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1. Introduction

The quantificationof a dissipatve subsystenmoving in a stablepotentialis an old
problem. The quasi-phenomenologicaescriptionsof the subsystenin isolation [1-3]
have beenreplacedby thosein which the subsystenandits ernvironmentareregardedas
forming a closedsystemwhich canbe describedy a Hamiltonianwhich containsan ex-
plicit dissipationmechanismin this sensewe will considerthe approactof Caldeiraand
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Leggett[4] wherethe phenomenorf dissipationis simply the transferof enegy from a
singlemacroscopicoordinatecharacterisinghe stateof the subsystemto thevery com-
plex setof degreesof freedomdescribingthe ervironment.lIt is assumedhatthe enepy,
oncetransferredeffectively disappearinto ervironmentandis not recoseredwithin arny
time of physicalinterestIf oneacceptshatwe canquantifythemotionof themacroscopic
coordinate(seethe “quantummeasuremenparadox”formulatedby Schibdingerasthe
“Cat Paradox”[5]), thendifferentvaluesof this coordinatewill correspondo stateof the
subsystenin interactionwith its ervironment,macroscopicallydistinguishableThermal
effectsinducedby theenvironmentwill disturbtheinterferencéetweerthesemacroscop-
ically differentstates.

Importantphenomenasuchaswave paclketdynamicsan atomg6], defecttunnellingin
solids[7], electrontransferin chemicalandbiologicalreactiong8-10], or the problemof
thequantumcomputerg11], arecorrelatedo theeffect of quantumcoherencelestruction
by dissipatveinfluencewf theenvironment.n this paperwe shallconsidera microscopic
subsystenwith two states(mTSS)interactingwith eachotherby a so-calledtunnelling
term. For mTSS,we will considerthe two-dimensionakpacespannedy the two ground
statesof the double-wellpotentialneededo representt. The picture of sucha descrip-
tion andits validity conditionscanbe foundin Ref. 12. The presenceof the tunnelling
term assureghe coherencéetweenthe two statesof mTSS,and consequentlybetween
the two macroscopicstates,L andR, of the resultingmacroscopidissipatve two-state
system(TSS)formedby mTSSandits ervironment.The quantumcoherencelestruction
is inducedby the coupling, which in the quantumtheory of relaxationis seenasa “loss
mechanism” One can prove thatthe problemof mTSS—erironmentinteractioncanbe
castin theform of the spin-bosorHamiltonian,a very efficienttheoreticatool usedto de-
scribesuchaninteraction(seeAppendix).In termsof the spin-bosorHamiltonian[12,13],
the two statesof TSSareseenasbeinga spin 1/2 particle. To describethe two states,
let usconsider{|l},|r)} the basisof the two-dimensionaHilbert spaceandthe Pauli ma-
trix gz (in Schibdingerrepresentation)sothata,|l) = |I) andao;|r) = —|r). The enegy
difference g, betweenthe two levelsinvolvedin a transitionbelongingto mTSSandthe
tunnellingtermhA, arecomponentsf theHamiltonianHs of atwo-level subsystenfTLS);
Hs = (¢/2)0, — (hA/2)ox describeghe dynamicsof anisolatedmTSS. The ervironment
coordinatesandall the coordinate®f mTSS,otherthanthe two describingthe positionin
oneof thetwo statesL or R, areseenasanensembleof harmonicoscillatorsthat create
the so-calledoscillators’bath.In o,-representatiorthe standardspin-bosorHamiltonian
is written

.Q)Z,Z
Hz—cz cx+z<2mJ L) —O'zzCJXJ (1)

Thethird termis the bathHamiltonian,Hy, andthe fourth is the interactionHamiltonian,
Heoupn, Written assumindinearcouplinghypothesisin Eq. (1), pj is the momentumop-
erator m; the effective mass,w; the oscillator frequeng, x; the coordinateof the j-th
oscillator, gp a scalingparameteandc; the couplingstrength.The harmonicoscillators’
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bathis fully characterisely the spectraldensityfunction

26((»— wj)

“@:Zq m; o)

that givesthe densityof statesof bathweightedby the couplingstrengthbetweemrmTSS
andervironment[12]. In moststudiesge.g.,electrontransferreaction(ETR), J(w) hasan
Ohmicterm,thatis, J(w) = pwexp(—w/w:), wherep is a measurabldriction coeficient
for thedynamicsof macroscopicoordinateanduy is ahigh-frequeng cut-off thatassures
corvergence.

