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Abstract:‌ ‌‌Understanding‌ ‌how‌ ‌Frenkel‌ ‌excitons‌ ‌efficiently‌ ‌split‌ ‌to‌ ‌form‌ ‌free-charges‌ ‌in‌‌                     

low-dielectric‌ ‌constant‌ ‌organic‌ ‌semiconductors‌ ‌has‌ ‌proven‌ ‌challenging,‌ ‌with‌ ‌many‌ ‌different‌‌                   

models‌ ‌proposed‌ ‌in‌ ‌recent‌ ‌years‌ ‌to‌ ‌explain‌‌this‌‌phenomenon.‌‌Here,‌‌we‌‌present‌‌evidence‌‌that‌‌a‌‌                             

simple‌ ‌model‌ ‌invoking‌ ‌a‌ ‌modest‌ ‌amount‌ ‌of‌ ‌charge‌ ‌delocalization,‌ ‌a‌ ‌sum‌ ‌over‌ ‌the‌ ‌available‌‌                           

microstates,‌ ‌and‌ ‌the‌ ‌Marcus‌ ‌rate‌ ‌constant‌ ‌for‌ ‌electron‌ ‌transfer‌ ‌can‌ ‌explain‌ ‌many‌ ‌seemingly‌‌                         

contradictory‌ ‌phenomena‌ ‌reported‌ ‌in‌ ‌the‌‌literature.‌‌We‌‌use‌‌an‌‌electron-accepting fullerene‌‌host‌‌                     

matrix‌ ‌dilutely‌ ‌sensitized‌ ‌with‌ ‌a‌ ‌series‌‌of‌‌electron‌‌donor‌‌molecules‌‌to‌‌test‌‌this‌‌hypothesis.‌‌The‌‌                             

donor‌‌series‌‌enables‌‌us‌‌to‌‌tune‌‌the‌‌driving‌‌force‌‌for‌‌photoinduced‌‌electron‌‌transfer‌‌over‌‌a‌‌range‌‌                               

of‌ ‌0.7‌ ‌eV,‌ ‌mapping‌ ‌out‌ ‌normal,‌ ‌optimal,‌ ‌and‌ ‌inverted‌ ‌regimes‌ ‌for‌ ‌free-charge‌ ‌generation‌‌                         

efficiency,‌ ‌as‌ ‌measured‌ ‌by‌ ‌time-resolved‌ ‌microwave‌ ‌conductivity.‌ ‌However,‌ ‌the‌‌                 

photoluminescence‌ ‌of‌ ‌the‌ ‌donor‌ ‌is‌ ‌rapidly‌ ‌quenched‌ ‌as‌ ‌the‌ ‌driving‌ ‌force‌ ‌increases,‌ ‌with‌ ‌no‌‌                           

evidence‌‌for‌‌inverted‌‌behavior,‌‌nor‌‌the‌‌linear‌‌relationship‌‌between‌‌photoluminescence‌‌quenching‌‌                     

and‌ ‌charge-generation‌ ‌efficiency‌ ‌one‌ ‌would‌‌expect‌‌in‌‌the‌‌absence‌‌of‌‌additional‌‌competing‌‌loss‌‌                         

pathways.‌ ‌This‌ ‌behavior‌ ‌is‌ ‌self-consistently‌ ‌explained‌ ‌by‌ ‌competitive‌ ‌formation‌ ‌of‌ ‌bound‌‌                     

charge-transfer‌‌states‌‌and‌‌long-range‌‌or‌‌delocalized‌‌free-charge‌‌states,‌‌where‌‌both‌‌rate‌‌constants‌‌                       

are‌ ‌described‌ ‌by‌ ‌the‌ ‌Marcus‌ ‌rate‌ ‌equation.‌ ‌Moreover,‌ ‌the‌ ‌model‌ ‌predicts‌ ‌a‌ ‌suppression‌ ‌of‌ ‌the‌‌                             

inverted‌ ‌regime‌ ‌for‌ ‌high-concentration‌ ‌blends‌ ‌and‌ ‌efficient‌ ‌ultrafast‌ ‌free-charge‌ ‌generation,‌‌                   



providing‌ ‌a‌ ‌mechanistic‌ ‌explanation‌ ‌for‌ ‌why‌ ‌Marcus-inverted-behavior‌ ‌is‌ ‌rarely‌ ‌observed‌ ‌in‌‌                     

device‌ ‌studies.‌ ‌ 
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Introduction:‌ ‌ 

Simple‌‌electrostatic‌‌arguments‌‌suggest‌‌that‌‌it‌‌should‌‌not‌‌be‌‌possible‌‌to‌‌make‌‌an‌‌efficient‌‌photovoltaic‌‌                             

device‌ ‌from‌ ‌a‌ ‌material‌ ‌with‌ ‌a‌‌dielectric‌‌constant‌‌between‌‌3‌‌and‌‌4.‌‌Yet‌‌single-junction‌‌organic‌‌photovoltaic‌‌                               

