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ARTICLE INFO ABSTRACT

Am‘dle history: We have investigated the concept of the so-called “antenna entropy” of higher plant photosystems. Several

Received 23 June 2014 interesting points emerge:

Received in revised form 12 August 2014
Accepted 12 August 2014

Available online 21 August 2014 1. In the case of a photosystem which harbours an excited state, the “antenna entropy” is equivalent to the con-

figurational (mixing) entropy of a thermodynamic canonical ensemble. The energy associated with this pa-
rameter has been calculated for a hypothetical isoenergetic photosystem, photosystem I and photosystem

Ié?::ggﬁiﬁonal entropy I, and comes out in the range of 3.5 - 8% of the photon energy considering 680 nm.

Antenna entropy 2. The “antenna entropy” seems to be a rather unique thermodynamic phenomenon, in as much as it does not
Plant photosystems modify the free energy available for primary photochemistry, as has been previously suggested.

Free energy 3. Itis underlined that this configurational (mixing) entropy, unlike heat dispersal in a thermal system,
Energy spreading without dilution does not involve energy dilution. This points out an important difference between thermal and elec-

tronic energy dispersal.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The absorption of radiant energy by the photosystems of green
_ . plants is achieved by an array of antenna pigments, of which the
Abbreviations: Chl, chlorophyll; PSI, photosystem I; PSII, photosystem II; LHCI, light- . .
. . L0 chlorophylls are of paramount importance. For higher plant photo-
harvesting complex I; EET, excitation energy transfer.
* Corresponding author. Tel.: -+ 39 0250314858; fax: + 39 0250314815, systems, there are about 200-250 antenna chlorophyll (chl) mole-
E-mail address: robert.jennings@unimi.it (R.C. Jennings). cules per photosystem, which are bound to their respective
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apoproteins [e.g. 1,2]. The set of energy transitions of the pigment
systems are disordered due either to chemically similar pigments
undergoing different interactions with the different protein bind-
ing sites [3] or to the presence of chemically different pigments.
The excitation energy of the first singlet excited state is transferred,
with extraordinarily high efficiency, from the antenna array to the
primary chlorophyll electron donors, by a process involving the
coupling of pigment transition dipoles. The single chl-chl transfer
rates occur on a femtosecond-picosecond timescale [4,5]. The
overall reaction centre trapping time (primary charge separation)
in photosystem Il has been determined to be around 300 ps [6,7],
thus indicating a large number of energy-transfer steps prior to
trapping, while that of photosystem I is notably shorter (~40 ps)
[e.g. 8,9]. The extraordinarily fast trapping rate of photosystem |
leads to a quantum efficiency of about 99% and an energy efficiency
which attains values of more than 96% [10].

In recent years, there has been a resurgence of interest on the ther-
modynamic properties, and in particular the entropy, associated with
the primary photosynthetic processes [10-22]. While such aspects as
entropy changes associated with photon absorption by pigments and
photosystems, configurational entropy and ergodicity, the applicability
of Carnot cycle reasoning, and radiation temperature have been consid-
ered, little has been written on the so-called “antenna entropy,” which
will be discussed here.

During energy transfer from the antenna pigments to the reaction
centre, some thermal energy and electromagnetic energy is also trans-
ferred to the environment. It is this phenomenon which lowers the quan-
tum efficiency of photosystem primary photochemistry, o, by a small
amount. For plant PSII, o = 0.85 and for PSI it is around 0.99 [8,9].
When an antenna molecule absorbs a photon, before trapping at the reac-
tion centre, the excited state energy is delocalised (dispersed) over the
pigment molecules of the photosystem at a time which is several orders
of magnitude less than that of the natural excited state lifetime of the
pigment and also, to reasonable approximation, considerably less than
the photochemical trapping time itself. The extent of delocalisation, at
thermal equilibrium, depends on the antenna characteristics and varies
between the plant photosystems. It is generally thought that this energy
dispersal leads to an increase in entropy, which may be analysed in statis-
tical terms. We will call this the delocalisation (dispersal) entropy (Sp)
and note that, in thermodynamic terms, it is configurational (mixing)
entropy. In the photosynthetic literature, it is often referred to as “antenna
entropy.” We depart from the usual nomenclature as the entire pigment
system is considered, including the reaction centre pigments. However,
as mentioned above, little has been written in the literature on this sub-
ject. It was briefly mentioned by Schatz et al. [6], Trissl [23] and Dau
[24], but in such a way as to not allow a clear understanding for real
photosystems and, in some cases, with different formalisms. It is the
purpose of this study to analyse this phenomenon using standard, classic,
statistical mechanics theory.

