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ABSTRACT: Evidence of nonequilibrium local heating in transient spectra of LHCII, the main light-harvesting
complex of plants, was studied by using various excitation intensities over a wide temperature range,
from 10 K to room temperature. No obvious manifestation of local heating was found at room temperature,
whereas at 10 K, the local heating effect is discernible when more than 10 excitons per LHCII trimer per
pulse are generated. Under these conditions, a major part of the excitation energy is converted into heat
as a result of exciton-exciton annihilation. Initially, the heat energy is allocated on chlorophylla molecules,
reaching hundreds of degrees at the highest excitation intensities, which correspond to almost 100 excitons
per trimer generated by a single excitation pulse. The decay of the nonequilibrium temperature is
characterized well by two exponentials. The initial phase of cooling, which is most likely caused by the
spreading of heat over the protein, corresponds to a characteristic time constant of∼20 ps. Later, the
cooling rate decelerates to approximately 200 ps and is related to heat transfer to the solvent.

Two photosystems, PSI1 and PSII, coupled in the so-called
Z-scheme of electron transfer, are basic constituents of the
photosynthetic apparatus of cyanobacteria, algae, and green
plants. In higher plants, the main chlorophylla/b light-
harvesting complex of PSII, LHCII, in addition to its primary
light-harvesting function, is also involved in a number of
short- and long-term regulatory mechanisms, which respond
to changes in the environmental conditions (1, 2). Because
of such adaptation features, plant photosynthesis may func-
tion under very different light conditions up to very high
intensities. Under intense light conditions, the singlet excited
state of chlorophylla (Chl a) can be quenched non-
photochemically, consequently downregulating the light-
harvesting efficiency of PSII. Non-photochemical quenching
contains a short-term (1-2 min) component, qE, which
depends on the transmembrane∆pH (3) as well as the
presence of the PsbS protein (4) and zeaxanthin (5), resulting
in a feedback de-excitation via a charge transfer state of the
heterodimer zeaxanthin-Chl a complex (6). In general,
carotenoids appear to play a special role in regulation of

dissipation of the excess excitation energy in the light-
harvesting antenna of PSII (7-9).

Thus, LHCII plays an active role in adjusting its own
function, and in the feedback regulation of the light harvest-
ing efficiency. Isolated LHCII complexes exhibit light-
induced reversible fluorescence quenching (10), which can
be associated with structural reorganizations (11, 12). Loosely
stacked lamellar aggregates of LHCII possess the ability to
undergo gross light-induced reversible structural reorganiza-
tions (13). These reorganizations and similar transients in
thylakoid membranes (14, 15) are approximately linearly
proportional to the intensity of the photoexcitation. The effect
has been ascribed to an opto-thermal mechanism, wherein
localized structural changes are induced by thermal instabili-
ties in the close vicinity of the heat dissipation (16, 17).
Spectroscopic and thermodynamic studies have suggested
that the structural changes in thylakoids involve (i) unstack-
ing of membranes followed by (ii) a lateral disorganization
of the macrodomains and (iii) monomerization of the LHCII
trimers (18, 19). This type of elementary structural changes
might occur if thermal instability is inherent in the structure
around the site of heat dissipation. These reorganizations
might play an important role in adaptation and photopro-
tection of plants under high-light conditions (12). Earlier, it
has been shown that the de-excitation of the singlet excited
state of Chla molecules in light-harvesting complexes causes
a substantial inflow of heat in their vicinity (20). Simple
model calculations showed that the magnitude and temporal
evolution of these thermal transients might provoke elemen-
tary structural changes (16, 17). However, our knowledge
concerning the site and kinetics of these heat jumps due to
dissipation of photon energies is still rudimentary.
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To clarify the mechanisms and pathways of excess energy
dissipation, we present particular studies of the spectral
evolution caused by nonequilibrium (local) heating in LHCII
aggregates under high-intensity illumination by short light
pulses. Investigations were performed over a wide temper-
ature range from 10 K to room temperature and revealed
the local temperature dynamics and their influence on the
spectral properties of Chl molecules.

MATERIALS AND METHODS

Aggregates of LHCII complexes were prepared as de-
scribed elsewhere (21). Small aggregates and trimers were
obtained by addinge0.015% (v/v) Triton X-100 to the
preparation containing LHCII at 15µg/mL Chl (a + b)
suspended in 10 mM Tricine buffer (pH 7.8). To form a
transparent sample at low temperatures, the samples were
suspended in the same buffer supplemented with 67% (v/v)
glycerol.