(OPV)‌ ‌cells‌ ‌have‌ ‌now‌ ‌exceeded‌ ‌18%‌ ‌power‌ ‌conversion‌ ‌efficiency,‌ ‌and‌ ‌progress‌ ‌continues‌ ‌apace.‌1‌ ‌Many‌‌                           

models‌ ‌have‌ ‌been‌ ‌proposed‌ ‌to‌ ‌describe‌ ‌photoinduced‌ ‌electron‌ ‌transfer‌ ‌(PET)‌ ‌between‌ ‌photoexcited‌‌donor‌‌                         

and‌ ‌acceptor‌ ‌species‌ ‌in‌ ‌solid-state‌ ‌organic‌ ‌systems‌2–10‌ ‌but‌ ‌a‌ ‌fully‌‌self-consistent,‌‌experimentally‌‌verifiable‌‌                         

model‌ ‌has‌ ‌proved‌ ‌elusive.‌ ‌In‌ ‌particular,‌ ‌the‌ ‌disconnect‌ ‌between‌ ‌the‌ ‌solution-phase‌ ‌molecular‌ ‌PET‌‌                         

community‌ ‌and‌ ‌the‌ ‌OPV‌ ‌world‌ ‌remains‌ ‌large.‌ ‌The‌ ‌description‌ ‌of‌ ‌electron‌ ‌transfer‌ ‌provided‌ ‌by‌ ‌Rudolf‌‌                             

Marcus‌ ‌is‌ ‌the‌ ‌unquestioned‌ ‌foundation‌‌of‌‌work‌‌in‌‌the‌‌former‌‌field,‌11–13‌ ‌while‌‌in‌‌the‌‌latter‌‌it‌‌has‌‌often‌‌been‌‌                                     

ignored‌ ‌or‌ ‌even‌ ‌explicitly‌ ‌discarded.‌ ‌It‌ ‌has‌ ‌been‌ ‌argued,‌ ‌for‌ ‌instance,‌ ‌that‌ ‌the‌ ‌Marcus‌ ‌formulation‌ ‌breaks‌‌                               

down‌‌in‌‌OPV‌‌materials‌‌because‌‌of‌‌the‌‌high‌‌density‌‌of‌‌electronic‌‌states‌‌participating‌‌in‌‌electron‌‌transfer‌‌when‌‌                                 

extended‌ ‌molecular‌ ‌aggregates,‌ ‌such‌ ‌as‌ ‌when‌ ‌fullerene‌ ‌crystallites‌ ‌are‌ ‌present‌14‌ ‌We‌ ‌seek‌ ‌to‌ ‌test‌ ‌this‌ ‌idea,‌‌                               

exploring‌ ‌the‌ ‌limits‌ ‌of‌ ‌the‌ ‌Marcus‌ ‌rate‌ ‌equation‌‌(1)‌‌in‌‌describing‌‌electron‌‌transfer‌‌in‌‌the‌‌presence‌‌of‌‌these‌‌                                   

extended‌ ‌molecular‌ ‌aggregates:‌‌ ‌  

‌ 
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2π  |  

|   DA
 |  
|  
2

1
√4πλk TB

−[ 4λk TB

(λ+∆G )PET
2] (1)‌ ‌ 

‌ 

Here,‌ ‌‌∆G‌PET‌ ‌is‌ ‌the‌ ‌Gibbs‌‌energy‌‌change‌‌of‌‌the‌‌PET‌‌reaction,‌‌‌λ‌‌is‌‌the‌‌reorganization‌‌energy‌‌associated‌‌with‌‌                                   

the‌‌differing‌‌nuclear‌‌geometry‌‌of‌‌reactants‌‌and‌‌products,‌‌and‌‌‌H‌DA‌ ‌is‌‌the‌‌electronic‌‌coupling‌‌(orbital‌‌overlap)‌‌                               

between‌‌the‌‌donor‌ ‌(D)‌‌and‌‌acceptor‌‌(A)‌‌statesThe‌‌distinctive‌‌prediction‌‌of‌‌this‌‌model‌‌is‌‌an‌‌optimal‌‌value‌‌of‌‌                                   

k‌PET‌ ‌where‌‌‌∆G‌ ‌=‌‌-‌λ‌.‌‌For‌‌larger‌‌values‌‌of‌‌‌∆G‌ ‌the‌‌reaction‌‌becomes‌‌‌too‌‌exergonic‌,‌‌and‌‌an‌‌“inverted‌‌region”‌‌is‌‌                                       

predicted‌ ‌where‌ ‌‌k‌PET‌‌ ‌decreases‌ ‌as‌ ‌‌|‌∆G‌|‌‌ ‌increases.‌ ‌ 

https://www.zotero.org/google-docs/?KusFhP
https://www.zotero.org/google-docs/?pUUEDt
https://www.zotero.org/google-docs/?GpHiFT
https://www.zotero.org/google-docs/?D5tbrW


We‌‌have‌‌demonstrated‌‌this‌‌“inverted‌‌region”‌‌several‌‌times‌‌using‌‌free-charge‌‌carrier‌‌yield‌‌as‌‌a‌‌proxy‌‌                             

for‌ ‌ ,‌ ‌but‌ ‌usually‌ ‌in‌ ‌systems‌ ‌with‌ ‌modest‌ ‌charge‌ ‌carrier‌ ‌mobility,‌ ‌and‌ ‌in‌ ‌particular‌ ‌without‌ ‌large‌‌  kPET                              

fullerene‌‌aggregates‌‌that‌‌might‌‌be‌‌expected‌‌to‌‌introduce‌‌a‌‌wide‌‌manifold‌‌of‌‌charge-transfer‌‌states‌‌that‌‌could‌‌                               

lead‌ ‌to‌ ‌a‌ ‌weakening‌ ‌or‌ ‌absence‌ ‌of‌ ‌rate-constant‌ ‌/‌ ‌yield‌ ‌inversion.‌15–17‌ ‌Here,‌ ‌we‌ ‌report‌ ‌charge‌ ‌yield‌ ‌and‌‌                                 

