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ergodic and the configurational entropy is positive. This decreases the free energy of the single photosystem
pigment array by a small amount. On the other hand, the suspension of photosystems is non-ergodic and the con-
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Nonergodic state tions from both the single excited photosystems and the suspension which contains excited photosystems, also
Photosynthesis approaches zero. Thus the configurational entropy upon photon absorption by either a pigment solution or a sus-
Photosystem pension of photosystem particles is approximately zero.
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1. Introduction excited state while the (usually) great majority remain in the unexcited
ground state; ii) a suspension of photosynthetic photosystems which,

The aim of this study is to examine the ergodicity and the configura-  ynder illumination, will also contain a mixture of particles, some of
tional entropy of: i) a pigment solution in which, upon illumination, which will harbour an excited state (and which may therefore perform

some of the pigment molecules absorb a photon and transit to the photochemistry) and many of which will not.
Ergodicity and configurational entropy are thought of as being relat-
* Corresponding author. Tel.: +39 0250314858: fax: + 39 0250314815. ed characteristics. The most common interpretation of ergodicity is that
E-mail address: robert.jennings@unimi.it (R.C. Jennings). the time average of a single particle trajectory is equivalent to the
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overall ensemble average. This implies that, given enough time, a sys-
tem will explore all points in its phase space. It is this latter aspect
which connects ergodicity with configurational entropy. In statistical
mechanics the configurational entropy (5°°") is related to the distribu-
tion, or position, of particles in subsets, or microstates, in phase space. At
equilibrium, i.e. when all microstates, or a representative number of
them, are accessed, S may be given by the Boltzmann entropy

SO _ kg InQ (1)

where kg is the Boltzmann constant and () is the thermodynamic prob-
ability of the microcanonical ensemble, and is defined as the number of
equally accessible microstate conformations in a given macrostate ) =
Q(xq, X, ..., Xn), Where x; are the n-th particle positions in the phase
space. This implies that all microstates are isoenergetic, which is usually
not the case for photosystems. The microcanonical ensemble, by defini-
tion, is unable to exchange energy with its surrounds, i.e. it is an isolated
system.

On the other hand the Gibbs entropy (S¢) recognises that micro-
states may not be equally accessible, due to energy differences, and
energy exchange with the environment is allowed

Q
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where p; is the probability of occurrence of the i-th microstate and the
sum is extended over all microstates (). This is the expression describ-
ing a canonical ensemble at equilibrium and, in general terms, is the most
commonly used. It readily represents the plant photosystems in which
there is considerable pigment energy disorder (e.g. [1]) and which ex-
changes energy with its environmental bath.

In the case of a non-equilibrium system which, over time, evolves to-
wards equilibrium, Mauro and co-workers introduced time-dependent
Gibbs entropy [2]. To this end a conditional probability p;;(t) is intro-
duced [2-4] as the probability of the system of occupying the j-th
microstate starting from the initially prepared i-th microstate. This con-
ditional probability satisfies the following requirements: Z pijH =1,

]
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at equilibrium, of the j-th state. For a system starting in the i-th micro-
state, the configurational entropy is

— Pje.q, where P9 is the probability,
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In the limit t — o, S¢™(t) approaches the maximum equilibrium

value S« = —kg>° Pj.q In P?q whereas, when t tends towards zero, tlin&
; -
Seonf(¢) = 0. In other words, in the long time limit all microstates “j” are

accessed, equilibrium is attained and Sf°™ is maximal. The system is
ergodic. On the other hand, in the short time limit S{° will tend to-
wards zero, which may be imagined in terms of a single configurational
microstate. In this limit the system is non-ergodic due to the short time
not allowing the system to explore the entire phase space, or a repre-
sentative part of it. We have considered a system prepared in the i-th
microstate. The same conclusions are reached also considering the
total configurational entropy evaluated in terms of all the possible
initially prepared microstates of the system, weighted by their prob-
ability of occurrence. There is a rich and extensive literature on these
points in relation to the liquid/glass transition (e.g. [2-9]).

2. Discussion

We shall now address the pigment systems of interest, i.e. both a
dilute pigment solution and a suspension of plant photosystems.

2.1. A dilute solvated pigment solution

We now apply the general aspects mentioned above to a dilute pig-
ment solution illuminated by a series of short (picosecond) flashes that
excite a subset of the total pigments. For the pigment solution we can
imagine a cubic lattice whose cells are the size of the average solvent
volume per pigment molecule (Vo). In the case of excited state pig-
ments intermingled with ground state pigments, and when the particle
distribution is statistically spread over the equally accessible states (re-
laxed system), the root mean square displacement of molecular motion,
r, during the excited state lifetime is r<<\/3 Vmol, when compared to the
greatest distance inside the cube. V ;IS a function of the pigment con-
centration. We therefore compare r and V;_, for dilute solutions of sev-
eral pigments of biological importance, where the root mean square
displacement is given by the Einstein expression for three dimensional
diffusion

— (6Dt 4)

where D is the diffusion coefficient and t is the diffusion time considered.

