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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
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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€ ) ’
i i Z i

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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2.1. Isoenergetic pigment photosystem

Upon photon absorption, the excited state energy is rapidly dis-
persed throughout the entire pigment system and all accessible micro-
states in the photosystem phase space are visited. Thus, as already
mentioned, the hypothetical photosystem is ergodic and possesses
configurational (mixing) entropy (Sconf)

Seont =Sp = —kBZ piln p;=kyIn N. 3)
7

It will be noted, however, that unlike a thermal system, the electron-
ic energy, while being dispersed over all microstates N, does not under-
go energy dilution. This seems to constitute an exception to thermal
systems. If heat, u, is initially localized in a small space portion, its diffu-
sion throughout the system microstates is characterized by heat (ener-
gy) dilution, as described by the solution of the heat equation % = k%;
k is the heat diffusion coefficient and x is the distance. This is an interest-
ing point as it is just this energy dilution which has been suggested by
some to characterize the spontaneous energy dispersal of a thermal
system, leading to the “inevitable free energy loss” [29-31]. Thus,
thermal systems and photonic antenna systems are characterized by
this fundamental difference.

In the following, we will investigate the characteristics of Sp in
the hypothetical photosystem in which the purely isoenergetic
property undergoes some simple energetic modifications in order
to simulate Sp as a function of the degree of excited state energy
delocalization/localization within the antenna. In this case, we arbi-
trarily consider a small group of low-energy pigments with respect
to the isoenergetic pigment matrix. We take as a reference photosys-
tem the hypothetical case of N = 200 isoenergetic pigments. Sp was
calculated according to Eq. (2) and the data are given in Fig. 1 and
Table 1.

In the first case (Fig. 1), we modulate both the energy of the low-
energy pigments with respect to the antenna pigments and the number
of low-energy pigments in the range 1 to 10 per antenna (N = 200).
The rationale for these calculations is given in Appendix A. Sp has
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Fig. 1. Changes in the TSp parameter as a function of low-energy antenna chlorophylls. The
energy gap between the isoenergetic bulk antenna and low-energy chlorophylls is given in
units of kgT. The dotted line represents one low-energy chlorophyll. The black line repre-
sents five low-energy chlorophylls and the dashed line ten low-energy chlorophylls. The
function used is given in Appendix A.

been multiplied by the temperature T = 300 K, in order to yield the
energy associated with the delocalization entropy (Sp). It is evident
that in the absence of a low-energy antenna trap, TSp is maximal
(3.16 kcal mol ™). This is because energy is delocalized over the entire
antenna. On the other hand, the entropic energy contribution decreases
in the presence of a low-energy antenna trap and tends towards zero
upon the energetic deepening of the single pigment antenna trap. The
entropy decrease is, however, less as the number of low-energy pig-
ments increases. This is due to the antenna delocalization being least
in the presence of a one pigment trap (all energy being concentrated
in the one pigment trap) with respect to the multi-pigment traps as,
in the latter case, energy is concentrated over a greater number of trap
pigments and is, hence, less delocalized. It is therefore evident, from
the defining equation for free energy G,

G=U-TS (4)

and in the absence of pressure and volume changes, that Sp decreases
the free energy of the pigment ensemble. This effect is also evident in
Table 1, where we have taken a low-energy trap of 5 pigments and
have varied the trap energy in the 0-8RT energy range. If we take
680 nm as the Q, absorption maximum of the isoenergetic pigments,
the photon energy is U = 42 kcal mole™ . Therefore TSp, the energy as-
sociated with Sp, for the purely isoenergetic system is almost 8% of the
photon energy. It should be noted that this effect decreases in the
presence of an “antenna trap.” It will also be noted (Table 1) that the
low-energy trap lowers the occupational probability of the primary
donor (see Biological significance of delocalization entropy).

2.2. Plant photosystem II (PSII)

We now consider Sp, for the PSII complex. This photosystem binds
between 200 and 250 chlorophyll pigments. We shall consider the
lower limit in order to compare the results with the hypothetical
isoenergetic photosystem discussed above. The pigments are bound to
a number of complexes, known as chlorophyll protein complexes, the
majority of which bind 10-15 chlorophylls. It has been known for
many years [32,33] that there are a number of well-defined spectral
pools of pigments absorbing near 650 nm (chlorophyll b) as well as
chlorophyll a pools absorbing near 660 nm, 670 nm 677 nm, 680 nm,
which are readily approximated in terms of Gaussian bands. These pig-
ment pools are usually known as “spectral forms.” The primary donor
absorbs near 680 nm. In the following, we use the subband decomposi-
tion into spectral forms of both the absorption and fluorescence spectra
for a photosystem II preparation (BBY particles) published in Zucchelli
et al. [34]. From the area subtending each Gaussian, one may approxi-
mate the population of absorbing pigments in each of the five wave-
length regions. On the other hand, the corresponding fluorescence
subbands represent the probability density of the excited states associ-
ated with each of the absorption bands. The data are given in Table 2 as
the probability values for each spectral form and the relative p; values. It
is therefore possible to calculate the Sp value for PSII (Eq. (2)). This
comes out as 4.6R, which for 300 K is equivalent to TSp = 2.9 kcal
mole ™. This value falls rather close to that of the hypothetical
isoenergetic antenna (Table 1), and is therefore in broad agreement
with our previous conclusion that, considering the chlorophyll/protein
pigment domains, PSIl is almost isoenergetic [26,35]. As the mean wave-
length (first spectral moment) of the PSII absorption spectrum is around
673 nm, one estimates that TSy is close to 7% of this energy.