photoluminescence‌ ‌quenching‌ ‌(PLQ)‌ ‌as‌ ‌a‌ ‌function‌ ‌of‌ ‌the‌‌driving‌‌force‌‌for‌‌PET‌‌from‌‌a‌‌series‌‌of molecular‌‌                               

donors‌ ‌at‌ ‌low‌ ‌concentration‌ ‌in‌‌a‌‌6,6-phenyl‌‌C‌61‌-butyric‌‌acid‌‌methyl‌‌ester‌‌(PCBM)‌‌host‌‌matrix.‌‌Despite‌‌the‌‌                               

fullerene‌‌host‌‌and‌‌its‌‌anticipated‌‌high‌‌density‌‌of‌‌states,‌‌we‌‌observe‌‌normal,‌‌optimal,‌‌and‌‌inverted‌‌regimes‌‌of‌‌                                 

free‌‌charge‌‌generation‌‌using‌‌time-resolved‌‌microwave‌‌conductivity‌‌(TRMC).‌‌However,‌‌PLQ‌‌experiments‌‌on‌‌                       

the‌ ‌same‌ ‌samples‌ ‌reveal‌ ‌that‌ ‌the‌ ‌quenching‌ ‌efficiency‌ ‌rises‌ ‌much‌ ‌faster‌ ‌than‌ ‌the‌ ‌free‌ ‌charge‌ ‌yield,‌ ‌and‌‌                                 

quickly‌ ‌reaches‌ ‌100%‌ ‌while‌‌the‌‌free-charge‌‌yield‌‌peaks‌‌at‌‌~‌‌60%.‌‌Moreover,‌‌there‌‌is‌‌no‌‌“inverted”‌‌regime‌‌                                 

observed‌‌for‌‌the‌‌PLQ,‌‌which‌‌remains‌‌at‌‌100%‌‌even‌‌for‌‌the‌‌largest‌‌driving‌‌force‌‌(-0.69‌‌eV)‌‌we‌‌were‌‌able‌‌to‌‌                                       

test.‌ ‌ 

These‌ ‌results‌ ‌can‌ ‌be‌ ‌self-consistently‌ ‌described‌ ‌by‌ ‌a‌ ‌Distributed‌ ‌Range‌ ‌Electron‌ ‌Transfer‌ ‌(DRET)‌‌                         

model‌ ‌where‌ ‌localized‌ ‌charge-transfer‌ ‌(CT)‌ ‌states‌ ‌kinetically‌ ‌compete‌ ‌with‌ ‌free-charge‌ ‌(FC)‌‌states‌‌for‌‌the‌‌                           

available‌‌exciton‌‌population.‌‌In‌‌each‌‌case,‌‌the‌‌rate-constant‌‌for‌‌electron‌‌transfer‌‌is‌‌described‌‌by‌‌the‌‌Marcus‌‌                               

rate‌ ‌equation‌ ‌(‌eqn.‌ ‌1‌),‌ ‌allowing‌ ‌for‌ ‌differing‌‌reorganization‌‌energies‌‌and‌‌driving‌‌forces‌‌for‌‌the‌‌FC‌‌and‌‌CT‌‌                                 

species.‌‌A‌‌sum‌‌over‌‌the‌‌rate‌‌constants‌‌for‌‌transfer‌‌to‌‌the‌‌available‌‌microstates‌‌for‌‌bound‌‌and‌‌free‌‌charge‌‌pairs‌‌                                     

over‌ ‌a‌ ‌wide‌ ‌range‌ ‌of‌ ‌distances‌ ‌allows‌ ‌FC‌ ‌states‌ ‌with‌ ‌larger‌ ‌electron-hole‌ ‌separation‌ ‌distances‌ ‌to‌ ‌compete‌‌                               

effectively‌ ‌with‌ ‌shorter-range,‌ ‌more‌ ‌tightly‌ ‌bound,‌ ‌CT‌ ‌states‌ ‌when‌ ‌‌∆G‌ ‌is‌ ‌near‌‌the‌‌optimum‌‌(ca.‌‌-0.4‌‌eV). ‌‌                                 

This‌‌process‌‌is‌‌enabled‌‌by‌‌a‌‌moderately‌‌long-range‌‌electron‌‌transfer‌‌process,‌‌described‌‌by‌‌an‌‌exponentially‌‌                             

decaying‌ ‌electronic‌ ‌coupling‌ ‌element‌ ‌(‌H‌DA‌)‌ ‌at‌ ‌greater‌ ‌distances.‌ ‌These‌ ‌results‌ ‌unify‌ ‌our‌ ‌understanding‌ ‌of‌‌                           

electron‌ ‌transfer‌ ‌in‌ ‌both‌ ‌solution‌ ‌and‌ ‌solid-state‌ ‌systems,‌ ‌and‌ ‌the‌‌model‌‌allows‌‌us‌‌to‌‌make‌‌experimentally‌‌                               

testable‌ ‌predictions‌ ‌concerning‌ ‌the‌ ‌sub-gap‌ ‌FC‌ ‌and‌ ‌CT‌ ‌state‌ ‌spectra,‌ ‌the‌ ‌temperature-dependence‌ ‌of‌‌                         

https://www.zotero.org/google-docs/?zKoDXU


free-charge‌ ‌generation,‌ ‌and‌ ‌the‌ ‌behavior‌ ‌of‌ ‌the‌ ‌high‌ ‌concentration‌ ‌donor/acceptor‌ ‌blends‌ ‌used‌ ‌in‌ ‌OPV‌‌                           

devices.‌ ‌Ultimately‌‌we‌‌predict‌‌that‌‌the‌‌high‌‌density‌‌of‌‌states‌‌available‌‌in‌‌high‌‌concentration‌‌donor:acceptor‌‌                             

blends‌ ‌does‌‌indeed‌‌suppress‌‌the‌‌Marcus‌‌inverted‌‌regime‌‌in‌‌OPV‌‌devices,‌‌but‌‌that‌‌the‌‌Marcus‌‌rate‌‌equation‌‌                                 

remains‌ ‌foundational‌ ‌to‌ ‌our‌ ‌understanding‌ ‌of‌ ‌electron‌ ‌transfer‌ ‌in‌ ‌these‌ ‌systems.‌ ‌ 