In this article, we are interestedn the problemof the time evolution of TSSwhen
mTSSis weakly coupledto the ernvironment,assumingthat this weak couplingis also
transferredo the spin-bosorHamiltonian.The dynamicsof TSSwill bedescribedn Sec-
tion 2, theresonancé&reatment characteristicor its applicationto ETR andits utilisation
totheprimaryETR in abacterialphotosyntheticeactioncenterwill beconsideredn Sec-
tion 3.

2. Dynamicsof the dissipativetwo statesystem

Therateconstanbf non-adiabatitransitionsbetweerL andR in theweak-electronic-
couplinglimit (smallhd) —whenthe environmentrelaxationtime is muchshorterthanthe
time of effectivetransition,sothattheinitial stateis anequilibriumone—canbederivedby
the Kubo-Toyozava formula[14]; this procedurds alsoappliedto the spin-bosormodel
[15,16].

Thelimit of weaksubsystem-arironmentcouplingallows to treatHgo,p asa stochas-
tic function of time. The dynamicscan be treatedin the framework of the quantum
theory of relaxationby the densitymatrix method. To find the macroscopicoordinate,
we note that, taking into accountthe equilibrium states,a position operatorcan be de-
fined by q|l) = —(qo/2)|I) andq|r) = (qo/2)|r). Consequentlythe operatorq defined
by g=[1}{I|qg|l}{l] + |r){r|g|r){r| becomesy = —(qo/2)0;. Hence,the macroscopico-
ordinateis {q(t)) = —(go/2) Tr(ptwot(t)0z) = —(0o/2)S,(t), wherepio: representshe total
matrix densityof thecompletesystemandTr anaverageoverall coordinate®f thesystem.
S(t) = (ai(t)) (with i = x,y,2) is the averagevalueon ensembleof oscillators’bathand
of TLS coordinates.

In TSS,and, alternatively, in spin-bosorHamiltonianterms,the transitions scenario
is asfollows: until t = 0, the ervironmentis in equilibrium and mTSSis found in the
initial stateor in correspondence state|l) (wheretheeigervalueof o; is unity). At t > 0,
the constraintimposedon mTSSis switchedoff andit evolvesunderthe action of total
Hamiltonianto anequilibriumstate.In thesecircumstancewge have to follow thereduced
density matrix, p, which characterise3LS, more preciselythe term py(t) = {I|p(t)|)
which givesthe probability to find the systemin the state|l}, or equivalently mTSSin
its initial state.The macroscopicoordinates correlatedwith the probability p(t) to find
mTSSin its initial stateby py(t) = [1+ S(t)]/2= p(t). In orderto castthe problemin
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termof aresonancéreatmentwe write
1_, ng 1_, - -
HS:—EO-}[:—EU-(h_AI—S), (2)

whereH is “the magnetidield” andi andk areunit vectorof Ox andOzaxes,respectiely.

In thebasis{|l),|r)}, Hs hasnotadiagonaform and# is notparallelto thespindirection.
To applytheformalismof magneticdesonanceyheretheconstanmagnetidield is parallel
to the spindirection,we shall considera basisrotationwhich diagonaliseshe matrix and
simultaneouslybrings the “constantmagneticfield” on OZ axis. From the calculusof
eigenfunctiong|1},|2)} andeigervalues{Ej, Ex} of Hs, we obtain

(13)=( 5 &5)(1) v=(50 &%) ©

where:
r

1
cosf = —  J1- — ,
V2 V1i+r2

sinG =

1 r

N 1+7,

V2 V1412
hA hA

El:E\/l—HZ’ Ezz—E\/1+r2 and r:h_i.