Absorption spectra were measured with the Beckman UV
5270 spectrophotometer. The absorbance of the samples in
a cuvette with an optical path length of 2.5 mm was adjusted
to ∼0.25 at the maximum of the red absorption band. For
transient absorption measurements, a pump-probe spec-
trometer with a 2 ps time resolution based on a 5 Hz
repetition rate passively mode-locked Nd-glass laser was
used. Excitation of the samples was performed by a Stokes
component (624 nm), obtained from Raman scattering of the
second harmonic (527 nm) of the fundamental laser radiation
in ethanol. In addition, a white light continuum, generated
in a water cell, was used as the probe light. The measure-
ments were carried out in a closed cycle helium cryostat
enabling cooling of the sample to 10 K.

RESULTS

Absorption spectra of LHCII aggregates in the Qy-band
region of Chl molecules exhibit two characteristic bands with
some additional fine structure, which becomes more pro-
nounced when the temperature is lowered as shown in Figure
1. The long wavelength band at 670-680 nm originates from
Chl a absorption, while the band at∼645 nm is associated
with Chl b absorption. However, the fine structure is

attributed to specific interactions of the Chl molecules with
proteins and with the carotenoid molecules and to excitonic
interactions between Chl molecules. It is noteworthy that both
Chl a and Chl b bands shift to longer wavelengths with
temperature. The most pronounced absorption changes
caused by temperature appear on the red side of the long
wavelength absorption band. As indicated in the inset of
Figure 1, the temperature dependence of the absorbance at
682 mn is close to linear with slight saturation evidence at
higher temperatures; hence, this wavelength can be conve-
niently used to spectroscopically monitor the local heating
effect.

The intensity dependence of the low-temperature differ-
ence absorption spectra (∆A) measured at different delay
times is presented in Figure 2. The excitation wavelength
(624 nm) is not selective for Chla and Chlb molecules,
and according to the decomposition of the LHCII absorption
spectra, the extinction coefficients of the Chla and Chlb
molecules at this wavelength are comparable (22). Therefore,
both Chla and Chlb should equally experience excitation
under our experimental conditions. However, the bleaching
band in∆A is observed only in the region of the Chla optical
transition. This is particularly evident at low excitation
intensities, when the bleaching band involves only the
absorption subband with the maximum at∼676 nm. At zero
delay time, the difference absorption spectra measured at
different intensities are similar in shape. However, at longer
delays, the bleaching band shifts to longer wavelengths at
low excitation intensities, whereas at high excitation intensi-
ties, it shifts to shorter wavelengths. The bleaching intensity
at the 50 ps delay is nearly independent of the excitation

FIGURE 1: Absorption spectra of the LHCII aggregates at various
temperatures. The inset shows the temperature dependence of the
absorption at 682 nm.

FIGURE 2: Difference absorption spectra at various delay times after
excitation of the LHCII aggregates at 10 K. The 2 ps pulses of the
intensity corresponding to 68 photons/trimer (s), 36 photons/trimer
(- - -), and 6 photons/trimer (- - -) were used for excitation at
624 nm.
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intensity, which is an indication that nonlinear relaxation,
namely, exciton-exciton annihilation, is dominating and the
high-intensity limit of the exciton density has already been
reached.

The transient absorption kinetics at the band maximum
(677 nm) and at the long wavelength slope (682 nm)
measured at different temperatures and at different excitation
intensities are shown in Figures 3-5. Despite a small
difference between the probe wavelengths, the transient
absorption kinetics at the two wavelengths exhibit very
different dependencies on temperature and excitation inten-
sity. The kinetic traces at 677 nm are almost insensitive to
temperature. When the excitation intensity is increased, the
relaxation kinetics during the initial 10-20 ps becomes faster
as a result of exciton-exciton annihilation (see the Discus-
sion). However, the kinetics becomes nearly independent of
the excitation intensity when it exceeds 10 photons/trimer
(only the kinetics at 68 photons/trimer is presented; however,
the kinetics at lower intensities, but exceeding 10 photons/
trimer, is identical). In contrast, the kinetics at 682 nm
changes significantly with temperature and excitation inten-
sity. At 10 K, with the lowest excitation intensity, the
absorption bleaching at 682 nm increases at a rate slightly
slower than the rate of temporal resolution of the setup, while
the relaxation takes place on a time scale of hundreds of
picoseconds. When the excitation intensity is increased, both
the rise and decay kinetics become faster. At very high
intensities, the light-induced absorption appears with a 10-
20 ps delay.