We‌ ‌first‌ ‌describe‌ ‌our‌ ‌experimental‌ ‌design‌ ‌and‌ ‌results,‌ ‌demonstrating‌ ‌the‌ ‌apparent‌ ‌discrepancy‌‌                       

between‌‌photoluminescence‌‌quenching‌‌and‌‌free‌‌charge‌‌yield,‌‌as‌‌well‌‌as‌‌evidence‌‌for‌‌an‌‌inverted‌‌regime‌‌for‌‌                               

free‌ ‌charge‌ ‌yield‌ ‌in‌ ‌our‌ ‌fullerene‌ ‌host.‌ ‌This‌ ‌is‌ ‌followed‌ ‌by‌ ‌a‌ ‌detailed‌‌description‌‌of‌‌the‌‌DRET‌‌model,‌‌the‌‌                                     

predictions‌ ‌it‌ ‌makes‌ ‌possible,‌ ‌and‌ ‌comparison‌ ‌with‌ ‌relevant‌ ‌literature.‌ ‌ 

‌ 

Results‌ ‌and‌ ‌Discussion:‌ ‌ 

Testing‌‌‌eqn.‌‌1‌‌requires‌‌two‌‌things:‌‌(1)‌‌an‌‌experimental‌‌observable‌‌that‌‌is‌‌controlled‌‌by‌‌‌k‌PET‌,‌ ‌and‌‌(2)‌‌                                 

the‌‌ability‌‌to‌‌tune‌‌‌∆G‌ ‌across‌‌a‌‌useful‌‌range.‌‌‌Figure‌‌1‌‌‌illustrates‌‌our‌‌approach.‌‌To‌‌satisfy‌‌the‌‌first‌‌criteria‌‌we‌‌                                       

choose‌‌to‌‌measure‌‌both‌‌photoluminescence‌‌quenching‌‌yield‌‌(‌ϕ‌PLQ‌)‌‌and‌‌free-charge‌‌carrier‌‌yield‌‌(‌ϕ‌FC‌)‌‌as‌‌this‌‌                             

allows‌‌observation‌‌of‌‌both‌‌the‌‌reactants‌‌(excitons)‌‌and‌‌products‌‌(free‌‌charges)‌‌of‌‌the‌‌reaction.‌‌Each‌‌of‌‌these‌‌                                 

can‌ ‌be‌ ‌connected‌ ‌to‌ ‌‌k‌PET‌‌ ‌‌via:‌ ‌ 

φFC = kPET
k +kr+nr PET

(2)‌ ‌ 

 φPLQ = 1 − kr+nr
k +kr+nr PET

(3)‌ ‌ 

Where‌ ‌‌k‌r+nr‌ ‌is‌ ‌the‌ ‌fluorescence‌ ‌rate‌ ‌constant‌ ‌of‌ ‌the‌ ‌reactant‌ ‌exciton.‌ ‌We‌ ‌ensure‌ ‌that‌ ‌‌k‌PET‌ ‌is‌ ‌the‌‌                                 

controlling‌ ‌rate‌ ‌constant‌ ‌by‌ ‌eliminating‌ ‌the‌ ‌possibility‌ ‌of‌ ‌exciton‌ ‌diffusion‌ ‌or‌ ‌energy‌ ‌transfer‌ ‌to‌ ‌a‌‌                             

host-centered‌‌excited‌‌state;‌‌we‌‌use‌‌extreme‌‌dilution‌‌(0.005‌‌mol‌‌kg‌-1‌)‌‌of‌‌electron-donating‌‌guest‌‌molecules‌‌in‌‌                             

a‌ ‌solid‌ ‌solution‌ ‌of‌ ‌our‌ ‌electron‌‌acceptor‌‌(PCBM),‌‌and‌‌choose‌‌donors‌‌(phthalocyanines,‌‌naphthalocyanines,‌‌                         

and‌ ‌squaraines,‌ ‌‌Figure‌ ‌1e‌)‌ ‌that‌ ‌cannot‌ ‌transfer‌ ‌their‌ ‌exciton‌ ‌energy‌ ‌to‌ ‌PCBM,‌ ‌though‌ ‌energy‌ ‌transfer‌ ‌to‌‌                               

weakly‌ ‌absorbing‌‌charge-transfer‌‌states‌‌cannot‌‌be‌‌entirely‌‌ruled‌‌out.‌‌‌Figure‌‌1a‌‌‌quantitatively‌‌‌illustrates‌‌the‌‌                           



low‌‌concentration‌‌of‌‌donors‌‌in‌‌our‌‌films,‌‌and‌‌‌1b‌‌contrasts‌‌it‌‌with‌‌a‌‌1:1‌‌mole‌‌fraction‌‌film.‌‌Evidence‌‌for‌‌the‌‌                                       

isolation‌ ‌of‌ ‌our‌ ‌sensitizers‌ ‌comes‌ ‌from‌ ‌absorption‌ ‌spectroscopy‌ ‌(‌Figures‌ ‌1c,‌ ‌S1‌).‌ Figure‌ ‌1c‌ ‌shows,‌ ‌as‌‌                             

examples,‌ ‌absorption‌ ‌spectra‌ ‌of‌ ‌a‌ ‌PCBM‌ ‌film‌ ‌sensitized‌ ‌with‌ ‌a‌‌phthalocyanine‌‌guest‌‌donor‌‌(red),‌‌the‌‌neat‌‌                               

