
mostly unexplored. Both acceleration and decelera-
tion of ET rate with increasing pressure have been
observed for different reactions.

In the second part of the work (Sections 3.3, 3.4
and 4.3), we will describe the influence of hydro-
static pressure on the ER dynamics in a photosyn-
thetic antenna bacteriochlorophyll a-protein complex
called FMO protein (after the names of the pioneer
structure investigators Fenna, Matthews, and Olson).

In the green sulphur photosynthetic bacteria, the
FMO protein plays a double role: as an antenna for
collecting the light energy and as a mediator of light
excitations between the extra-membrane chlorosome
antenna and the cell membrane (for a recent review,
see [10]). The FMO protein structure is presently
known at about 0.2 nm resolution [11,12]. It consists
of three identical subunits related by a 3-fold axis of
crystallographic symmetry. Each subunit encloses
seven irregularly spaced bacteriochlorophyll a (Bchl)
molecules. The distances between neighbouring
Bchls in a subunit vary between 0.4 and 1.1 nm, and
the distance between Bchls from different subunits
exceeds 2 nm. The FMO protein is unique in having
a fine-structured Bchl Q, exciton [13-15] absorption
spectrum at low temperatures (T < 150 K).

Recently, evidence has been obtained for a pico-
nanosecond ER process via time-dependent red-shift
and broadening of the exciton emission spectrum at
6 K [16,17]. This relaxation is slow compared to the
major inter-exciton state relaxation within the protein
monomer, which has been proven [17] to take less
than a picosecond, but fast compared to the usually
observed micro-millisecond time—domain solvation
dynamics of the protein backbone. Two nonexclusive
interpretations to this effect have been proposed [17].
The phenomenon may be due to ultrafast exciton
solvation in the surrounding protein and water—

glycerol matrix. It may also result from a slow
scattering of phonons from closely spaced exciton
states, which are due to weak interactions between
Bchl molecules belonging to different monomers in
the protein trimer [14,15,18].

Here, we will further explore these questions by
varying pressure (between 1 atm and 7 kbar) and
temperature (between 6 K and 80 K). In the litera-
ture, there are only a couple of works (one from our
laboratory) devoted to the steady-state optical ab-
sorption [19] and hole-burning spectroscopy [20] of
FMO protein-bound pigments under high pressure.
Observed was a relatively small and linear (about
—12 cm™! /kbar at 55 K [19]) red-shift of the
absorption spectrum, presumably due to changes in
dispersive interaction between the Bchl molecules
and the protein surroundings.

How a complicated system, like the antenna com-
plex under study, would react on high pressure in the
kilobar range, is not easy to predict. Notice, for
comparison, that pressure at the bottom of the deep-
est sea is about 1.1 kbar. Among the possible conse-
quences are: change of resonant coupling between
the Bchl molecules; modification of the nonresonant
(dispersive) coupling between the pigment molecules
and their protein surroundings; transformation of the
protein conformational states, finally leading to de-
naturation of the protein. Monomeric proteins usu-
ally denaturation in the pressure range from 4 to 8
kbar, whereas large protein oligomers may suffer
dissociation already at 1-2 kbar [21,22]. This be-
haviour can be understood, considering the amount
of compression work W per molecule:

W= xyup? (1)

Eq. (1) is valid, if «,p << 1. K is the isothermal
compressibility, v is the molecular volume, p is the
applied pressure. It is easy to check that at p =1
kbar, v> 100 nm?, and k;>107° bar ', W can
readily reach energies that hold together protein sub-
units in the oligomeric protein. A prominent effect of
pressure on the room-temperature spectral properties
of the FMO protein trimer will be discussed in
Section 3.3. In the case of relatively small molecules,
like ZnP-PM donor—acceptor complex, the com-
pression energy at pressures used is very small com-
pared to the energy of chemical bonds, and therefore,
can safely be viewed as a weak perturbation only.
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2. Experimental
2.1. Sample handling

The ZnP—PM complex was synthesised according
to the published procedures [1] in the Chemistry
Division, Argonne National Laboratory, USA, and
kindly provided to us by Dr. M. Wasielewski. The
substance was dissolved in toluene to the concentra-
tion of 2 X 107°M without further purification.
Toluene was chosen as a solvent in order to min-
imise the solvation effects that limit ET rate in many
polar solvents (for a recent review, see [23]).

The FMO trimers were isolated from the green
photosynthetic sulphur bacteria Chlorobium tepidum,
as described [24], and kindly supplied to us by Dr.
M. Miller (Odense University, Denmark). The pro-
tein solution in the 20mM Tris-HCI buffer (pH = 8.0)
was diluted with glycerol in a 1:2 volume ratio. This
buffer—glycerol mixture ensures a transparent glass
formation by cooling down either at atmospheric or
high pressure.

2.2. Pressure equipment

Two different setups were used for optical mea-
surements under hydrostatic pressure: one for experi-
ments at room temperature and another, at variable
temperatures between 300 K and 2 K.

At room temperature (295 K), the solution under
study was contained in a special sample cell having
two windows about 2 mm apart with one window
fixed and another translationally movable like a pis-
ton to adapt the pressure variations. The construction
of the sample cell prevented direct contact of the
sample with the pressure transmitting medium. The
sample cell was mounted in a simple home-made
piston-cylinder type high-pressure optical cell. Three
10 mm-thick sapphire windows of 12 mm diameter
cover the light port of 4.5 mm aperture and 30° cone
angle in window plugs. A portable hydraulic press
was exploited to generate pressure up to about 10
kbar inside the cell by pushing down the piston. As a
pressure transmitter, various liquids may be utilised.
Here, a mixture of glycerol with water was used.