2.3. Plant photosystem I (PSI-LHCI)

We shall, once again, take N = 200 in order to compare the results
with those of PSII and the hypothetical isoenergetic photosystem. It is
well known that the antenna system of PSI differs considerably from
that of PSIL It consists of a large, so-called, “bulk” antenna that absorbs
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Table 1

The influence of a small group of 5 low-energy pigments on the photosystem delocalization entropy (Sp) for the hypothetical isoenergetic photosystem and the occupational probability of
the primary donor (pp-) for N = 200. Sp was calculated according to Eq. (3) in which we substituted the Boltzmann constant (kg) with the gas constant (R) for reasons of convenience. Data
are also given for the energy term associated with Sp, i.e., TSp, in order that it may be readily compared with the photon energy. T = 300 K.

Photosystem (N pigments) Sp [kecal mol~!' K~'] TSp [kcal mol~1] Dpe

N = 200 Isoenergy (IE) 1.052:102 3.16 501073
N = 195 (IE) + 5 (AE = —2RT) 1.018:102 3.06 431073
N =195 (IE) + 5 (AE = —4RT) 0.758:1072 227 211073
N = 195 (IE) + 5 (AE = —8RT) 03431072 1.03 6.6'107°

in the spectral region around 680 nm, and a small population of low-
energy pigments (red spectral forms), which absorb at wavelengths
near and above that of the primary donor, usually identified as P700,
with an absorption maximum at 700 nm. The red spectral forms, of
which there is a small, but still unspecified number, are thought to be
excitonic dimers [36-39]. This, however, does not constitute a problem
for the present calculations as they are performed considering the effec-
tive monomer absorption equivalents. The red forms are mainly located
in the external antenna, far from the reaction centre pigments [40]. As
mentioned above, the exact number of red forms is not known. Thus,
in the present case, we perform calculations in the 5-10 red forms
monomer equivalent range. Owing to their low energies with respect
to the bulk pigments, it has been shown that approximately 85% of
the steady state fluorescence is associated with them [41]. The red
forms absorb at about 3-4 kgT below the “bulk” antenna pigments. It
is therefore clear that this photosystem has an antenna which, to a
rough approximation, resembles that of the hypothetical isoenergetic
antenna with 5 low-energy pigments, which are low-energy shifted
by 4RT (Table 1). Itis therefore not surprising that the TSp value estimat-
ed from similar Gaussian subband data to those discussed above for PSII
[40], is approximately 1.8 kcal mole™'. The mean absorption wave-
length is near 679 nm. Thus, energy associated with TSp is about 4% of
that of the internal energy associated with this mean absorption. It is
therefore evident that while electronic energy dispersal is high in the
case of PSII, for PSI, it concentrates in the low-energy pigments and dis-
persal is reduced.

2.4. Biological significance of delocalization entropy, Sp

As indicated above, a photosystem is a rather unique example of a
closed (canonical) thermodynamic system. We have shown that when
a photosystem harbours a chlorophyll pigment in the excited state,
the pigment ensemble possesses configurational entropy (Sconf),
which is equivalent to what we have called delocalization entropy
(Sp; Eq. (3)).

However, it has also been shown that the presence of a group of low-
energy antenna pigments (antenna trap) decreases Sp, which at first
sight might be expected to lead to an increase in the free energy of the
photosystem (Eq. (3)) with respect to an isoenergetic type photosys-
tem. We therefore briefly consider the molar free energy (G,), available
for primary charge separation, of a photosystem suspension, taking into

Table 2

account that it is the free energy of the donor state (P*) which deter-
mines the free energy available for primary charge separation. This is
given in Eq. (4) for an Avogadro's number (N) of photosystems

Gm=N-pp, - Gp,. (5)

The three terms on the right-hand side of Eq. (4) are independent
parameters. Gp- is the intrinsic free energy of the excited primary
donor and pp- is the occupational probability of the primary donor,
given by the canonical ensemble probability for a particular microstate
ppr = ePVie /3" el — 1 /kgT, hulp- is the energy of the excited pri-
mary donor and hvlp, is the energy of the i-th pigment. It is therefore
clear from Table 1 that the presence of a low-energy antenna trap,
while decreasing Sp, also decreases pp-. This latter effect leads to a de-
crease in the molar free energy available for primary photochemical
charge separation, G, (Eq. (4)). Thus, the low-energy trap, while in-
creasing the free energy of the photosystem antenna via Sp, decreases
the free energy available for primary photochemistry. This suggests
that the antenna entropy might not influence the free energy available
for primary charge separation. This intriguing situation requires further
comment.