PCBM‌ ‌(brown),‌ ‌and‌ ‌the‌ ‌phthalocyanine‌ ‌in‌ ‌polystyrene‌ ‌and‌ ‌chlorobenzene‌ ‌solution‌ ‌(green‌ ‌and‌ ‌black,‌‌                         

respectively).‌ ‌The‌ ‌extensive‌ ‌red-shifting‌ ‌and‌ ‌broadening‌‌typical‌‌of‌‌aggregated‌‌phthalocyanines‌‌is‌‌absent‌‌in‌‌                         

these‌ ‌films,‌ ‌suggesting‌ ‌that‌ ‌we‌ ‌have‌ ‌indeed‌ ‌prepared‌ ‌samples‌ ‌that‌ ‌resemble‌ ‌a‌ ‌solid‌ ‌solution‌ ‌–‌ ‌it‌ ‌does‌ ‌not‌                                   

resemble‌ ‌the‌ ‌typical‌ ‌aggregate‌ ‌spectra‌ ‌of‌ ‌pure‌ ‌phthalocyanine‌ ‌films.‌18–21‌ ‌ 

The‌‌symmetric‌‌broadening‌‌and‌‌slight‌‌red‌‌shift‌‌of‌‌phthalocyanine‌‌spectrum‌‌in‌‌the‌‌PCBM‌‌host‌‌may‌‌be‌‌                               

due‌‌to‌‌a‌‌combination‌‌of‌‌effects.‌‌First,‌‌we‌‌note‌‌that‌‌this‌‌phenomenon‌‌is‌‌universal‌‌for‌‌all‌‌our‌‌sensitizers,‌‌even‌‌                                     

those‌‌(Sq1‌‌and‌‌Sq2)‌‌that‌‌we‌‌will‌‌show‌‌below‌‌not‌‌to‌‌exhibit‌‌strong‌‌PL‌‌quenching‌‌or‌‌free-charge‌‌generation.‌‌                                   

Raising‌‌the‌‌refractive‌‌index‌‌of‌‌the‌‌medium‌‌(from‌‌~1.5-1.6‌‌in‌‌solution‌‌or‌‌polystyrene‌‌to‌‌~1.9-2‌‌in‌‌the‌‌PCBM‌‌                                   

host‌22,23‌)‌ ‌would‌ ‌be‌ ‌expected‌ ‌to‌ ‌red-shift‌ ‌even‌ ‌modestly‌ ‌dipolar‌ ‌excited‌ ‌states,‌ ‌and‌‌PCBM‌‌doping‌‌has‌‌been‌‌                               

shown‌ ‌to‌ ‌produce‌ ‌just‌ ‌this‌ ‌effect,‌ ‌even‌ ‌at‌ ‌low‌ ‌weight‌ ‌percentages.‌24‌ ‌It‌ ‌is‌ ‌also‌ ‌possible‌ ‌that‌ ‌there‌ ‌are‌‌                                   

contributions‌ ‌from‌ ‌the‌ ‌often‌ ‌observed‌ ‌charge-transfer‌ ‌absorption‌ ‌at‌ ‌the‌ ‌donor‌ ‌acceptor‌ ‌interface.‌25–27‌ ‌The‌‌                         

latter‌‌effect‌‌is‌‌deemed‌‌to‌‌be‌‌an‌‌unlikely‌‌explanation,‌‌however,‌‌as‌‌CT-absorption‌‌is‌‌usually‌‌confined‌‌to‌‌states‌‌                                 

far‌ ‌down‌ ‌the‌ ‌absorption‌‌tail‌‌with‌‌oscillator‌‌strengths‌‌at‌‌least‌‌two-orders‌‌of‌‌magnitude‌‌less‌‌than‌‌the‌‌primary‌‌                                 

excited‌ ‌state,‌ ‌and‌‌we‌‌do‌‌not‌‌observe‌‌charge-transfer‌‌emission‌‌bands‌‌in‌‌any‌‌of‌‌our‌‌PL‌‌data,‌‌nor‌‌is‌‌there‌‌any‌‌                                       

systematic‌ ‌dependance‌ ‌of‌ ‌the‌ ‌red-shift‌ ‌or‌ ‌broadening‌ ‌on‌ ‌‌∆G‌,‌ ‌as‌ ‌would‌ ‌be‌ ‌expected.‌28‌ 
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‌ 