In low-temperature studies, helium gas served as
the pressure-transmitting medium (gaseous helium
does not freeze up to 14.6 kbar at 77 K). A commer-
cial 15-kbar three-stage gas compressor (UNIPRESS,

Poland) was used to generate high pressure. The
compressor was connected to the home-made high
pressure optical cell by a thick-walied flexible capil-
lary tube made of beryllium copper. A quartz sample
cell, open to the helium gas, was installed inside the
high-pressure optical cell. The high-pressure cell with
three sapphire windows was placed in a special
cryostat with a precise temperature control (UTREX,
Ukraine). The cell was cooled by helium vapour or
liquid helium surrounding the cell, depending on
temperature desired. The gas pressure inside the cell
was measured with a manganin gauge up to the
freezing point of helium at a given temperature. The
pressure of solidified helium in the cell was esti-
mated from the computed and tabulated data for
thermodynamic properties of *He [25].

Enough time was left between the pressure change
and the measurement to reach the equilibrium tem-
perature and pressure. Reversibility of the pressure-
induced effects at a fixed temperature was checked
by comparison of the data recorded along two exper-
imental paths: in the course of compression and
decompression.

2.3. Spectral and kinetic measurements

The excitation source was the Coherent 700
styry}l-9M  mode-locked dye laser synchronously
pumped at 76 MHz by the Coherent Antares 76S Nd:
YAG laser. To realise the ZnP excitation at 424 nm
the output of the dye laser was frequency-doubled by
using the LilO; crystal. The time-resolved emission
spectrum was recorded through a subtractive-disper-
sion double grating monochromator, put together
from two single grating monochromators (LOMO,
Russian Federation), with 2 nm spectral bandwidth
by using the Hamamatsu C1587 Temporal Photome-
ter in the synchroscan mode. The streak camera was
linked via a vidicon to the OSA 500 optical multi-
channel analyser (B&M Spektronik, FRG). With a
3-5 ps dye laser pulsewidth, the temporal response
function of the whole instrument was about 15 ps
(FWHM). For more details about spectrally-limited
picosecond time-resolved emission spectroscopy, see
[26]. A polariser at the magic angle (54.7°) to ex-
clude the rotational diffusion effects on the fluores-
cence decay kinetics at room temperature was rou-
tinely used.

The steady-state fluorescence emission spectra
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were recorded with 1 nm bandwidth. Absorption
spectra were measured by a Beckman Acta MVII
spectrophotometer equipped with a special holder for
placing the high-pressure cell, applying 1 nm band-
width.

Care was taken to avoid sample degradation or
multiple excitation effects due to excess light inten-
sity. In the case of the ZnP-PM complex, no degra-
dation was observed at excitation intensities < 20
mW /cm?. The proteins withstand almost 10 times
higher intensity, < 150 mW /cm?. Absorption spec-
tra at room temperature were run before and after
each set of kinetics experiments to verify that the
sample was not degraded during the measurement.

2.4. Data handling

The data were transferred to IBM Pentium PC and
handled by utilising the Spectra Solve software
(LasTek, Australia). The emission spectra were cor-
rected for the spectral sensitivity of the setup. The
peak energies and bandwidths of the steady-state and
time-resolved spectra were obtained by fitting to the
Gaussian lineshape. Global as well as single-curve
analysis of the emission kinetics was performed.
Lifetimes were calculated using a least-squares fit-
ting algorithm assuming multiexponential kinetics
and taking into account the finite instrument re-
sponse function. Excitation pulses scattered from the
sample were utilised as the instrument response func-
tion. The time-resolved fluorescence emission spec-
tra at fixed pressure and temperature were con-
structed as

I(A,1) =EA(A) exp(—t/7) (2)
where the sum was over the number of kinetics
components, with the initial amplitude A;, used in
the fitting procedure. Note that the components with

negative pre-exponential factors belong to the rising
parts of kinetics.

3. Results

3.1. ZnP-PM steady-state fluorescence emission
spectra under pressure at room temperature

Fig. 2 shows the fluorescence emission spectra of
the ZnP-PM complex in the 580-720 nm region,
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Fig. 2. Room-temperature steady-state fluorescence emission spec-
tra of the ZnP-PM complex at 0.3 and 3.2 kbar. The spectra are
normalised to the same maximal intensity.

measured at 0.3 and 3.2 kbar external pressure. The
excitation was into the strong Soret absorption band
at about 424 nm (here and below the specific num-
bers are given at 1 atm, if not indicated otherwise).
The excitation wavelength was adjusted when pres-
sure was changed in order to always hit the peak of
the absorption band. Pumping to the weak 555 nm Q
absorption band gave almost identical results. This is
in agreement with the known fast internal conversion
of high energy singlet excited states into the lowest
energy Q vibronic manifold present in many por-
phyrin molecules [27]. The spectrum in Fig. 2, con-
sisting of two major bands, looks like a typical
emission spectrum of metalloporphyrins. Accord-
ingly, the band at 602 nm may be classified as the
Q,(0,0) origin band and the one at 655 nm, as its
Q,(0,1) vibronic satellite [27].

The emission spectrum shifts linearly to the red
when pressure is raised. The rate of the shift is
essentially equal for both emission bands and tells
for the dispersion origin of the shift. The shift data
are in agreement with earlier observations for some
other metalloporphyrins [28,29]. The common nature
of the (0,0) band in the emission and absorption
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spectra is validated by the same pressure-induced
shift at the approximate rate of —24 cm ™' /kbar.

Pressure also causes a small intensity redistribu-
tion between the vibronic bands, providing evidence
of a decreasing intramolecular vibronic coupling with
pressure. This may be a result of the conformational
distortion of the porphyrin macrocycle by compres-
sion. It has been observed that structural perturba-
tions alter several photophysical properties of por-
phyrins [30].

