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Some Thermodynamics of Photochemicél Systems*
Robert T. Ross
Department of Chemistry, Laboratory of Chemical Biodynamics,
and Lawrence Radiation Laboratory, University of California,

Berkeley, California 94720

A limit on the thermodynamic potential difference between the
ground and excited states of ény photochemical system is estab-
lished by'evaluating the potential difference at which the rate
of photon absorption and emission are equal; the relationship
of absorption andvemission is given by a Planck law rclationship
between the two, provided thét there 1s thermal equilibrium
between the sublevels of each clectronic band. The actual
potenfial developed may be evalusted if the quantum yield of -
luminescence is known. The maximum amount of powcf storage
obtainable 1s evaluated by lowering the potential difference
until the product of the potentinl difference and the fraction
of the guanta retained is maximized, The history and applica-
‘tions of the Planck law relation between absorptiOn‘and.emission
spectra are discussed briefly, and applications of the potential -

difference calculation are mentioned.



' , I. INTRODUCTION

- - The purpose of this paper is to discuss the interaction of a
radiation ficld with a photochemical systém which absorbs radiation

over @ broad band of frequencics, Of primary concern are the evaluation:
of the chemical potential difference which is developed within the

' syétem, and the amount of work--or, equivalently, frce-energy--which
may appear as a result of light absorntion by such a system.

The thermodynamics of the interaction of a narrow-band absorber
witﬁ'a radiation field,liand limitations on the amount of work which
may be extracted by such an absorper from a radiation field,2 are
fairly well understood, In this paper we extend discussions of the
narrow~-band situation to apply them to broad-band systems. Thc thcrmoF
dynamics of broad-band-absorbing photochemical systcms has’bc¢n con-
‘siderec¢ in a more restricted context by Shockléy and Queisser,” and we
use a Planck blackbody law rélationship between the absorption and
cmission properties of a broad-band absorber which has been derived
by_a‘number of authors (see Discussion). |

We consider a two-level photochemical system'which is comprised
of a collection of ground electronic states G and excited clectronic
states Ii.  Ordinarily these consist of the gfound sinolct states and

2 vthe first excited singlet states of the light-absorbing molecules.

In systems wheré excitations can migrate easily, these collections

of states are often referred to as the valence band and the conduction
- band, respectively. Each electronic band usually contains a number of -

»vibrational substates.
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When the rate of absorption of light quanta causing excitations
from G to E is rapid with respect to the thermal equilibration ofv
populations between the two bands, then altrénsition from E to G gives
up some:free-éncrgy which may be storcd‘or used for chemical synthesis.
'?be amount of work which can be done as a result of each photon absorbed
is limited by the product of this frce-energy change and the quantum
yield for the deexcitation pathway which is coupled to work production.

If the substafeé within each electronic band remain in thermal
equilibrium regardless of the incident radiation field, then the
potential difference between any substate of G and any substate of E
will be independent of the identity of either substate. In other
words, there will be aAsingle.wellédefined freeéenergy change fdr any
transition between the bands.

Thére are two wayé of viewing the excitations causcd by the absorp-
tion of light: Excitations may be considered as producing an increasec
in the population of électrons in a set of states of fixed number, with
a cofrcqunding decrease in the population of electrons in another set of
states of fixed number. Alternatively, the identical process.may be
viewed as an increase in the number of an excited statc molecular
specics and a concomitant decrease in the number of a ground statc
molecular species. . | '

These two points of view may be called the pihotoelectric and the

N

molecular photochemical views, respectively, and the distinction

between the two becomes meaningful when one considers the coupling
between the light-absorbing molecules, and the larger system of which

. they are a part. If this system operates throughvelectroh migration,
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then the photoclectric view is the more natural, wﬁile'if the result

- of light-absprption is ﬁOIeCUIar rearrangement, then the molecular
?hotochemical view may prevail.

It is important to remember that the distinction is one of point
of view only, as influenced by the fate of the exc1tat10n and makes
‘ n; difference in the thermodynamlcs of the 11ght absorption.

The formalism for the photoelectric case has been'extensivély
dcveioped for use in semiconductor systems.4s5 In the presence of
~complete thermal equilibrium, the chemical poten?ial of all of the
electrons is equal to the Fermi level, which usually lies midWay in
energy between the ground band and'the excited state band. The
electrons within the E band and within the G band each have a chemical
potential which is similarly defined, and which is called a quasi-Férmi
level. As electrons are.tranéferred.from G to E under the influence
of light, the'quasi-Fermi level of G drops below. the equilibrium Fermi
level, and the quasi-Ferﬁi level of E increases corresbondingly.