‌ 

Figure‌‌1.‌‌‌a.‌‌‌Quantitative‌‌illustration‌‌of‌‌a‌‌0.5%‌‌mol-fraction‌‌sensitized‌‌film‌‌with‌‌a‌‌random‌‌distribution‌‌of‌‌donors.‌‌Inset‌‌image‌‌shows‌‌                                       

a‌ ‌5‌ ‌nm‌‌scale‌‌zoomed‌‌in‌‌description‌‌of‌‌the‌‌microstructure‌‌with‌‌isolated‌‌donors‌‌in‌‌the‌‌PCBM‌‌host.‌‌‌b.‌‌‌Illustration‌‌of‌‌a‌‌50:50‌‌mole‌‌                                             

fraction‌ ‌film.‌ ‌In‌ ‌both‌ ‌cases‌ ‌the‌ ‌tan‌ ‌color‌ ‌is‌ ‌used‌ ‌to‌ ‌represent‌ ‌PCBM‌ ‌while‌ ‌the‌ ‌blue‌ ‌is‌ ‌the‌ ‌sensitizer.‌ ‌‌c.‌‌‌Normalized‌‌absorption‌‌                                           

spectra‌‌of‌‌Pc2‌‌in‌‌1‌‌μM‌‌chlorobenzene‌‌solution‌‌(black),‌‌of‌‌Pc2‌‌as‌‌sensitizer‌‌at‌‌0.005‌‌mol‌‌kg‌-1‌ ‌in‌‌polystyrene‌‌(green),‌‌or‌‌PCBM‌‌(red),‌‌                                             

and‌‌of‌‌neat‌‌PCBM‌‌(brown)‌‌films.‌‌‌d.‌‌‌Cyclic‌‌voltammograms‌‌showing‌‌~1‌‌V‌‌range‌‌in‌‌oxidation‌‌potential‌‌achieved‌‌using‌‌our‌‌series‌‌of‌‌                                         

donor‌ ‌molecules.‌ ‌‌e.‌ ‌‌Molecular‌ ‌sensitizer‌ ‌structures‌ ‌and‌ ‌abbreviations‌ ‌used‌ ‌in‌ ‌this‌ ‌work‌ ‌(see‌ ‌also‌ ‌‌Table‌ ‌1‌).‌ ‌ 

‌ 



The‌ ‌second‌ ‌criteria‌ ‌above,‌ ‌tuning‌ ‌‌∆G‌,‌ ‌was‌ ‌accomplished‌ ‌by‌ ‌choosing‌ ‌a‌ ‌series‌ ‌of‌ ‌donor‌ ‌derivatives‌‌                             

with‌ ‌widely‌ ‌varying‌ ‌reversible‌ ‌oxidation‌ ‌potentials‌ ‌(characterized‌ ‌using‌ ‌cyclic‌ ‌voltammetry,‌ ‌‌Figure‌ ‌1d,e‌),‌‌                       

which,‌‌along‌‌with‌‌a‌‌moderate‌‌variation‌‌in‌‌excited-state‌‌energies‌‌(‌Figure‌‌S2‌‌and‌‌Table‌‌S1‌),‌‌afford‌‌a‌‌~0.7‌‌eV‌‌                                   

range‌ ‌in‌ ‌‌∆‌G‌‌ ‌(‌Figure‌ ‌1d,e,‌ ‌Table‌ ‌1‌).‌ ‌ 

‌ 

Figure‌ ‌2.‌ ‌‌Photoinduced‌ ‌free‌ ‌electron‌ ‌yield‌‌(‌ϕ‌FC‌ ‌‌,‌‌red‌‌markers)‌‌and‌‌PLQ‌‌yield‌‌(‌ϕ‌PLQ,‌ ‌‌blue‌‌markers).‌‌Data‌‌points‌‌are‌‌labeled‌‌with‌‌                                         

their‌‌corresponding‌‌sensitizer‌‌(‌Figure‌‌1e‌‌and‌‌‌Table‌‌1‌).‌‌The‌‌dashed‌‌curves‌‌are‌‌the‌‌result‌‌of‌‌a‌‌global‌‌fit‌‌to‌‌both‌‌‌ϕ‌PLQ‌ ‌and‌‌‌ϕ‌FC‌ ‌using‌‌                                               

the‌ ‌DRET‌ ‌model,‌ ‌described‌ ‌by‌ ‌‌eqns.‌‌1,6-12‌.‌‌Fit‌‌parameters‌‌are‌‌given‌‌in‌‌‌Table‌‌2‌.‌‌Error‌‌bars‌‌are‌‌standard‌‌errors‌‌calculated‌‌from‌‌                                         

replicate‌ ‌measurements‌ ‌as‌ ‌described‌ ‌in‌ ‌the‌ ‌‌Experimental‌.‌ ‌ 

‌ 

The‌ ‌primary‌ ‌experimental‌ ‌result‌‌of‌‌this‌‌work‌‌is‌‌shown‌‌in‌‌‌Figure‌‌2,‌‌‌which‌‌displays‌‌‌ϕ‌FC‌ ‌measured‌‌by‌                                 

TRMC‌ ‌and‌ ‌steady-state‌ ‌PLQ‌ ‌yield,‌ ‌‌ϕ‌PLQ‌,‌ ‌as‌ ‌a‌ ‌function‌ ‌of‌ ‌the‌‌nominal‌‌Gibbs‌‌energy‌‌for‌‌PET‌‌to‌‌a‌‌localized‌‌                                     

charge-transfer‌ ‌state,‌ ‌‌∆G‌CT‌ ‌(eqn.‌ ‌5).‌ ‌Each‌ ‌data‌ ‌point‌ ‌represents‌ ‌one‌ ‌of‌ ‌the‌‌seven‌‌sensitizers‌‌(‌Figure‌‌1e‌‌and‌‌                                 

Table‌ ‌1‌)‌ ‌at‌ ‌0.005‌ ‌mol‌ ‌kg‌-1‌ ‌‌in‌ ‌a‌ ‌host‌ ‌matrix‌ ‌of‌ ‌PCBM.‌ ‌A‌ ‌Marcus-like‌ ‌trend‌ ‌in‌ ‌‌ϕ‌FC‌ ‌with‌ ‌increasing‌ ‌‌∆G‌CT‌ ‌is‌‌                                         

evident,‌ ‌with‌ ‌a‌ ‌distinct‌ ‌optimum‌ ‌of‌ ‌ca.‌ ‌-0.4‌ ‌eV‌ ‌and‌ ‌a‌ ‌pronounced‌ ‌inverted‌ ‌regime‌ ‌at‌ ‌‌∆G‌CT‌ ‌<‌ ‌-0.4‌ ‌eV.‌‌The‌‌                                       