A new frame O'X'y'Z will correspondo the new basisandthe total HamiltonianH will
be obtainedby a similarity transformationH’ = U ~HU. In the o, representationf the
new basis thetotal HamiltonianH’ becomes

hoo Jo do . pi | My
r_ “o _ 40 a e 2.2
H = — 0z + > cos28 ;caxaoi > sin20 ;caxaoxf +% —2ma+ > 3%
P2 Ma 5o
= Hs'+ 7 ()oy + Hy(t)oy + 5 (_2n1+7w§‘xa)’ (4)
a

with: cos26 = r/v1+7r2,sin20 = —r/vV1+r2, . = AV1+r2, H = (hw )oy. Now,
the problemis similar to that of magneticresonancédor a spin 1/2 particlewith theloss
mechanismgiven by H, (t) and #H (t). In analogywith the resonancenagnetictheory
the modesof frequeng w thatcouldbe obtainedfrom the spectracomponent®f % (t)
couldleadto transitiongo theupperevel of TLS. In caseof weaktrans\erseRF, suchpos-
sible transitionsdo not give a saturatioreffect. Thatmeansthe oscillators’bathactsonly
to destrgy coherenceandin the Schibdingerpicture,Markoff andsecularapproximations
[17], the equationof motion of the reducedmatrix densitybecomesa generalisednaster
equationwithout atermincluding suchtransitiong18]. In suchcircumstancesn the new
frameO'x'y'Z, thedynamicscould be givenby the Bloch equationswvithout trans\erseRF
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field. They considerHgq,p throughthe two relaxationtimes, 1, andt,, the longitudinal
andthetrans\ersalrelaxationtime, respectiely. Theirform is [17]

0) _
S g S-S

S(’:_(’q_%/_?d_za %/:&)LS(’_ga T ’ (5)

wherehereandin thefollowing the superscript (9" denoteghe valuein the equilibrium
state.In orderto solve Egs.(5), we shalluse(asa technique}he rotationmatrix induced
by transformationof bases.The grandwave function of the completesystemis written
[19]

1X) =[NP+ )& = 1)1+ [2) D, (6)

where®’s arefunctionscontainingthe variablesof the environmentandof mTSS,others
thanthosedescribingthe two coordinatef TLS. Betweenthe spinorsof the two bases,
the spinorrotationmatrix is written [20]

(22)2(_02{559 iglg)(gl) (7)

For example,in the basis{|l),|r)} thespinor(®;,®;)" generateshereducednatrix den-

sity
o) (DD, 1/ 1+S,  S—i
pZbeathHX)(X”:( éq3|r||¢»:g §q>:||q>rg ) :E( S+iy 1_IS§, )’ ©

where Trpah meansan averageon oscillators’ bathensemble A similar relationwill be

foundfor thebasis{|1},|2)} (in obtainingEq. (8), weusedp = (1+06- §)/2). Considering
Egs. (6) and(8) for the two baseswe recover the rotation matrix of all vectorsthatis

generatedby the spinorrotationmatrix [21]

( Sy ) ( cos20 0 —sin20 ) ( S )
S | = 0 1 0 S |. (9)
S, sin26 0 cos28 S

Thetemporalevolution of thesystermwill becharacterisely thefunctions®, sothatEgs.
(8) and(9) hold at ary moment.RegardingEgs. (6) and(8), we mustremarkthat such
formshold only if we assume negligible mTSS-mTSSnteraction thatis, the complete
systemcould be representednly by one mTSSin interactionwith the medium. This
approximationcanwork for a small densityof mTSSs.To solve Egs. (5), we needthe
initial conditionsandthe stationarysolution At t = 0, the systemis preparedn a pure
stateandthe reducedmatrix densityis p(0) = (1+ o) /2 for this case(TLS in theinitial

state|l)), sothatwith p(0) = (1+3-9)/2, oneobtainsS,(0) = S,(0) = 0 andS,(0) = 1.

In thebasis{|1),|2)} with Eq. (9) we obtain

S¢(0) = —sin28, Sy(0)=0, S,(0)=cos26. (10)

FIZIKA A 7(1998)4,165-176 169



CHECHEET AL.. A RESONANCE TREATMENT AND ITS APPLICATIONTO...