2. Results and discussion

It is initially necessary to define the statistical thermodynamic
system model which best represents a photosystem. The simplest statis-
tical ensemble is the microcanonical, which has the characteristics of
being isolated, and thus, unable to exchange energy with the environ-
ment, and its mean energy is constant. The microstates, which specify
the system in terms of the physical quantities of the “elementary” parti-
cles, in classic statistical mechanics, is determined by their position, r,
and momentum at any time. In our case, the “elementary” particles
are the chl molecules bound to their apoproteins. It is clear that in the
case of the chl molecules of a photosystem, the momentum may be
dropped and the microstate is thus (ry, ry, ..., I'y). As a photosystem
may not harbour more than a single excited state due to singlet-
singlet annihilation [e.g. 25], a photosystem microstate is defined by
the particular pigment on which the excited state is (transiently)

localised. The entropy, S, of a microcanonical ensemble is given by the
Boltzmann equation

S=kgInQ, (1)

where () is the number of equally accessible microstates and kg is the
Boltzmann constant. This expression has been previously used to dis-
cuss the entropy of ground and excited states in chlorophyll molecules
[13] and it is also an expression of this kind which has been most com-
monly employed to describe the “antenna entropy,” identifying Q0 = N,
with N being the number of isoenergetic pigments [e.g. 24]. However,
the constraint that all microstates must be isoenergetic renders its use
in the photosynthetic antenna context doubtful.

On the other hand, the canonical ensemble, which by definition is a
closed thermodynamic system but can exchange energy with the envi-
ronment, seems a better choice. Microstate energy in a real photosyn-
thetic antenna is not constant due to the presence of “spectral forms,”
which, for higher plant photosystems, span an energy gap in the range
of 3-4 kgT at physiological temperatures [3,26-28]. The canonical prob-
ability density, p;, for any particular energy level E;, which, in the present
case, is equivalent to a pigment “spectral form,” is given by

—E;/kyT —Ei/kgT ).
bi = g€ /( gi€ ) ’
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E; is the energy of the i-th spectral form, taking the lowest energy form
as the reference energy, g; is its degeneracy, and T is the temperature.
This expression defines the excited state probability density distribution
for a canonical photosystem under the condition that ) _ p; = 1. A photo-
system is a particularly interesting case of a canonical system as it is small,
with the number of microstates being of the order of 200. The photosys-
tem phase space is accessed by EET in a few tens of picoseconds, much
less than the conventional observation times (~nanoseconds), so the
system is ergodic [22]. This connection between the thermodynamic
ensembles and plant photosystems has not been previously made.

The photosystem delocalisation entropy (Sp) is, then, given by

Sp = —kgy_ p;Inp; = ky(InZ + bU), 2)
i

whereb =1/kgT,Z = > _ g,-e’bE" is the canonical partition function and U
is the internal energy. !

With only one pigment energy level (isoenergetic photosystem), it is
readily shown that Z = Ne~ "% and that Eq. (2) formally yields the
microcanonical entropy expression, Sp = kg In N, where N is the number
of equivalent (isoenergetic) pigment sites. This is the expression used
by Schatz et al. [6] and Dau [24]. However, it is, at best, a rough approx-
imation when the energy gap between antenna pigment forms is
greater than about kgT, which is always the case in real photosys-
tems. On the other hand, Trissl [23] took the energetically disordered
antenna into consideration and wrote the expression S = kg In p,
wherep =) g,-e_bE‘, i.e. the canonical partition function, equivalent
to Zin Eq. (2). However, this definition of the delocalisation entropy,
which appears to be an attempt at reducing the canonical ensemble
to a microcanonical one, does not consider the internal energy con-
tribution of the canonical ensemble (Eq. (2)), and would therefore
appear to be incorrect. These expressions are therefore not particu-
larly useful in determining the Sp in a real photosystem.

In the following, we will initially investigate Sp for the general case
of a hypothetical isoenergetic pigment system in order to demonstrate
the effect of localisation/delocalisation of electronic energy on Sp in a
simple pigment ensemble. Subsequently, both PSI and PSII of plants
are considered, for which values of Sp (or TSp) are calculated. As far as
we are aware, this is the first time an effort has been made to quantify
this parameter.
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