∆G‌CT‌-dependence‌ ‌of‌ ‌the‌ ‌‌ϕ‌PLQ‌,‌ ‌on‌ ‌the‌ ‌other‌ ‌hand,‌ ‌shows‌‌a‌‌rapid‌‌increase‌‌in‌‌quenching‌‌from‌‌ca.‌‌0‌‌−‌‌-0.3‌‌eV,‌‌                                       

which‌ ‌then‌ ‌saturates‌ ‌at‌‌~100%.‌‌In‌‌all‌‌cases,‌‌selective‌‌excitation‌‌of‌‌our‌‌red-absorbing‌‌sensitizers‌‌beyond‌‌the‌‌                               

absorption‌ ‌onset‌ ‌of‌ ‌PCBM‌ ‌eliminates‌ ‌the‌ ‌possibility‌ ‌of‌ ‌exciton‌ ‌diffusion‌ ‌and/or‌ ‌energy-transfer‌ ‌processes.‌ ‌ 



Ordinarily‌‌TRMC‌‌experiments‌‌do‌‌not‌‌directly‌‌provide‌‌the‌‌yield‌‌of‌‌free-charges,‌‌but‌‌rather‌‌the‌‌product‌‌                             

of‌ ‌free-charge‌ ‌carrier‌ ‌yield‌ ‌and‌ ‌the‌ ‌sum‌ ‌of‌ ‌the‌ ‌electron‌ ‌and‌ ‌hole‌ ‌mobilities‌ ‌(‌ϕΣμ‌)‌29,30‌ ‌ 

‌ 

μ μφ∑
 

i
μi = φe e + φh h (4)‌ ‌ 

‌ 

where‌ ‌‌ϕ‌e‌ ‌and‌ ‌‌µ‌e‌ ‌are‌ ‌the‌ ‌yield‌ ‌and‌ ‌mobility‌ ‌of‌ ‌electrons‌ ‌and‌ ‌‌ϕ‌h‌ ‌and‌ ‌‌µ‌h‌ ‌‌are‌ ‌the‌ ‌yield‌‌and‌‌mobility‌‌of‌‌holes,‌                                           

respectively.‌ ‌Two‌ ‌aspects‌ ‌of‌ ‌our‌ ‌experimental‌ ‌design‌ ‌allow‌ ‌us‌ ‌to‌ ‌assign‌ ‌the‌ ‌ordinate‌ ‌of‌ ‌‌Figure‌ ‌2‌‌                               

quantitatively‌‌to‌‌‌ϕ‌e‌ ‌(labeled‌‌as‌‌‌ϕ‌FC‌ ‌for‌‌generality‌‌in‌‌our‌‌DRET‌‌model):‌‌(1)‌‌the‌‌use‌‌of‌‌dilute‌‌(0.005‌‌mol‌‌kg‌-1‌)‌‌                                       

donor‌‌molecules‌‌in‌‌an‌‌electron‌‌accepting‌‌host‌‌(PCBM)‌‌eliminates‌‌the‌‌hole‌‌mobility‌‌contribution;‌‌and‌‌(2)‌‌the‌‌                               

fact‌‌that‌‌the‌‌electron‌‌mobility‌‌at‌‌our‌‌~9‌‌GHz‌‌microwave‌‌probe‌‌frequency‌‌is‌‌known‌‌from‌‌prior‌‌work‌‌by‌‌both‌‌                                     

Warman‌ ‌et‌ ‌al.‌ ‌and‌ ‌Ferguson‌  ‌(‌µ‌e‌‌ ‌=‌ ‌0.040-0.059‌ ‌cm‌2‌V‌-1‌s‌-1‌).‌31,32‌ 

The‌‌driving-force‌‌axis‌‌of‌‌‌Figure‌‌2‌,‌‌‌Δ‌G‌CT‌,‌‌was‌‌created‌‌by‌‌choosing‌‌our‌‌series‌‌of‌‌donor‌‌molecules‌‌with‌‌                                 

appropriately‌ ‌varied‌ ‌oxidation‌ ‌potentials‌ ‌and‌ ‌exciton‌ ‌energies‌ ‌(‌Table‌ ‌1‌)‌ ‌to‌ ‌act‌ ‌as‌ ‌guest‌ ‌sensitizers‌ ‌in‌ ‌the‌‌                               

PCBM‌ ‌host‌ ‌(‌Figure‌ ‌1d‌ ‌and‌ ‌1e‌).‌ ‌We‌ ‌calculate‌ ‌‌∆G‌CT‌‌ ‌according‌ ‌to:‌ ‌ 

‌ 

G  Δ CT = Eox,D − Ered,A − Eex (5)‌ ‌ 

‌ 

where‌‌‌E‌ox,‌D‌ ‌‌is‌‌the‌‌half-wave‌‌oxidation‌‌potential‌‌of‌‌the‌‌donor,‌‌‌E‌red,‌A‌ ‌is‌‌the‌‌half-wave‌‌reduction‌‌potential‌‌of‌‌the‌‌                                   

acceptor,‌‌and‌‌‌E‌ex‌ ‌‌is‌‌the‌‌energy‌‌of‌‌the‌‌lowest‌‌lying‌‌exciton‌‌in‌‌the‌‌system,‌‌all‌‌expressed‌‌in‌‌electron-volts.‌‌(See‌‌                                     