The alternative point of view is to consider changes in the
partial molar free energy of the light-absorbing molecules in their
ground state and in their excited state, The.actibn of light usuallyi
depletes the population of the ground state molecules only véry
slightly, altering the chémiéalvactiVity of these species to a
- negliQibie extent; in this casebthe potential‘difference arising
between the bands is due almost entlrelv to the greatly 1ncreased

.populatlon of molecules in. the excited state.
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II. THEORY

In order to evaluate the band-to-band potential difference u caused
by a radiation field in any given situation, we first consider the con-
ditions for equilibrium between the band-to-band transitions and a
radiation field. Reversible reaction implies that there 1s no change
i; entropy accompanying the emission or absorption of radiation by the
photochemical system at any frequency. |

The entropy change corresponding to the loss of a photon of fre-
quency v from a radiation field may be evaluated by considering an
-equilibrium at v between the field and a blackbody: A blackbbdy is in |
equilibrium with a radiation field at v when®

I(v) = (8m?%v2/c?) [exp(hv/kTg) - 1]71, | 1)

where Tg is the temperature of the blackbody, n is thé refractive index
of the medium, and I is the intensity of the radiation ficld in wnits
of photons per 4w solid angle, pér unit bandwidth, per unit area, per
wit time. | | |

The entropy gained by a blackbody upon absorption of a photon at
v is hv/Tg. By‘rearranging (1) to find the temperature 6f a blackbody
in equilibrium with a radiatidn field of intensity I, we find the.entropy’
- change upon loss of a photon from a radiation field to be ,

3S/aN = k In(L + 8mPZ/c2T). e
From the assumed potential difference u and knowledge that the

energy change per photon absorbed is hv, we know that the change in

- the entropy of the photochemical system per photon absorbed is

7

aS/aN = (hv - w)/T, | (3)

where T is the temperature of the surroundings.
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If we assume that the photochemical absorber is isotropic in its
interaction with a radiation field, then‘ by integrating over solid
angle, and equating the entropies, we find thai the rate of photon
absorption and emission per unit bandwidth and unit cross-section is
I(v,u,T) = 8n(nv/c)2{exp[(av-y)/KT]-1}-1. @)
The figure one in (4) corresponds to stimulated ehission, and may
‘usually be neglected, simplifying (4) to
| I(v,u,T) = 8n(nv/c)? exp((y-hv)/KT]. o (4"
~ If the absorption cross-section for band-to-band excitation is -
a(v,u,D), then the total rate of excitation and emission per unit band-
wiﬁth is equal to v |
| o(v,u,T)I(v,u,T) ' ' (5)
for a photochemical system which has thermal equilibrium at temperature
T within its electronic bands, an& a potential difference u between the
bands, and which is in equilibrium with an isotropic radiation field
at all frequencies. |
Now consider that the same potential difference is éstabliéhed
between the bands of the same System by any manner whatsoever. This might
be dene by causing the same rate of excitations with an. arbitrary radia-
tion field, or'by pumping the system electriéally or chemically. Since
we are éssuming rapid thermal equilibration among ﬂlevvjib_rational sub-
states within each band, the equilibrium radiation field may be replaced
wbi.th anything else w_hich will cause the same net rate of G-to-E transi-
tions without affectiﬁg either the potential between the bands‘} or. the
quzintity and frequenéy distribution of radiation quhtaneously emitted

by the system.
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This means that, glven .thermal equ111br1um w1th1n each band, knou-
1edge of the electronic absorption spectrum of any system permits direct
“calculation of the-luminescence spectrum, and vice versa. This relation
has been derlved in general and for specific cases by a number of 1nde-
pendent authors. Ve dlSCUSS its hlstory and applications in Sectlon,III.
This Planck law relationship between absorption and emission may be
used to calculate‘thé.potehtial developed in a photochemical sysfem
whenever its absorption spectrum and tﬁe incident light flux are known.
vFor simplicity we assume that the absorption spectrum is independent of
u, although this may not be true. Changes with temperature can be
ignored since T is assumed to be fixed.
The rate of band-to-band excitations resultingvfrcm.an arbitrary
radiative field is equal to |
“Rip = Jo(v)Ig(v)av. - - (6)
where Ig(v) is the‘photbn flux provided by the light source. |
. From (5), with (4') substituted in, the rate of radiative decay

~ from a photochemical system having a potential difference u is

Rigm = [€xp(u/KT)] s8n(nv/c)?o(v)exp(-hv/KT)dv. m
We shall abbreviate the integral with L, so that
Ryyp eW/kT 1, - (7)

By equatlng (6) and (7'), we can find the maximum p0551b1e
potential of a photochemlcal system having an absorptlon spectrum o(v),
-and illuminated by a radiation field of intensity and dlstrlbutlon
Ig(w): |

Hnax = kT ln(Rin/L). - o : | (8)
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Non-radiative band-to-band transitions are frequently a significant
source of L~to-G relaxation, We assume that the rate of induced G-to-E |
transitions given by (6) is large with respect io all spontaneous
excitations; Then we specify that the total raté‘of decay from E to G
is « times the rate of radiative decay alone: -
* Rout = x()1e?/KT. S ()

By equating R.  and Ry, we determine the potential developed in
the presence of non-radiative relaxation: |

w = kT In[R;,/x(w)L] = Moax " KT In[x(u)]. | (10)

As x is the reciprocal of the luminescence quantum yield, it may
frequently be determined experimentally. For thé remainder of thi§
section we assume that x is independent of u, although it appears that
this is generaliy true only for non-interacting excitations obeying
Boltzmann statistics.