3.2. Pressure dependence of the ZnP—PM emission
kinetics

The similarity of the steady-state spectra of the
ZnP-PM complex and the spectra of metallopor-
phyrins without attached acceptor groups implies
only a weak perturbation of the ZnP valence elec-
trons by the presence of the PM acceptor. It also
suggests that excitation is at least initially predomi-
nantly localised on the donor part of the donor—
acceptor complex. At the same time, the emission
intensity of the ZnP-PM complex is strongly
quenched and its lifetime shortened as compared to
the closed shell metal (Zn, Mg) metalloporphyrins
[27,31). Usually, decay times in the nanosecond range
have been recorded in various solvents at 1 atm
[27,31] and under high pressure, similar to the pres-
sures applied in the present work [28,29].

As shown in Fig. 3, we have observed only about
70 ps excited state lifetime at normal pressure. This
lifetime agrees well with the time constant for forma-
tion of the ZnP*—PM~ charge transfer state mea-
sured by transient absorption (S. Millen and M.R.
Wasielewski, unpublished result). Under these cir-
cumstances, one can write

—1 _
Tops = (kg + kng + kgr) :kETl (3)

where 7, is the observed fluorescence emission
lifetime and kg, kyg, and kgp are, respectively, the
radiative, nonradiative (intersystem crossing plus in-
ternal conversion), and ET deactivation rates of the
ZnP excited Q state. Eq. (3) allows a straightforward
determination of the photoexcited ET rate and its
pressure dependence in the ZnP-PM complex, by
measuring ZnP emission kinetics after picosecond
pulse excitation at various pressures.

Fig. 3 shows the pressure-dependent fluorescence
kinetics recorded at the maximum of the Q (0,0)
emission band. At all pressures, the observed kinet-
ics can be fitted to two decaying exponentials with
the major fast and the minor slow components. At 1
atm, the following decay constants were observed:
T,=73+3 ps and 7, = 1530 £+ 120 ps with A, /A,
> 104 2 (see Eq. (2)). Within the limits of error,
there is no wavelength dependence of the kinetics
over the emission band.

The pressure dependence of 7, is rather unusual.
The decay time of 73 ps at 1 atm first decreases
down to the minimum value of 47 ps at about 2 kbar.
At higher pressures the lifetime increases gradually.
However, this increase is much slower than the
initial decrease. The initial normal-pressure value of
7, is recovered only at about 8 kbar. The reciprocals
of 7, are plotted in Fig. 4. 7, also decreases with
pressure, but only until 2 kbar where the lifetime
700 + 150 ps was observed. At higher pressures this
value did not change any more. It should be empha-
sised that all these pressure effects are perfectly
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Fig. 3. Fluorescence emission kinetics of the ZnP-PM complex
recorded at the QX(O,O) emission band maximum under various
pressures at room temperature. The curves are normalised to the
same maximal intensity. The instrument response function is
shown by thin solid line.
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Fig. 4. Plots of the experimental emission decay rates 77! (open
circles) and electron transfer rate constants kgp (filled circles)
against pressure in the ZnP-PM complex at room temperature.
Different curves are least-squares fits of Eq. (16) (Model 1) to the
experimental data. Fit parameters are collected to Table 1.

reversible in the studied 1 atm—8 kbar pressure
range.

3.3. Conformational high pressure effects in FMO
protein trimers, as reflected by emission spectra and
kinetics

In the glassy state at low temperatures, the protein
characteristics depend on prehistory, i.e. on the se-
quence in which the sample is pressurised and cooled
[21]. The dependence of the FMO protein emission
spectrum on the way of the sample preparation is
demonstrated in Fig. Sa. When the sample was first
cooled and then pressurised (hereafter, cooling—
and—pressurising (C/P) pathway), the shape of the
spectrum did not change compared to the reference
(R) spectrum, except for a moderate broadening. The
most prominent pressure effect in this case was a
red-shift of the spectrum from 827 nm to 833 nm (by
87 cm~!'). In the case of the P/C route, i.e. when
the pressure was applied prior to cooling, the major
effect was a much stronger broadening and essential

loss of the spectral structure. The red-shift, although
present, was less pronounced than in the C/P case.
The emission kinetics (Fig. 5b) fastened markedly in
the P /C case, whereas only slight changes were seen
when the C/P route was used.

The experiments described give evidence that es-
sential changes of the protein structure take place, if
high pressure of the helium gas was applied at room
temperature (for some more details, see [32]). This is
in striking contrast to the case when pressure was
applied at low temperature to the frozen protein
solution. Then the pressure effects are similar to
more conventional molecular solids, including crys-
tals.

Considering profound changes, after the P/C cy-
cle, of the low-temperature emission spectrum, ex-
tensive conformational distortions probably take
place on the level of protein tertiary and quaternary
structure. Some of the pressure effects, if pressure
was applied at room temperature, may be connected
with high solubility of helium gas in flexible protein
structure. However, there is an evidence (A. Ellervee
et al., unpublished data) that pressures up to 2.3 kbar
applied at room temperature do not deteriorate the
low-temperature structure of the absorption spec-
trum.

In order to avoid complications connected with
these unsolved conformational effects, the high-pres-
sure experiments described in Section 3.4 were per-
formed in the C/P mode.

3.4. Transient exciton emission spectra of the FMO
protein below 100 K as a function of pressure and
temperature

In the low-temperature absorption spectrum (not
shown) of the FMO protein from C. tepidum, there
are three distinct maxima at about 805, 815, and 825
nm. At temperatures below 20 K, the steady-state
emission spectrum is resonant to the lowest energy
825 nm absorption band. At higher temperatures (20
K < T < 150 K), an additional emission structure,
resonant to the 815 and 805 nm absorption bands,
appears. It has been proven by a simple Boltzmann
factor analysis [16,33] that this anti-Stokes structure
is due to equilibrium population of the FMO
monomer subunit exciton states absorbing at 815 and
805 nm.
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The normal-pressure FMO exciton emission kinet-
ics excited at 805 nm (excitation bandwidth 4 nm)
and recorded at four different wavelengths at 6 K is
shown in Fig. 6. The kinetics is not single-exponen-
tial and can be fitted by a sum of three decaying and
one rising exponential components having different
amplitudes at different recording wavelengths. The
shortest decay constant varies between 7 ps and 60
ps, whereas the two longer ones are about 200 ps and
2 ns. The emission rise time constant (evident at
longer wavelengths) is between 10 ps and 30 ps.