The fraction of the excited Chla molecules at a particular
delay time can be estimated from the transient absorption
spectrum by using the following relationship:

whereσ0(ν), σem(ν), andσ*(ν) are the absorption, emission,
and excited-state absorption cross sections of the Chla
molecules, respectively. For estimation purposes, the spectral
shapes of the cross sections were taken from the literature
(see, for instance, refs22 and 23). The integration was
performed within the 655-695 nm spectral region. For
calculation of the time evolution of the excited Chla
molecules, the kinetics at the maximum of the bleaching band
(at 677 nm), where the influence of the band shift is minimal,
was used. It was assumed that∆A at 677 nm is proportional
to n*. Kinetics of then*/N ratio was obtained from the
normalized∆A kinetics by using then*/N values for zero
delay times as defined from the transient absorption spectra.
Finally, the exciton number per trimer was estimated. The
right axis in Figure 4 indicates these values for different
excitation intensities.

DISCUSSION

Time scales for the transfer of excitons between molecules
in LHCII monomers (24), trimers, and aggregates (25) are
well defined by means of time-resolved pump-probe
spectroscopy. Excitation transfer from Chlb to Chl a
molecules at room temperature is very fast, taking place
within hundreds of femtoseconds, whereas the final exciton
localization at the lowest-energy sites occurs in∼5 ps (9).

At low temperatures, the final stage of the exciton decay
kinetics, manifested as a red shift of the bleaching band of
the transient spectrum, is even slower, proceeding in tens of
picoseconds. These slow kinetics can also be attributed to
the exciton localization, as might be concluded from the
transient spectra obtained at low excitation intensities when
annihilation and local heating have a minor influence.

The spectral dynamics observed at high excitation intensi-
ties is evidently related to exciton-exciton annihilation and
to successive local heating effects (22, 26, 27). Exciton-

n*
N

)
∫∆A(ν) dν

∫A(ν) dν

∫σ0 dν

∫(σ0 + σem - σ*) dν
(1)

FIGURE 3: Bleaching kinetics of the LHCII aggregates at 677 (4)
and 682 nm (b) at various temperatures. For excitation, the 2 ps
pulses of the intensity corresponding to 36 photons/trimer were
applied at 624 nm.
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exciton annihilation results in a very fast nonradiative
relaxation with a simultaneous conversion of the electronic
excitation energy into heat. Therefore, the distortion of the
kinetics at 682 nm at highest excitation intensities, as shown
in Figure 5, can be attributed to the manifestation of the
nonequilibrium (local) heating. Due to local heating, the Chl
a absorption spectrum should broaden and shift to the long
wavelength side. The heating effect vanishes during tens of
picoseconds as a result of the cooling of Chla molecules.

At an excitation intensity reaching∼4 excitons/trimer, the
exciton density estimated at a zero delay time starts to
saturate, reaching almost complete saturation at the level
close to 10 excitons/trimer (see the inset of Figure 4).
Therefore, we can conclude that the majority of excitons are
annihilated during the pump pulse at high excitation intensi-
ties with fewer than 10 excitons/trimer, or two or three
excitons in every LHCII monomer remaining after the rapid,
pulse duration-limited annihilation stage. Nonlinear annihila-
tion of the remaining excitons takes place on a much slower,
reaching tens of picoseconds, time scale. According to this
estimation, approximately half of the excitons are annihilated
in the course of the pump pulse at the excitation intensity of
17 photons/trimer per pulse.

The resonance energy transfer from an excited molecule
to the other one, which is also in the excited state, results in
the transition of one of the molecules into its ground state
with a simultaneous transition of the other to a higher
electronic excited state. Relaxation from this higher excited
state to the lowest excited state typically proceeds on a
subpicosecond time scale, thus predetermining the annihila-
tion process. As a result of this fast relaxation of the
electronic excitation energy into the vibrational energy, only
molecules, finally remaining in the excited state, might be
locally heated after a single annihilation step. Since the
bleaching band results from molecules remaining in the
ground state and, thus, not heated during this step of
annihilation, we do not expect to observe any noticeable
heating effect in the bleaching bands. The stimulated
emission spectrum, which also contributes to the bleaching
band, might experience heating effects. However, the probe
(682 nm) is chosen in the vicinity of the maximum of the
emission band; therefore, the heating-induced changes in the
emission spectrum should be negligible. Over time, the
exciton is transferred from the already heated molecule to
the neighboring molecules, which are in the ground state,
thus, resulting in separation of heat and the electronic
excitation. As a result, the effect of local heating can be
expected at longer delay times. Thus, the observations with
excitation intensities of 17 photons/trimer per pulse can be
attributed to the local heating-induced distortion of the
kinetics at 682 nm (see Figure 5).