Work is one of the mbre popular commodities which cén result from '
the photochemical absorption of light, so that frequently one desires |
- to maximize the amount of power stored by such a system.

The aﬁount of power stored ;s

P = (Rip - Rygsedvy ()
where R .. is the rate of E-to-G transitions which are not coupled to
thé work Storage process. | | |

From (10) we know that ‘

Vo = max ~ KT In(Rioss/Rygm) (12)
is the potential difference in the absence of-the‘wbrk storage processcs.
We define_the\quantum yield for the loss processes o

. 9loss = Rioss/Routs ' o - s
so that . ‘ Co , ‘_ | | ,
W=t kT 1In /¢1_055; | | o : i ..j , (14) |
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The amount of power stored, which may be rewritten as
P = Rin u(1 - ¢10ss)s (15)
may be maximized by appropriate choice of u and ¢1055. The power storage
is approximately max:Lmal when ¢1455 = 1@/1,0’ so that the optinial potenti:a.l
is’ roughly ' '
: : ¥ = pg = KT In(uy/KT). co _ (16)

~ This more general derivation is strictly parallel to the narrow-

band treatment which was given previously.2

@
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IIT. DISCUSSION

The Planck law relationship between absorption and emission was

" derived several decades ago by Kemmard,’» 8 but'this work has only

recently been rediscovered. 9 The relatlonshlp was dlscoverea inde-
pendcntly by Stepanov,10 and his derlvatlon has been extended somewhat
by Neporentll. and by Ketskemety, Dombi, and Horvai.l2 The relatlon—

Shlp was also derived, agaln 1ndependently for a more restrlcted _

-_°1tuat10n by van Roosbroeck and Shockley,13 and their work has

recently been generalized by McCumber.l4

‘Until these several papers revived application of the relationship

to all kinds of spectra, it appears that the direct connection between

- the relative strengths of absorption and emission as a function of

freqnency was used only in systems where individual vibrational or

rotational lines could be resolved;lS and in these applications the

direct nature of the relationship between absorption and emission

spectra has not been made explicit.
The experimental validity of the relationship was first shown by

Kennard’ and Merritl® for sevcral'speeies'of dye molecule in solution,

‘and following rediscovery of the relationship by Stepanov it has been

used fairly extensively by Russian and thmgarian phySicel'chcmists.

Work with a variety of molecules in solution has shown very good agree-

ment between calculated and observed luminescence spectra;12 indeed,

the agreement is so good that discrepancies between theory and experi-

“ment have been used to,determine the presence of-impurities.17 Some

comparlsons between predicted and observed 1um1nescence spectra have

'also been made in semlconductors 18,19 and the agreement is within the
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accuracy of the measurements.. The relationship has even_beeh‘USed
suctessfully in the vapor phase,20 demonstrating that vibrational
equilibrium can be attained through intramolecular processes within
“the 11fet1me of the excited state,

The Planck law relation itself has a number of 8ppllcat10n5 some
-6% which are suggested by the work which has already been done. One
of the impdrtant applications is the use of an absorption spectrum to
calculate a 1umiﬁe$cence'spectrum for systemé'in which luminescence |
has not been observed expefimentally. _Predictionbof the luminescence.
spectrUm‘may be useful in calculating energy transfer probabilities,

~and-may assist in locating the luminecscence experimentélly._ Examina—
tion of differences between nredlctec and observed lumlnescence spectra
may prov1de a check on the experimental metnods used, and represents a
tool for examln;ng dev1at10ns from the usual assumption of complete
v1brat10nal equilibrium in a two-level system.

Knowledge that the Planck law relationship is applicable, which
seems,assured for any two-level condensed system, permits a ready calcu-
lation of the maximum light-induced chemical potential difference which
can be developed by a éystem, providing only that the incident light
.intensity and the absorpfion spectrum ererknown. Giveh knowledge of
the quantum yield‘for>1uminescence; it is pqssible to calculate the v‘
actual potential developed. Knowledge of this pbtential may be useful
in examining any'phetoehemical system which uses light to generate any
'sort}of thermodynamic potential gradient. We have found these calcu-
lations to be pafticularly useful in analyzing the energetics of |

photosynthesis, 21
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This process can also be rcversed: From knowledge of a lumines-
cence spectrum it is possible to infer the absorption spectfum_of the

species responsible. Then, given crd::r-of-magnitude estimates for the

- luminescence yield and for the absolutc absorption cross-section (i.e.,"

the extinction cocfficient) of the luminescing species, it is possible

~ to calculate the chemical potential difference required to generate the

luminescence. This should be of use in examining mechanisms in electro~

luminescence, chemiluminescence, and bioluminescence.
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