Fig. 7 reproduces the normal-pressure transient
emission spectra at 6 K. The spectra are constructed
from spectrally selective kinetics accoding to the
procedure described in Section 2.4 (see also [17].
For comparison, a steady-state emission spectrum is
also shown in the upper part of Fig. 7.

As appears in Fig. 7, the transient emission spec-
trum at ‘zero’ delay peaks at about 823 nm. This is
four nanometres to the blue compared to the maxi-
mum of the steady-state emission spectrum at 827
nm. Seen is also a weak signal around 815 nm,
representing small nonequilibrium population of ex-
citons in that state. The small intensity of the 815 nm
emission band verifies ultrafast inter-exciton state

fluorescence intensity (a.u.)

820 840 860
wavelength (nm)

relaxation revealed by femtosecond pump-probe and
photon echo spectroscopies [17,34,35]. It also indi-
cates that in the present experimental conditions (low
temperature, excitation at 805 nm with a few pi-
cosecond long pump pulses), the upper exciton states
depopulate almost completely during excitation pulse
and excitons accumulate at the states close to exciton
band bottom. The evolution of the 823 nm ‘zero’-time
spectrum includes a red-shift, gain in intensity, and
broadening. These changes occur within about 80—
100 ps, after which both the peak position and
bandwidth acquire equilibrium value. Subsequent
emission intensity decrease is due to finite exciton
lifetime (characterised by 2—3 ns time constant).
The temperature dependence of the dynamic spec-
tral red-shift is demonstrated in Fig. 8. A gradual
reduction of the overall shift with temperature is
observed. At 80 K the peak position appears practi-
cally time-independent (within about 5 cm™' experi-
mental uncertainty). It is also evident from Fig. 8
that while the initial (1 ps) peak position undergoes a
red-shift, the nanosecond (equilibrium) peak position
reveals an opposite blue-shift. The increase in the
initial shift with increasing temperature is presum-
ably related to the enhanced relaxation rate at higher

y
jA

0 500 1000
time (ps)

Fig. 5. (a) Exciton emission spectra (excitation at 805 nm, recording bandwidth 2 nm) of the FMO protein at 20 K and 6.5 kbar after
different cooling (C) and pressurising (P) pathways. A reference spectrum (R) at 20 K and 1 atm is also shown. (b) The emission kinetics at
20 K (dots) together with the fitting functions (solid curves). The parameters of the fitting function (see Eq. (1)) are as follows. For R
(p =1 atm, recording wavelength 827 nm): 7, =560 ps, A, = 16; 7, = 1440 ps, A, = 84; 7, =20 ps, A, = —84. For C/P (p = 6.5 kbar,
833 nm): 7, = 160 ps, A, =32; 7, = 1490 ps, A, = 68; 75 =25 ps, A; = —68. For P/C (p= 6.0 kbar, 832 nm): 7, =30 ps, A, =34;

T, =190 ps, A, =38; 7, =1380 ps, A; =28.
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Fig. 6. Normalised exciton emission kinetics (dots) of the FMO
protein measured at different wavelengths (recording bandwidth 2
nm) together with the fitting functions (solid curves). Excitation at
805 nm, T=6 K, p=1 atm. The fitting function (see text)
parameters are as follows. For recording at 818 nm: 7, =17 ps
(amplitude 1.00), T, = 204 ps (0.03), and 7, = 1850 ps (0.01). For
821 nm: 7, =45 ps (3.16), 7, =205 ps (1.57), 7,=1920 ps
(1.00), and 7, =8 ps (—1.00). For 824 nm: 7, = 165 ps (0.74),
73 = 1730 ps (1.00), and 7, = 9 ps (— 1.00). For 830 nm: 7, = 2040
ps (1.00) and 7, = 29 ps (— 1.00).

temperatures. A blue-shift of the equilibrium band
maximum is most probably due to exciton-phonon
coupling and has been known before [16,33].

The influence of sample compression on the dy-
namic band-shift at 20 K is shown in Fig. 9. It can
be seen that the overall shift becomes about 15%
smaller when pressure is increased up to 6 kbar.

For the sake of some unified comparison of the
dynamics at various temperatures and pressures, we
will take advantage of dielectric response theories
(see, e.g., [23]) and introduce a normalised response
function as follows

S.(1.4) =[v(1) = v(=)]/[v(4) —v(=)] (4)
Within the linear response limit, the solvation dy-
namics is completely characterised by Eq. (4). In Eq.

fluorescence intensity (a.u.)

i " 1 "
810 820 830 840
wavelength (nm)
Fig. 7. Transient emission spectra of the FMO protein (T = 6 K,
p=1 atm) at different picosecond delay times (points). The
spectra are constructed as described in the experimental section.

For comparison, the steady-state emission spectrum is shown
(thick solid curve). In both cases, excitation at 805 nm was used.

12140

12120

peak position (cm™')

12100

1 10 100 1000

delay time (ps)

Fig. 8. Time dependence of the exciton emission peak energy of
the FMO protein at different temperatures and p =1 atm (points).
Solid curves connecting experimental points serve merely as
guides for the eye. Note the logarithmic time-scale.
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(4), v(¢) is the emission peak energy at time ¢, A is
the experimental time resolution, »(A) and v() are,
respectively, the initial and equilibrated peak posi-
tions, averaged over the instrument response func-
tion.