At high excitation intensities, the excitons turn out to be
involved in multiple annihilative reactions, which initiate
local heating of the molecules in the ground state. Since the
exciton density saturates the situation at very high excitation
intensities differs from that at moderate intensities (corre-
sponding to∼10 excitons/trimer) only by the amount of
heated molecules in the ground state and by the value of
their temperature reached as a result of annihilation in the
course of the pump pulse. Thus, by subtracting kinetics at
high and moderate intensities, we might be able to define
the local heating effect on the absorption spectrum. The
resultant kinetics at 682 nm is shown in Figure 6 and was
obtained by subtracting kinetics at the intensity corresponding
to 7.5 photons/trimer from the kinetics induced by higher-
intensity excitation. Since the exciton concentration does not
saturate completely at those intensities, both kinetics were
equally normalized at the zero delay time before subtraction.

By comparison of stationary heating-induced spectral
changes, which might be deduced from Figure 2, with the
transient spectra attributed to the local heating at a 15 ps

FIGURE 4: Bleaching kinetics of the LHCII aggregates at 677 nm
at different excitation intensities. The measurements were carried
out at 10 K. The excitation intensities of 68 photons/trimer are
depicted as squares, 6 photons/trimer as circles, and 2 photons/
trimer as triangles. The dependence of these values on the excitation
intensity at zero delay time is shown in the inset.

FIGURE 5: Bleaching kinetics of the LHCII aggregates at 682 nm
at different excitation intensities. The measurements were carried
out at 10 K. The curves are shifted along the vertical axes.
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delay, a qualitative similarity is obvious. Indeed, enhance-
ment of the absorption in the 680-690 nm region and its
reduction in the 660-675 nm region are obvious under both
conditions. Thus, the spectral changes induced by the
nonequilibrium heating are quite similar to those obtained
with stationary external heating. Assuming they are equiva-
lent, the absolute values of the local temperatures can be
estimated from comparisons of the transient and stationary
spectra. Values of the nonequilibrium temperature that follow
from this estimation are depicted in Figure 6 (right axis).

The nonequilibrium temperature is the proper quantity for
characterizing the local heating effect, and its time evolution
would be determined by the flow of the heat energy to the
Chl a molecules (as a result of exciton relaxation) and their
subsequent cooling. This can be defined by the following
kinetic equation for the heat-energy exchange (22):

whereC is the thermal capacity of the Chla system,T is its
nonequilibrium temperature,Γ(t) is the heat energy flow to
the Chla molecules, andâ determines the heat loss due to
the energy exchange with the bath, which is characterized
by ambient temperatureT0. By assuming that the ultrafast
annihilation phase and vibrational relaxation are much faster
than the pulse duration, the heat flow is defined by two
constituents. The first one is caused by the instantaneous
energy flux that follows the Gaussian shape of the excitation
pulse, and the second one taking place on the picosecond
time scale is determined by the exciton relaxation kinetics
(20, 22):

whereτ is the excitation pulse duration andn* is the exciton
number per trimer. CoefficientsA1 and A2 are defined by
the excitation intensity: ifn* < 10, thenA1 ) 0 andA2 )
1, and ifn* > 10, thenA1 ) (n* - 10)/n* and A2 ) 1 - A1.
Kinetics calculated according to these relations are also

shown in Figure 6. The calculated temperature jump is faster
than the temperature-induced spectral changes.

The red shift of the LHCII absorption band with temper-
ature, i.e., the temperature-induced spectral changes, might
be caused by either (a) population of vibrational modes (28),
or (b) structural changes (12). The vibrational excitations
are generated almost instantaneously as a result of relaxation
from the high excited states; therefore, this process cannot
explain the delay of the temperature-induced spectral changes.
Thus, these temperature-induced spectral changes should be
related to the structural modifications. These structural
changes manifest themselves spectroscopically via pigment-
pitment and pigment-protein interactions. Thermal expan-
sion is evidently expected with an increase in temperature.
Such an effect caused by the thermal expansion together with
the generation of acoustic waves was observed in the
picosecond transient absorption of the phthalocyanine film
(26). The thermal expansion of the entire LHCII complex
proceeds at the speed of sound, which should be on the order
of 1000 m/s in liquids and organic materials. Thus, the
expansion of the LHCII trimer on the order of several
nanometers should proceed during several picoseconds,
which is in good agreement with the thermally induced
absorption kinetics described above. The spectral shift should
be related to protein conformational changes (12) and cannot
be identified with temperature-induced changes in the
population of vibrational states, as suggested by analyzing
the stationary spectra (28).