We do not know the exact values of D for solvated pigments, however
these values are known for the most commonly employed solvents. As
these solvents have a lower molecular mass with respect to the pigments
themselves, it is reasonable to assume that Dsglvent > Dpigment. For these es-
timates we, therefore, use the solvent values, noting that they are expect-
ed to be an overestimate of the pigment values. For the organic solvents
normally used to dissolve pigments D =~ 1 x 10~° m? s~ . The time (t)
of interest is the excited state lifetime (7) of the particular pigment. For
dissolved chlorophyll this is about 5 ns, while for carotenoids it is around
10 ps. In this way one estimates r < 5.5 nm for chlorophyll and r < 0.24 nm
for carotenoids. In the case of 27, r < 7.7 nm for chlorophyll and r
< 0.34 nm for carotenoids.

In order to achieve an initially random distribution of excited state
pigments intermingled with ground state pigments it is necessary to
consider an optically thin sample (OD < 0.01). On the basis of the mo-
larity corresponding to this optical density for chlorophyll and caroten-
oids one estimates mel >200 nm for chlorophylls and >400 nm for
carotenoids. This means that the time to travel these distances is t
>7-107% s for chlorophyll and t > 27-107° s for carotenoids, three
and six order of magnitude longer than the respective lifetime. The ex-
treme brevity of the excited state lifetime of chlorophyll and caroten-
oids implies that Sf°"(t) (Eq. (3)) remains close to the short time
limit and, thus, tends towards zero. In other words, due to the brevity
of the excited state lifetime, the system is unable to relax, in the sense
that it is unable to access a representative part of the entire configura-
tional phase space. Due to the brevity of the particle excited state
lifetime, the particle solution does not possess the configurational de-
grees of freedom characteristic of long lived states. Thus the pigment so-
lution under consideration is a non-ergodic system. These points have not
been previously recognised as far as we are aware.

During personal discussions the comment has been made that “even
though the lifetime brevity does not allow access to a representative
part of the phase space, all microstates are potentially present”. We
consider this comment erroneous as, due to the short lifetime of the ex-
cited states, one might say that the pigments are “unaware” of other, po-
tentially accessible, microstates. We underline that this comment is in
agreement with the principle of causality, as pointed out by Kivelson
and Reiss [7]. To state the opposite would violate the principle of causal-
ity. The short lifetime sets restrictions that prevent the system to be
found in any of its potentially accessible states.

Another observation which is sometimes made is that “there is no
need for pigment diffusion to occur in order to access all microstates
as, under continuous illumination, the pigments are randomly excited
and all microstates will therefore be automatically occupied”. As the pig-
ment solution is non-ergodic, as discussed above, this line of thought is
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erroneous. A single molecule in the excited state will not access all mi-
crostates, potentially accessible to non-excited molecules, due to the
brevity of its lifetime. This latter comment is in agreement with the def-
inition of ergodicity given above, i.e. given enough time a system will ex-
plore all points, or a representative part, in its phase space. It is also in
agreement with the definition of entropy given by Boltzmann (the num-
ber of microstates visited by a system within a given macrostate). The
present case is analogous to that discussed for the glassy state [2,4]. In
this case the non-ergodic glass configuration is fixed, on the time scale
of observation, and thus just one microstate may be conceived. However
one notes, in these examples, that ergodic or non-ergodic depends on
the time of observation and not necessarily on a particular physical prop-
erty of the system. In the present case of an illuminated pigment solution
the time of observation does, in fact, coincide with a physical property of
the system and therefore the observational time is not an arbitrary
choice of the observer. The relevant physical property which determines
the observational time is the natural relaxation of the excited state to the
ground state. It is the brevity of the excited state lifetime which does not
permit a representative part of the phase space to be explored.

2.2. A suspension of plant photosynthetic photosystem complexes

The above mentioned chlorophylls and carotenoids are now cofactor
bound to the apoproteins which constitute the particular photosystem
and, with respect to the pigment solution, are very concentrated.
Approximately 97% of these pigments are collectively known as the
photosystem antenna. The other pigments are associated with the pho-
tosystem reaction centre and include the so called “primary electron
donor” pigment(s) which performs primary charge separation from its
excited state. The average chlorophyll/chlorophyll, centre to centre, in-
termolecular distance is around 10-20 A and Coulombic interactions
develop. Each photosystem binds about 200 chlorophylls and 70 carot-
enoids. The individual photosystem particles are separated from each
other by a large potential energy barrier, associated with their physical
separation. Thus, in terms of the configurational entropy, the system is
more complex than that considered above. In order to analyse this we
take into account the considerations for broken ergodicity elaborated
by Palmer [6] and Mauro et al. [2].