In this context, we point out that the microstates which make up the
photosystem macrostate include all the chlorophyll molecules, both an-
tenna and reaction centre, and the delocalization entropy is, as always,
that of the macrostate. However, it is not the macrostate which func-
tions as the primary electron donor, but just one particular microstate
which coincides with that in which the primary donor is in the excited
state and, which of course, does not possess Scons. This situation is anal-
ogous with that of ligand binding proteins where it is quite well known
that the ligand binds to a particular protein microstate [e.g. 42]. The free
energy of binding is determined by this particular microstate. The total
configurational entropy of the protein is often not relevant. It is clear in
both the photosystem and the ligand-binding cases that the reaction
rates will depend on the occupation probability of the reactive micro-
state. However, this does not necessarily imply a change in the overall
free energy of either system. On the basis of these considerations, we
conclude that the Sp of the photosystem pigment ensemble does not
modify the free energy of the primary donor, which may thus be equat-
ed with the internal energy of its excited state.

We wish to underline the unusual thermodynamic nature of this sit-
uation. It is natural to consider excited state energy transfer from the

The energy associated with the delocalisation entropy (TSp) and the excited state occupation probability of the primary donor (p*) for photosystem Il (BBY grana membranes). Sha refers to
the Gaussian subband area. The data have been taken from Zucchelli et al. [34] and calculations were performed according to Eq. (2).

BBY Absorption Subband Area (Sba) BBY Fluorescence Subband Area (psub) Di = Dsub/Sba TSp [keal mol~']
Subbands max [nm] (norm 200 pigments) Subbands max [nm] (norm 1) T = 300K
647.5 37.58 653.4 2191072 5.84:10~* 0.097

660.0 42.86 663.6 5311072 1241073 0.212

669.6 45.76 671.7 1.72:107! 3.75-1073 0.572

677.5 45.97 679.7 3.94107" 8.58°103 1.119

683.9 27.84 686.5 35910~ 1.29'102 0.930

Total 200 1.00 2931
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antenna to the primary donor as a single process. Thus, within this sin-
gle process, the configurational entropy increases but this has no influ-
ence on the free energy available for primary photochemistry. This is
because the energy delocalisation in the antenna is not accompanied
by energy dilution, as is usual in other thermodynamic systems. In
principle the free energy of P* may be equal to the energy absorbed by
an antenna molecule.

While it is well known that the quantum efficiency of PSI is around
99% and that of PSII is around 85%, the thermodynamic, or energy, effi-
ciency is less well understood. Earlier studies argued that the maximum
thermodynamic efficiency was determined by the Carnot efficiency [ 14,
43-46], which was considered to be in the 50% to 70% range. However,
several recent papers have disputed that the Carnot efficiency is rele-
vant to primary photochemical processes [10,21] and, in the case of
PSI it was suggested that the thermodynamic efficiency attains values
of above 96% [10], only slightly lower than the quantum efficiency itself.
This idea is supported by the present conclusion that Sp does not lower
the free energy available for primary processes in PSI. Recent studies
have also shown that upon pigment excitation into the first excited
singlet state, changes in both the molecular pigment entropy and in
the configurational entropy are not influenced [10,22]. Thus, it
seems that there are no “inevitable free energy losses” upon light ab-
sorption and energy transfer to the primary electron donor within
photosystems. This supports the conclusion that, at least in plant
PSI, the thermodynamic efficiency is high, and close to that of the
quantum efficiency.
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Appendix A

Given N pigments, with m pigments of energy E; and (N — m)

pigments of energy E, with E; = E; — AE, with B=Db in the text, we
can define the partition function Z as

Z=me"F 4 (N—m)e""E2 —ePh (m + (N—m)eME)

and the probability for the two types of pigments are

-PEy 1
Pm = — 2 _ = Ym
e PE(m 4+ (N—m)ePAE)  m + (N—m)ePAE
o PE2 PAE

= = Y(N—m
PN-m = CBE - (N=m)e™ ~ (i (N—m)eE (V)

Using these expressions results in
i i In ~7§m: i In <+i iIn vf—#ln(er(N—m)eV’AE)Jr
~ pl pl 7,':] px pr s pl px - m+ (me)e["AE

(N—m)eP4E oPOE
m+ (N—m)ePsE T (N—m)ePsE —
m (N 7m)e"’AE BAE
_ i 1 N—
(’"+ (N=m)eE " - (N—m)ePeE n(m + (N—me*)
PAE(N—m)e™f
m+ (N—m)ePE

- _pary | PAE(N—m)e™*
= = In(m+ (N=m)e™*) + == o - Nm P

If we take AE = akgT = o3~ 1, Sp can then be written as:
a(N—m)e®

N
Sp = _kBZpi Inp; =kg { In (m + (N—m)ea)—m .

i=1
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