Function S,(z, A), calculated at different tempera-
tures and pressures, is shown in Fig. 10. Note the
time axis spanning almost four decades, from 1 ps
(an instrument-limited value) to almost 10 ns (an
excited state lifetime-limited value). During this time,
the maximum of the emission spectrum at 6 K shifts
toward lower energy by 57 cm™'. About 2 /3 of the
total shift occurs within first 50 ps past excitation.
Yet almost two orders of magnitude longer time is
needed to cover the remaining 1/3 of the shift.
Fitting to the sum of decaying exponentials reveals
four time constants at 6 K, each in a different
decade: 5.4 + 1.3 ps (the corresponding shift is 15
ecm™!),26+7ps(23cm™'), 163 + 58 ps (12cm™ '),
and 1930 + 590 ps (7 cm™'). An average time con-
stant, calculated as 7,, = (2 A;7,)/2 A, (A, stands

12140
— 12020
§ 12120}
e
L
= 12000
g
12100+
©
<))
o
11980
12080

1 10 100 1000
delay time (ps)

Fig. 9. Time dependence of the exciton emission peak energy of
the FMO protein at 20 K and two pressures: 1 atm (circles) and 6
kbar (squares). Note the shifted y-axis origin of the different data
sets. Solid curves are only guides for the eye. Insert: the transient
emission spectra at 1 atm and different picosecond delay times
indicated.
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Fig. 10. Normalised response function S, (¢, 4), calculated from
the exciton emission band shift dynamics data at various tempera-
tures and different pressures (open symbols, at 1 atm; filled
symbols, at 6 kbar) as described in the text. The multiexponential
fitting function (solid lines) parameters are discussed in the text.

1

for the shift connected to the decay constant 7,), is
283 + 88 ps.

Some fastening of the dynamics with temperature
can be seen in the normalised scale of Fig. 10, in
agreement with the notion made above. However,
virtually no change of the dynamic response with
pressure is observed at fixed temperature. The pres-
sure-insensitivity of the ultrafast exciton dynamics in
the FMO protein has been pointed out earlier [20]
and argued to be a consequence of the linear pres-
sure shifts being dominated by dispersion coupling.

4. Discussion
4.1. Pressure-dependent electron transfer model

By analogy with chemical reactions, the thermally
activated ET rate constant in the high temperature
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limit (k5T > hv, for all relevant vibrations ») can be
expressed by an Arrhenius law [36]:

3

PERT IVI* exp( —G* /kyT) (5)
r'*B

where G, the free energy of activation, is given by
2
G+=(Er+Eg) /4E, (6)

In Egs. (5) and (6), & is the Planck’s constant, kg is
the Boltzmann’s constant, T is the temperature, E,
is the free energy gap, i.e. the energy difference
between the minima of the free energy parabolas for
the products and reactants (see Fig. 11 for the ap-
plied notation), or the reaction driving force, E, is
the reorganisation free energy of the solvent in the
presence of reactants and products, V is the elec-

s e bt Al acas non A s

tronic coupling matrix element between initial and
final states.

Eq. (5) and Fig. 11 represent the physical situa-
tion in the nonadiabatic weak coupling limit, which
is valid in many cases. In this limit, the ET (and not
the nuclear relaxation) is a rate-limiting process,
proceeding slowly at the crossing point of the reac-
tant and product potential energy surfaces. The ET
rate explicitly depends only upon solvent energetics
and not upon solvent dynamics.

Another extreme is the adiabatic process being
almost independent of the electronic coupling
strength. According to this view, the electronic cou-
pling required for ET is large and the reaction rate is
limited by the time required to achieve the proper
nuclear configuration for an isoenergetic ET to oc-
cur. In this limit, kgp o (7> "', where {7 ) is the
average solvation time.

Following [37,38], distinction between adiabatic
and nonadiabatic reaction can be made by comparing
V either with thermal energy, kg7, or with <TL\)_1.
Note that {7, ) "' is a measure of the energy uncer-
tainty of the reaction co-ordinate. Reaction is adia-
batic, if V= kT or V> <TL>V1 and nonadiabatic,
if V<kgT or V<{r ) "

To the best of our knowledge, existing ET theo-
ries do not consider pressure effects. Yet, a general
discussion in [39], based on the theory of optical
transitions under pressure by Drickamer and Frank
{40], should be acknowledged (see also [41] for

free energy

configuration/reaction coordinate

Fig. 11. Single configuration coordinate model of electron trans-
fer. Note that here the free energy gap E, is negative, since it is
defined as the energy difference, Up(xy)— UR(0) < 0, between the
minima of parabolas for the final (product) and initial (reactant)
states.

pressure effects on nonradiative transitions in molec-
ular vibronic spectra). According to [39], the total
pressure dependence of the ET rate constant can be
represented by

31n kg /8p =0In|V|*/3p +81n F/dp (7)

where F is the thermally averaged nuclear overlap
factor. Compression will enhance the electronic cou-
pling as

dn|V|*/ap o Br,; R (8)

where B is the scaling constant (see below), x, is
the compressibility of the intervening bulk medium,
and R is the donor—acceptor spacing.

By analogy with the theory of optical transitions
[40], we suppose that the effect of external hydro-
static pressure on the reactant and product free en-
ergy surfaces (Ug(x) and U,(x), respectively, in Fig.
11) can be described by adding the same pressure—
volume work term, px, to both potentials. Let us
further assume that the potentials are harmonic and
coupled by a single configuration coordinate x which
can be related to an effective vibrational mode. Then
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the potential free energies upon application of pres-
sure are:

Up(x) = (1/2) kg x* + px 9)
Up(x) = (1/2)kp(x = x,)* + E, + px (10)

In Egs. (9) and (10), x, is the displacement of the
free energy minima along x, and k, and k, are the
force constants that characterise the steepness of the
reactant and product free energy parabolas, respec-
tively. In general, the force constants may be differ-
ent for the reactant and product potential wells.