At equilibrium,thereducedmatrix densityis givenby

p’“”—(vgl \AO/Z) %(eXp(BBEl) exp(BBEz))’ ()

with Z = 2cost{fhw /2) [12]. FromEq. (11), atequilibrium,oneobtainsg((o) = S(VO) =0
andS(Zo) =W — W, = —tanh(fhwy /2). For ourinitial conditions thesolutionof Eq. (5) is

Se(t) = —sin28 coswit exp(—t/12), Sy(t) = —sin20 sinwLt exp(—t/12),

S (t) = (co20— &) exp(~t/1) + & (12)

The inverseof the rotation matrix generateghe following solution for the measurable
macroscopicoordinate:

1412

coswy t t

Tofind therelaxationtimes,onecanusea straightforvardperturbation-theoreticaialcula-
tion. Leggettetal. [12] find thatto a secondrderin the system-emironmentcoupling,the
two timesareequal A moreaccuratecalculus thattakesinto considerationthefluctuation
of g, gives[13,22]

2

Ti = ?—%J(M)coth(m“) and T2 =21 (14)
1

For quantitatve estimation®of thedecayrate,onecanusethe averagesurvival time” that,
in accordancevith Ref. 23 canbedefinedby

(o)

S(t) - Sz(°°
=/ o

It is equivalentto the “meanfirst passag¢ime”, andits inversewill sere asoneestimate
for thereactionrateconstantUsing Egs.(13), (14) and(15), we find

. (r/V14+712) (r/v/1+r2— S(Z)T1+T2/{(1+r 1+wfr2
m= 1-S, (r/vV1+r?)

(16)
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3. Discussion

The dynamicsfoundin Eq. (13) is a superpositiorof two terms: an oscillating one
(“coherentcomponent”similar to thatoccurringfor unbiasedcase(e = 0), anda pureex-
ponentialrelaxation(“incoherentcomponent”which appearonly for biasedcase(e£0).
Theconsideratiorf S,(t) is particularlyimportantin thecontext of macroscopiguantum
coherencassue,wherean obsenation (non-obseration) of oscillatory behaiour would
be of fundamentakignificationto our understandingf quantummechanicsThe form of
Eq. (13) shaws the typical phenomenorof “quantumbeats”, reproducingquantumme-
chanicalinterferenceeffects. This expressiorcharacterisethe dynamicsof the subsystem
in interactionwith ervironment,in the weak coupling limit. The subsystenrelaxation
couldbeundedampedpverdampedor slow-orerdampeddependingon the valuesof the
parameterappearingn Eq. (13).

Thisresonancé&reatmentvasusedto characteris&€ TRin asolutionfor anoverdamped
regime of decay[24]. In the caseof ETR, thetwo enegy levels of TLS involvedin the
transitionarethe electronicgroundstateenegiesof the reactant,® (donor+ acceptor+
solvent, beforeelectrontransfer)and of the product,? (donor+ acceptor+ solvent, af-
ter electrontransfer). Theselevels are constructedn the self-consistenfield of all other
electronsandnuclei of the completesystem,as experiencedoy the transferringelectron
for a given nuclearconfiguration.The ervironmentfluctuationspermanentlymodify the
self-consistentield by changinghenuclear(vibrational)configurationand,consequently
the relative positionof the two electroniclevelsinvolvedin a transfer In this dynamical
picture, the electrontransferis producedby an electronictunnelling processwith maxi-
mal probability whentheselevels have the sameheight. In the weak couplinglimit, the
wealer influenceof # onthelevelsof TLS makesthefluctuationlessintense Unlikethe
treatmenbf HarrisandStodolski[19], Egs.(5) take into accounthe manifestatiorof this
fluctuation.The fluctuationleadsto the changeof the TLS populationby influencingthe
diagonaltermsof the reduceddensitymatrix [18]. A mostcommonenegetic represen-
tation of ETR is thatof the free enegy curves,wheree is assimilatedasthe free enegy
gap (reactionexothermicity) (seee.g.,Refs. 25 and 26). The ervironmentalfluctuations
permanentlychangethe valueof thefree enegy of the system changingthe occupiedvi-
broniclevels. The electrontransferrequiresthe passagérom the lowestvibronic level of
R tothelowestvibroniclevel of 2. As asupplementaryemark,we addthatour treatment
couldwork in principleevenfor astrongercouplingif thefactorsin28 thatappearsn #y
is smallenough(or r is largeenough).