The decaying part of the temperature kinetics is obviously
caused by the energy exchange with the bath, i.e., by the
cooling process. As follows from experimental observations,
the temperature decay is approximated well by two expo-
nentials with time constants of∼20 and∼200 ps. Since the
heat spreading occurs almost simultaneously, the fast cooling
stage is probably even faster. A cooling time shorter than
10 ps is typical of Chl-size molecules (29). The excess heat
energy during this time is distributed between Chl molecules
through the pigment-protein complex. The slow component
evidently originates from heat exchange with the solvent.
The thermal diffusion coefficient in proteins (DT) equals
7-14 Å2/ps (30, 31). Since the time scale of the heat
spreading over distanceL can be estimated asL2/(2DT), 200
ps should correspond to approximately the 5-8 nm radius
of heat diffusion. This is a reasonable estimation for small
LHCII aggregates.

Heating values, which are a result of excitation, can be
estimated from the energy balance. As follows from the
comparison of heat capacity values with those of other
organic molecules similar in size, the heat capacity of the
Chl molecules is on the order of 1000 J mol-1 K-1 at room
temperature. The molecular heat capacity should decrease
with temperature, becoming approximately 2 times lower at
80 K and 10 times lower at 10 K (32). By using these values,
the local temperature resulting from exciton-exciton an-
nihilation can be estimated. For instance, in the case of the
pump intensity of 68 photons/trimer per pulse and taking
into account the fact that only 10 of the generated excitons
survive after the excitation pulse, we conclude that the local
temperature of all Chl molecules in the trimer should increase
by 250 K at room temperature. For lower temperatures, the
heating effect should give even higher values because of the
decrease in the molecular heat capacity. Evidently, such a

FIGURE 6: Calculated heating-induced absorption changes at 682
nm of the LHCII aggregates at 10 K for different excitation
intensities. Dashed lines show curve fits with a biexponential
function with 20 and 200 ps time constants. The right axis indicates
the estimated local temperature. The solid line shows the calculated
temperature kinetics.

C
d(T)
dt

) Γ(t) - â(T - T0) (2)

Γ(t) ) {A1 exp(-4 ln 2t2/τ2) t < τ

A2
dn*
dt

t > τ
(3)
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type of estimation gives the highest possible value of the
local temperature. Because of heat exchange with the protein
and finally with the solvent, the local temperature would relax
in time. For instance, at 10 ps when the largest absorption
changes are observed, the heat energy is already partially
distributed between Chl molecules and their nearest environ-
ments. Thus, the entire trimer should be in the heated
condition at this time. By taking into account the heat
capacity of the entire LHCII trimer, which according to the
same estimation should be∼170 000 J/K, we conclude the
trimer must be heated by∼70 K at room temperature at an
excitation intensity of 68 photons/trimer per pulse. At low
temperatures, the nonequilibrium temperature should be 2-3
times higher. These estimations are in good agreement with
the estimation obtained from temperature-induced absorption
changes. However, the local temperature values at room
temperature are evidently overestimated because no heating-
induced changes are observed in the experimental transient
spectra.

CONCLUSION

It has been demonstrated that the local heating, which is
strongly enhanced by exciton-exciton annihilation, is re-
sponsible for significant spectral changes in the transient
spectra of the LHCII complexes under excitation. At low
temperatures, the heating manifests itself as a red shift of
the longest wavelength Chla absorption band and starts at
excitation intensities of∼10 photons/trimer per pulse. The
heating estimated from transient absorption kinetics has a
maximal value with an∼10 ps delay and reaches∼70 K at
an external temperature of 10 K and∼70 photons/trimer per
pulse. The cooling kinetics are defined well by two phases.
The fast phase with the characteristic time constant of∼20
ps is related to the transfer of heat from the Chla molecules
to the surrounding protein. The slower phase with a time
constant on the order of 200 ps should be attributed to the
cooling of the entire complex.
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