When considering the configurational entropy of a suspension
of photosystems there are two distinct levels which must be taken
into account. The first level is the suspension of photosystems them-
selves. The diffusion coefficient, D, in aqueous solution, of large proteins
is of the order of D =~ 10~ 7 m? s~ !. While different photosystems display
different excited state lifetimes, we take photosystem I (PSI) as an exam-
ple of a short lifetime case. Due to fast photochemical trapping, this is
about 40 ps [10,11] and the root mean displacement (Eq. (4)) is r
< 0.0015 nm. Thus, the ensemble of photosystems is non-ergodic and

the configurational entropy is close to the lower limit t]il‘l(‘)l seonf(t) = 0.

The second level which needs to be considered is that of the single
photosystems. The chlorophyll pigments of each photosystem particle
may be thought of as a thermodynamic macrostate. In making this affir-
mation we are not considering the possibility of contemplating the an-
tenna pigments as one macrostate and the reaction centre pigments
as a second macrostate. However this aspect does not effectively modify
our conclusion and so will not be dealt with. Within each photosystem
particle, due to the short inter-pigment distances (5-20 A), interactions
are set up, which allow rapid excited state energy transfer to occur
among the entire pigment system on a femtosecond and picosecond
time scale for single chlorophyll/chlorophyll transfer steps. We, there-
fore, identify the phase space of each photosystem particle as the system
of bound pigments. Due to the very fast energy transfer during the excit-
ed state lifetime, all microstates are accessed and each photosystem
may therefore be considered ergodic and equilibrated. Thus, while the
suspension is not an ergodic system, the single photosystem particles

are ergodic. This is similar to the situation of broken ergodicity discussed
for glassy systems [2,6].

In the present paper we argue that the configurational entropy for
both a pigment solution and a photosystem suspension is, to good ap-
proximation, zero, due to the short lifetime of the excited state not
allowing the system phase space to be accessed. On the other hand
the single photosystems, each of which performs primary photochemis-
try, possess positive configurational entropy due to rapid energy trans-
fer allowing the entire photosystem phase space to be visited during the
excited state lifetime. Now, considering a simplified photosystem of N
isoenergetic chlorophyll pigments, upon photon absorption the system
may be thought of, in first approximation, as being thermally equilibrat-
ed, as all pigments are isoenergetic. Excited state energy is rapidly dif-
fused throughout the entire pigment system, and, as discussed above,
all accessible microstates are visited. Thus, from a statistical point of
view, the photosystem possesses configurational entropy (S = kg
In N). However, it will be noted that the energy does not undergo dilu-
tion. In fact the energy associated with the excited state of the primary
photochemical donor, in principle, may be equal to that of the initial
photon absorbed in the pigment array. Thus it would seem to constitute
an exception to the concept of the “energy diffusion/dilution” interpre-
tation of entropy (e.g. [12-15]).

If we wish to consider the total configurational entropy of the parti-
cle suspension it is necessary to take into account the configurational
entropy of the single photosystems weighted by the population (excita-
tion) probability [2,6]

(8)=>_S™"P, (5)

“jr

where the “i” subscript represents the photosystem particles, which
may be considered as being identical, which harbour an excited state.
The summation term depends on the light intensity considered. In the
case of high intensity environmental light (2000 pEinstein m~2 s~ )
we estimate that, for a volume of 1 ml in a square glass cuvette con-
taining 10'® PSI particles (200 chlorophylls/particle, OD = 0.1), P;
~ 10~ "". Considering S§f ~ 0.006 kcal mole~" K~' (Eq. (2)) and
T(S) = 1.8 - 10~ ! kcalmole™ ! (for 300 K). This is an infinitesimal
value compared with the photon energy, considering 680 nm, of
42 kcal mole~! and, thus, may be ignored. The particle suspension
configurational entropy is thus close to zero.

We now address the question as to whether this antenna entropy
has any influence on the free energy available for primary photochem-
istry, as previously suggested [16], and estimate its impact on the
photosystem free energy. As mentioned above, in the case of energy
transfer within the antenna (energy dispersal) energy dilution does
not occur. Thus the internal energy initially transferred from the
light field to an antenna pigment may be transferred integrally to
the primary donor. However, if the photosystem configurational
entropy (5°°") is considered, the free energy available will be dimin-
ished according to equation

AG = AU—TAS®". (6)

Thus, from Eq. (2) one calculates that for a photosystem with 200
chlorophyll pigments, S = 0.011 kcal mole ™' K~ and, for 300 K,
TS = 3.2 kcal mole™!. As the internal energy, U, for the lowest singlet
excited state for chlorophyll (Qy transition) is around 42 kcal mole ™!, the
free energy is reduced, in each photosystem, by about 8% due to the
entropy term. It should be mentioned that the isoenergetic antenna
represents the upper limit for <™, as energy dispersal is greatest.
For example, in PSI, where approximately 80% of excited states pop-
ulate the small number of low energy chlorophyll states, we estimate
(Eq. (2)) that TS®" =~ 1.5 kcal mole ™. Thus one may conclude that,
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at the level of the single photosystem complex, the so-called antenna
entropy term (S°°™) does not have a great effect on the free energy
available for primary photochemistry.
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