As is known, for slow reactioncoordinate,such as solvent polarisationand gross
protein motion, wherein the majority of casesa strongcoupling limit is assumedan
overdampedrelaxationappeard27]. The methodof non-interactiorblip approximation
(NIBA) [12,28] that tacklesthe problemof time evolution of a subsystemin interaction
with its ervironmentis not accurateenoughat non-zerobias, weak coupling (dissipa-
tion) andlow temperaturgseee.g.,Ref. 22). Physically the resonancéreatmentasit is
conceved, approacheprincipally the regime whereNIBA solutionsare not sufiiciently
reliable.In our approachthe overdampedelaxationcouldbeattainedn the caseof anon-
adiabaticreaction(a reactionwherethe rateis muchslower thanthe solventrelaxation)
or atthe mostweakly adiabaticone. This requiresa relatively smallvalueof Er (nuclear
reomganisatiorenegy) andasmallt, (longitudinalrelaxationtime of thesolvent)[24]. To
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discriminatethe non-adiabaticitycharacteof areactionwe usetheadiabaticityparameter
[28], g = 41hA%T. /ER. If g < 1, thena non-adiabaticeactionregime could be assumed.
Equation(13) predictsanoverdampedegime (OVR) if thefollowing inequalityholds:

O\/RE‘( Vitr2 _S("O)) :

Consequentlyif r is large enoughi.e., for agivenexothermicity, thetunnellingtermhA is
smallenoughthenanoverdampedelaxationregime appears.

Next, we will considerasOhmicspectraldensityfunctiona Debyeform

(1413 > 1. (17)

Hw

1+ Wt

TheFeynman-\érnoninfluencefunctionalmethod[29] predictsfor suchaspectradensity
function an overdampedelaxationregime in the caseof ETR [24,27,28].From Eq. (14)
andwith o = g3/ (2rh), therelaxationtimesbecome

J(w) = (18)

1:2£: ™ o cothﬂq_w".

U T 142 14lt? 2

(19)

This approactholdsonly if in thelimit of zero-temperaturé/t> <« w, sothatit mustbe
appliedcarefully. Thevalidity condition(VC) of thistreatmentwhenrgl(T =0) issmall
comparedo w_, becomes

T
VC= < 1
2(14r2) (14 w?1?)

If r is small,the overdampedegime couldstill appealiif the“cos” oscillationsin Eq. (13)
arestronglydampedthatis, Tgl > w (not to be confusedwith the validity condition).
FromEgs.(14) and(19), for r = 0, this conditioncanbewritten

7coth£ﬁ—(’oL > 14 oft?, (20)

imposedarge T to obtainanoverdampedelaxationregimeandconsequentlyspecialcare
must be taken when this treatmentis appliedfor the unbiasedcase.For the considered
spectraldensity we found in Ref. 24 the dimensionlesparameter:.a = 1 Er/(h); the
relationholdsfor the consideredebyespectral Theresonanc#reatmentwhich holdsfor
weakspin-bosorcoupling,hencerequiresarelatively smallnucleareomganisatiorenegy.
The magnitudeof Eg for an overdampedegime is dependenon the otherparametersf
theproblem®A, e, 1., T). ForagivenT andty, relationsin Eq. (19) couldrequire,but not
necessarilylarge Er for the overdampedegimeto be attained.Similar conclusionsvere
obtainedby TangandLin who noted[9] thata smallerth, a highertemperaturandlarger
Er “work againsthe occurrencef oscillatoryelectrontransfereactions”.Thetheoretical
resultsobtainedn Ref.24 werein agoodenoughagreementvith the experimentaresults
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for solventswith shortlongitudinalrelaxationtimes (suchaswaterandacetonitrile)and
for reactioncenterdn protein,in thelimit of non-adiabaticeactions.

Next, with the new relaxationtimesfrom Eq. (14), we will consideran application
of our treatmentto the primary electrontransferin a mutantsphotosyntheticreaction
centerof Rhodobacteisphepides in which tyrosine (M)210 is replacedby tryptophan
((M)Y210W). For theusualexperimentalaluesof the parametersharacterisinghereac-
tion centerof photosynthetibacterig10,25,30-33]1. =0.09+ 0.2 pshA = 0.001+0.01
eV andEr = 0.01-= 0.3 eV (but with largerlimits for all of themandspeciallythe last
two). To compareour resultsto thoseof Najbarand Tachiya[30], we take € = 0.09 eV
andT = 80K theirpaperandt, = 0.1 psandhA = 0.002eV. The confidenceparameters
areg= 0.13andVC = 2.4- 10~° sothatthetreatmentould be considered reliableone.
With the consideredralues,we obtainty, = 152 psfor Er = 0.084 eV, they arein good
accordancavith the experimentaldata[30]. The valueof 1, is muchgreaterthant, so
that, asalsothe value of g predicts,the reactionproceedsn a non-adiabaticor at most
a weak adiabaticregime. In addition, the relaxationregime is an overdampedne, asit
shouldbefor theconsidered(w), seeFig. 1.