From the configuration coordinate diagram of Fig.
11, one can obtain the expression for the pressure
dependence of the free energy gap:

1
E(p) =E(0) +xop+ 5 (k' —ki')p* (1)

where E,(0) is the zero-pressure value. The pressure

variation of the free energy gap is determined by the

linear term with respect to pressure, which is due to

the horizontal displacement of the potential energy

minima, and by the term quadratic in pressure, which

is absent if the force constants do not change at ET.
From Fig. 11, it also follows that

xo(p)=x0(0)+(k,{]—k;')p (12)

where x,(0) is the zero-pressure displacement. The
effective nuclear displacement x, at ET is seen to be
pressure-sensitive only if the reactant and product
potentials are characterised by different force con-
stants. Note that, the force constants themselves, and
thus vibrational frequencies, are considered indepen-
dent of pressure [40].

The reorganisation free energy characterises the
coupling strength between the electronic and nuclear
degrees of freedom at ET. It is defined via x, and
kp as (see Fig. 11)

E,=xikp/2 (13)
E =0, if x,=20. From Egs. (12) and (13) one gets
E(p) = [x3(0) + 2x(0) (k' — ks ') p

(k' = kp ') p? | ko2 (14)

Note that as long as kg * kp, E{p)+0 at p>0,
even if x,(0) =0.

4.2. Model calculations of the pressure dependence
of the ET rate

The most impressive experimental result of the
first part of this study is the observation of the
inverted parabola-like dependence of 7;' on applied
pressure (Fig. 4). Inspection of Egs. (7) and (8)
assures that this cannot be explained by the elec-
tronic coupling term, thus underlining the decisive
role of the nuclear coupling term.

In the following, an attempt shall be made to
describe the pressure dependence of the photoin-
duced ET rate in the ZnP—PM complex based on the
weak coupling model, outlined in the previous sec-
tion. It is assumed that the reactant state in Fig. 11
corresponds to the state with locally excited ZnP
molecule and the product state, to the ZnP*PM~
charge-separated state. The locally excited state is
reached by electronic transition from the ground
state of the donor—acceptor complex. Coupling be-
tween the locally excited state and the charge-sep-
arated state is considered weak. Model parameters
(free energy gap, reorganisation energy, and donor—
acceptor separation) are supposed to be only linear
functions of pressure, possible higher order terms are
ignored. The ET rate constants have been evaluated
from the experimental data as

ker(p) =77'(p) — 72 (P) (15)

where 7, and 7, are, respectively, the experimen-
tally measured short and long lifetimes. By this
procedure, we have implicitly assumed that 7, is the
excited state lifetime of the ZnP—PM complex, if the
ET is by some reason excluded.

4.2.1. Model I (reaction driving force is pressure-de-
pendent)

Let us first consider the simplest model where E,
(along with R) depends linearly on pressure and E,
is constant. By modifying Eq. (5), we get:

3

kgr(P) = |Vo|2 exp( — Bap)

w
h?*E kyT

2
—(E,(0) + xp+E)
A kyT

X exp

|
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Table 1
The fitting curve parameters in Fig. 4 based on Eg. (16)

Solid curve Dashed curve Dotted curve
Vo em™") 5.03 4.64 532
a (nm /kbar) —0.005 (fixed) 0 (fixed) —0.1 (fixed)
E(0)(m™")  -1467 - 1112 - 1362
x (cm™! /kbar) 140 117 —190
E (cm™") 966 683 1782

Here, the commonly used exponential form for the
distance dependence of the electronic coupling ma-
trix element has been accepted [42]:

V=Voexp[—ﬁ(R—R0)/2] (17)

V, and R, are, respectively, the electronic coupling
strength and donor—acceptor distance at 1 atm, y is
the rate of the change of the free energy gap with
pressure, AE, /p, and a = (R — R,)/p (for simplic-
ity, the normal pressure value is taken zero, so that
Ap=p). For R, =0.5 nm, a= —0.005 nm/kbar,
if the volume compressibility is 0.03 kbar™ ! a value
rather typical for the condensed molecular matter
[19].

Fig. 4 and Table 1 show the results of the least-
squares fit with & and 8 (=7 nm™' [42)]) as fixed
parameters. As seen in Fig. 4, the modified Marcus
formula, Eq. (16), that takes into account a linear
pressure dependence of the free energy gap, success-
fully reproduces the inverted parabola-like pressure
dependence of the ET rate constant. Fig. 4 also
shows that the pressure dependence of the electronic
coupling matrix element due to pressure variation of
R in Eq. (16) has practically no influence on the
overall ET rate. Considering the higher stiffness of
the ZnP—PM covalent bond as compared to molecu-
lar solids, this conclusion is even more justified.

It is important to note that the least-squares fitting
parameters E,(0) and E(0) in the first and second
column of Table 1 look quite reasonable. From the
independent source [1], it is known that E,(0) =
—1600 cm ™' and E.(0) <800 cm™'. Also the x
value is rational. Its positive sign means that —E, is
getting smaller along with the pressure increase. If
—a is taken nonphysically large (last column of

Table 1), the other parameters become unreasonable
too.

Fulfilment of the criterion V<< kgT (V, = 5cm™
from Table 1, V=6 cm ', as calculated from Eq.
(17) for a= —0.005 nm/kbar and p =28 kbar,
whereas kg7 =205 cm™' at 295 K) suggests that
the reaction under study can indeed be considered as
nonadiabatic. For a double check, one needs to know
the relaxation rate of the solvent polarisation fluctua-
tions. Although the experimental data for toluene are
not available, an estimate can be made based on Fig.
3 of Ref. [38]. It follows that toluene is a fast
relaxing solvent with (7, )™' =310 s~', that
corresponds to the energy uncertainty of 100 cm !,
Since dielectric properties of most organic liquids
are known to change no more than 20% over the
relevant pressure range [43], the same approximate
value, 100 cm ™', should be characteristic for toluene
at high pressures used. Satisfaction of the inequality
V< (TLY' provides another support for the non-
adiabatic ET.