10

05

St

-0,5

-1,0 +

IR I N NN RRR S|
0 20 40 60 80 100 120

110" (s)

Fig. 1. S,(t) = 2p(t) — 1 for the mutantsphotosynthetiaeactioncenterof Rhodobacter
spheroideg(M)Y210W),; seethe numericalvaluesin text. One obtainsan overdamped
relaxationandS,(«) s —1, thatis, approximatelya unit probability thatthe reactionwill
occur

4. Conclusion
Wethink theresults obtainecherefor reactioncentersandin [24] for ETRin solutions,
couldconstituteargumentghatsupportthe validity of theresonancéreatmento describe

thoseETRthatcouldbeconsideredo be producedn theweakfriction limit (or equivalent
to this approachthosewith good enoughconfidenceparameters)We believe that the
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resultsobtaineduntil now aregoodreasongo hopethattheresonantreatmentill result

in goodresultsevenfor weakadiabaticETR by consideringa strongercouplingthanthat

supposedn obtainingEg. (13). Consequentlyconsideratiorof the transversecomponent
of Heoupi anda non-Marlovian approactcould contricute to predictaccuratelydynamics
of dissipatve two-statesystemdy theresonancéreatment.

Appendix

Letthestated. andR berepresentetly the Hamiltonians

i pf 0
HL = ;Z—mj +ULj(gj) +ULj(0), Hr= ;Z—mj*‘URj(QJ)"‘URj(QJ)a (A1)

where: q; is the coordinateof the " j-th” modein aryoneof the two macroscopictates,
L or R, Uj(q;j) andURJ (g;) arethe potentialsurfacesof the stated_ andR, respectrely,

andU;(0) andUR; (q ) aretheir minima, andq is the distancebetweerthe two minima
for “ j-th” mode.If we mtroducethe prOJect|onoperators(1+ 07)/2and(1- o;)/2onthe
two possiblestategbetweerthemthe dissipatve transitiontakesplace),the Hamiltonian
of TSSis written

hA 1 1
H :—?Gx"r §(1+02)HL+§(1_O—Z)HR7 (AZ)

or

UL (@) +ULj(0) + Urj(qj) + U (CI?)> 1

°X+z <2mJ 2

ULj(a;) +UL;(0) — Ur;j(q;) — Urj(af)
Comparingeg. (A.3) with Eq. (1), onecanidentify
ULj(0) - Ur;(d) UL j(a;) — Urj(qj
=1, e=y _ ) = LJ(qJ)Z Rj(qj), (A4)

J

sothat,indeed Eq. (A.2) hasaspin-bosorHamiltonianform. For the heatbathrepresented
by harmonicoscillatorsin the zero-shiftapproximatiorbetweernthe two statesof the j”
mode,onecanwrite:

ULj(a;) = mjfas/2, (A.5)

Ur;(aj) = mjoof (o — o)?/2, (A.6)

andcj = mJoozq andx; =qj — ‘-’/2 (the correlationbetweerthe* j” modeof the spin-
bosonmodelandthe“ j” modeof TSS).
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CHECHEET AL.. A RESONANCE TREATMENT AND ITS APPLICATIONTO...

TEORIA REZONANCIJA | PRIMJENA NA REAKCIJEELEKTRONSKOG
PRIJENOSAU FOTOSINTETICKIM REAKCIJSKIM SREDISTIMA

Opisuje se podrobno teorija “rezonantnogpostupka” zasn@ana na Blochovim jed-
nadZbamaza disipativan susta s dva stanja,u granici slabogvezanjamikroskopskog
sust&a s njegovom okolinom, u okviru “spin-bozon” modela. Uz pretpostaku omsle
spektralndunkcije gustce, primjenjujesedinamikaprijelaznevjerojatnostiu natkriti€no-
guSenimuvjetimau slucaju prvotnereakcijeelektronslog prijenosau bakterijslom foto-
sintettkom reakcijstom sredstu.
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