Despite the success in explaining the main trend
in the pressure dependence of the ET rate, Eq. (16)
totally fails when the asymmetry of this dependence
is considered. The fitting curves in Fig. 4 are fairly
symmetric with respect to their maximum, whereas
the experimental data show essential asymmetry.
Therefore, further elaboration of the model is needed.

|

4.2.2. Model II (reorganisation free energy is pres-
sure-dependent)

Here we assume that E, (and also R) depends
linearly on pressure whereas E, is constant. Accord-
ing to Eq. (14), E, depends on pressure, only if force
constants (or, vibration frequencies) characterising
the reactant and product states are different (ky #

Table 2
The fitting curve parameters in Fig. 12 based on Eq. (18)

Dashed curve
Vo (em™") 5.58 4.32 4.49

Solid curve Dotted curve

a (nm/kbar)  —0.005 (fixed) —0.005 (fixed) —0.005 (fixed)
E, (cm™") — 1509 (fixed) —592 — 629 (fixed)
E0)(em™') 845 209 209 (fixed)

8 (em™' /kbar) 165 88 103
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Fig. 12. Modelling (according to the Model II) of the ET rate as a
function of applied pressure in the ZnP—PM complex. The fitting
formula is Eq. (18) and the fit parameters are given in Table 2.

kp). Note that the classical Marcus ET model [36]
considers the case of identical reactant and product
force constants. Qur model II yields:

ker ()

473 o P2
— 1 \%
V #2(E.(0) + 6p)kpT '

—(E, + E[(0) +8p)’
4(E,(0) + 8p)ksT
(18)

where 8 is the rate of the change of the reorganisa-
tion energy with pressure, AE, /p. Fig. 12 shows the

£ tha 1 it 1t A FF, +
result of the 1CaSL-Sqﬁaf€S it with qitfterent parameier

Xexp( — Bap) exp

sets collected into Table 2.

This model reproduces quite successfully both the
inverted parabola-like curve as well as its asymme-
try. The best fit is obtained when E, is taken as the
free parameter (see dotted curve in Fig. 12 and the
second column in Table 2). However, in this case,
the iterated E, value is too small relative to its

known value, about — 1600 cm~'. The positive sign
of 8 implies that E, is increasing with pressure. It
follows from Eq. (14) that in this case, kp > kg, and
the product potential U, appears to be sharper than
the reactant potential Uy.

4.2.3. Model Il (both the driving force and the
reorganisation energy are pressure-dependent)

This is a combination of the previous two models
where the free energy gap, solvent reorganisation
energy, and donor—acceptor distance all change lin-
early with pressure. We have:

v Ve Y 4W3
k = 1 ———
erCP) =V W2 (E, + op) kT Vo
—(E,+ xp+E,+ép)
A(E. + 8p)kyT

X exp (19)
The results of fitting based on Eq. (19) are shown in
Fig. 13 and the relevant parameters are gathered into
Table 3.

ET rate constant (10'0s ")

0 2 4 6
pressure (kbar)

ok

Fig. 13. The same as in Fig. 12, except that the fitting formula is
Eq. (19) and the fit parameters are given in Table 3 (Model IID).
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Table 3
The fitting curve parameters in Fig. 13 based on Eq. (19)

Solid curve Dashed curve  Dotted curve
Vo (ecm™") 5.06 6.70 6.25
a (nm/kbar)  ~0.005 (fixed) —0.005 (fixed) —0.005 (fixed)
E 0)(em™')  ~1509 (fixed) —1509 (fixed) —1714
x (cm™' /kbar) 151 (fixed) —503 (fixed) —201
E©(cm™") 1003 687 913
8 (cm™' /kbar) ~8 654 384

The parameter set in Table 3 (yielding the solid
curve in Fig. 13) obviously does not fit well the
experimental data. The other two sets give almost
equally good result. To discriminate between them,
more data points between O and 2 kbar are needed.
From the physical point of view, perhaps, the dotted
curve should be favoured.

In conclusion, a reversal of the sign of the deriva-
tive dkgr /d p for the photoinduced ET rate has been
observed. Taking into account the possibility that
along with the driving force also the reorganisation
energy is pressure-dependent (supposing that force
constants change in ET) a consistent fit to the experi-
ment is achieved. The applicability of the nonadia-
batic ET model is well justified in the present case
because V (=4-8 cm ') < kpT (=205 cm™' at
295 K) and also V< (7.)" (=100 cm™! in
toluene at 1 atm and 295 K).

4.3. Pico-nanosecond dynamics of the lowest energy
(825 nm) FMO protein exciton emission band

As was described in Section 3.4 (see also [16,17]),
there are dynamical processes in the FMO protein
emission spectrum that develop on the time-scale
long compared to the population relaxation time of
the higher energy monomer exciton states grouped at
805 and 815 nm. After few picoseconds past the
excitation pulse, essentially only the lowest energy
825 nm state remains populated at liquid helium
temperatures. Thus, the observed low-temperature
evolution of the emission spectrum reflects equilibra-
tion of excitons at the exciton band bottom region
only.

There is both theoretical [14,15] and experimental
[18,44] evidence that the 825 nm band is not elemen-
tary. The coupling of Bchls belonging to different

monomer subunits of the FMO protein trimer leads
to splitting of the intra-subunit exciton levels. The
C, symmetry of the FMO trimer dictates that there
are two degenerate in-plane states and a nondegener-
ate out-of-plane state. Model simulations [14] and
[15] offer, respectively, a 2.3 nm and 0.4 nm splitting
between the in-plane and out-of-plane transitions.
Hole-burning spectra [18] refer to the states 3.7 nm
apart (at 827.1 and 824.4 nm).

There is, however, a poor agreement between
different sources considering transition intensities.
According to [14], the higher energy out-of-plane
transition is about six times stronger than the two
lower energy in-plane transitions taken together. Af-
ter [15], in contrast, the lowest energy in-plane tran-
sitions dominate (over 99.8% of the oscillator
strength is associated with them). From the hole-
burning spectra [18], it was concluded that the 824
and 827 nm levels carry comparable absorption in-
tensities. Refs. [44] and [14] agree in that most of the
825 nm band absorption strength is concentrated in
higher energy states, but disagree in symmetry of
these states. According to polarised singlet-minus-tri-
plet and linear dichroism spectroscopy data [44], the
degenerate in-plane states should be placed at higher
energy compared to the single out-of-plane state.

Accepting the exciton picture, the present tran-
sient emission data (Figs. 7-9) can be interpreted as
providing additional support to the partially hidden
exciton substructure of the 825 nm band. The 4 nm
dynamic red-shift (from 823 to 827 nm) observed by
us is close to both theoretically predicted [14] and
experimentally found [18] trimer exciton splitting
values, although for the FMO complex from differ-
ent bacterium, Prosthecochloris aestuarii.

Radiative strength of the 823 and 827 nm transi-
tions can presently be only roughly considered due
to lack of reliable low-temperature emission quan-
tum yield data. Assuming < 10% emission quantum
yield of the lower (827 nm) state [14], about equal
nonradiative decay rate of exciton states, and the rate
of inter-exciton relaxation (from 823 to 827 nm) of
about (50 ps)™', it is not difficult to estimate from
our transient emission data (Fig. 7) that the radiative
decay rate of the 823 nm state should be substan-
tially higher than the rate of the 827 nm state. This
conclusion strongly favours the results of Refs.
[14,44] and apparently disagrees with Ref. [15].
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There are still important questions which have
been remained without answer in the given exciton
framework. Why is relaxation between the trimer
exciton levels (at 823 and 827 nm) so slow (taking,
as shown above, tens and even hundreds of picosec-
onds) compared to subpicosecond relaxation between
exciton bands, dominated by couplings within the
monomer protein subunit (at 805, 815, and 825 nm)
[17]? Why is relaxation dynamics strongly non-ex-
ponential?

Involvement of slow conformational motions of
surrounding protein (protein solvation) has been pro-
posed [17] to solve the above issues. Indeed, non-ex-
ponential dynamical response of condensed matter to
external perturbation is a universal rather than a
unique phenomenon. Physically, this is due to the
presence of a heterogeneous distribution of indepen-
dently (exponentially) relaxing mesoscopic regions
(for a recent review, see [45]). Attempt was also
made to associate the dynamic shift time constants
(see Section 3.4) with some geometrical constraints
in the system as follows: (i) The 5.4 + 1.3 ps time
constant was related to the solvation within the
monomer protein subunit, superimposed on the Bchl
exciton relaxation; (ii) The 26 + 7 ps time constant
was assigned to energy transfer between monomer
subunits in the FMO trimer; (iii) The 163 + 58 ps
and 1930 £ 590 ps time constants were connected to
the configuration relaxation in the protein trimer and
in the whole system (including protein and its
water-glycerol glass surroundings), respectively.
However tempting this approach may seem, the pos-
sibility of picosecond solvation in proteins at low
temperatures (below the glass transition temperature
of protein and surrounding water-glycerol glass) still
needs to be proved. Spectral diffusion in myoglobin
and cytochrome ¢ has been studied at liquid helium
temperatures, but on a much longer time scale, > 10
ns [46].

5. Summary

In the present work, a question has been ad-
dressed, how external high hydrostatic pressure af-
fects the photoinduced intramolecular ET and ER
processes. Unlike phenomena, as they are, have been
studied in different systems: ET in an artificial

supramolecular complex, ER in a natural photosyn-
thetic antenna protein. Spectrally selective picosec-
ond time-resolved emission technique has been used
to detect pressure-induced changes in the systems.

The following general conclusions can be drawn
from the ET study: (i) External pressure may serve
as a potential and sensitive tool not only to study, but
also to control and tune ET (more generally, elemen-
tary chemical) reactions in solvents; (ii) Depending
on system parameters, pressure can either accelerate
or decelerate the rate of ET (chemical) reactions; (iii)
If competing pathways of the reaction are available,
pressure can probably change the branching ratio
between the pathways; (iv) Pressure effects are due
to pressure dependence of the reaction driving force
or/and reorganisation free energy.

The effect of pressure on the exciton relaxation
dynamics in the FMO antenna protein turned out to
be marginal. This may probably be explained by
rather a unique structure of the FMO protein [11,12].
In each of the three subunits, the polypeptide back-
bone forms large [B-sheets and encloses a central
core of seven Bchl molecules. A barrel made of low
compressibility B-sheets may, like a diving bell,
effectively screen the inside Bchl molecules from
external influence of high pressure. The origin of the
observed slow (pico-subnanosecond) dynamics of
the FMO excitons in the 825 nm state remains open.
The phenomenon may be due to weak coupling of
phonons to the trimer exciton states or/and to low
density of the relevant low-frequency (= 50 cm™")
phonons. Exciton solvation in the surrounding pro-
tein and water-glycerol matrix may also contribute to
this effect.

Drastic changes of spectral, kinetic and dynamic
properties have been observed due to protein denatu-
ration, if the protein was compressed at room tem-
perature and then cooled down, as compared to the
samples, first cooled and then pressurised.
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