Fig.‌‌S2-S4‌‌‌and‌‌discussion‌‌for‌‌details‌‌on‌‌these‌‌quantities).‌‌We‌‌use‌‌the‌‌subscript‌‌“CT”‌‌to‌‌indicate‌‌that‌‌this‌‌is‌‌a‌‌                                       

simplified‌ ‌version‌ ‌of‌ ‌the‌ ‌Gibbs‌ ‌energy‌ ‌change‌ ‌for‌ ‌PET.‌ ‌The‌ ‌full‌ ‌form‌ ‌is:‌ ‌ 

‌ 
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G (D A )  Δ PET = Eox,D − Ered,A − Eex + ΔGS +W
+/ − (6)‌ ‌ 

‌ 

where‌‌the‌‌two‌‌additional‌‌terms‌‌in‌‌‌eqn.‌‌6‌‌are‌‌the‌‌Born‌‌correction,‌‌‌∆G‌S‌
33‌ ‌and‌‌the‌‌electrostatic‌‌work‌‌needed‌‌                                   

to‌ ‌form‌ ‌the‌ ‌product‌ ‌state,‌ ‌ ‌34‌ ‌The‌ ‌former‌ ‌accounts‌ ‌for‌ ‌the‌ ‌difference‌ ‌in‌ ‌dielectric‌ ‌medium‌ ‌in‌‌          (D A ).  W +/ −                      

which‌ ‌the‌ ‌redox‌ ‌potentials‌ ‌were‌ ‌measured‌ ‌versus‌ ‌that‌ ‌in‌ ‌which‌ ‌the‌ ‌PET‌ ‌reaction‌ ‌takes‌ ‌place;‌ ‌the‌ ‌latter‌                                 

accounts‌‌for‌‌the‌‌energy‌‌needed‌‌to‌‌separate‌‌the‌‌charges‌‌to‌‌their‌‌final‌‌distance.‌‌It‌‌turns‌‌out‌‌that‌‌if‌‌the‌‌dielectric‌‌                                       

constants‌‌for‌‌the‌‌CV‌‌measurements‌‌of‌‌ ‌and‌‌ are‌‌equal‌‌and‌‌much‌‌larger‌‌than‌‌that‌‌pertaining‌‌to‌‌the‌‌            Eox,D     Ered,A                    

PET‌ ‌reaction‌ ‌(‌ε‌A‌ ‌‌=‌ ‌‌ε‌D‌ ‌‌>>‌ ‌‌ε‌),‌‌and‌‌the‌‌smallest‌‌available‌‌charge‌‌transfer‌‌distance‌‌(R‌DA‌)‌‌is‌‌about‌‌equal‌‌to‌‌the‌                                       

donor‌ ‌and‌ ‌acceptor‌ ‌radii‌ ‌(i.e.‌ ‌‌r‌D‌‌ ‌‌≈‌‌ ‌‌r‌A‌‌ ‌‌≈‌‌ ‌‌R‌DA‌)‌ ‌these‌ ‌two‌ ‌terms‌ ‌reduce‌ ‌to:‌ ‌ 

‌ 

‌(D A )  ΔGS +W
+/ − = q2

4πεε0 ( r1 − 1
r0 )   (7)‌ ‌ 

‌ 

Here,‌‌‌r‌0‌ ‌is‌‌the‌‌initial‌‌radius‌‌of‌‌the‌‌reactant‌‌exciton,‌‌‌r‌‌is‌‌the‌‌final‌‌separation‌‌in‌‌the‌‌product‌‌state,‌‌and‌‌                                       

ε‌ ‌is‌ ‌the‌ ‌relative‌‌dielectric‌‌constant‌‌in‌‌which‌‌PET‌‌takes‌‌place.‌‌Evidently,‌‌if‌‌the‌‌charge-transfer‌‌product‌‌has‌‌a‌‌                                   

radius‌ ‌similar‌ ‌to‌ ‌the‌ ‌initial‌ ‌excited‌‌state‌‌(‌r‌ ‌‌≈‌‌‌r‌0‌),‌‌‌eqn.‌‌7‌‌‌vanishes,‌‌reducing‌‌‌eqn.‌‌6‌‌back‌‌to‌‌‌eqn.‌‌5.‌‌‌Another‌‌                                          

way‌ ‌of‌ ‌interpreting‌ ‌this‌ ‌statement‌ ‌is‌ ‌that‌ ‌the‌ ‌most‌ ‌localized‌ ‌product‌ ‌species‌ ‌(CT‌ ‌state)‌ ‌has‌ ‌the‌ ‌same‌‌                                 

electrostatic‌ ‌binding‌ ‌energy‌ ‌as‌ ‌the‌ ‌reactant‌ ‌exciton.‌ ‌Thus‌ ‌our‌ ‌assignment‌ ‌of‌ ‌‌eqn.‌ ‌5:‌‌it‌‌expresses‌‌the‌‌Gibbs‌‌                                 

energy‌ ‌change‌ ‌with‌ ‌respect‌ ‌to‌ ‌the‌ ‌nearest-neighbor‌ ‌CT‌ ‌state.‌‌In‌‌what‌‌follows‌‌we‌‌consistently‌‌use‌‌ to‌‌                              GΔ CT  

characterize‌ ‌the‌ ‌“driving‌ ‌force”‌ ‌for‌ ‌electron‌ ‌transfer,‌ ‌as‌ ‌it‌ ‌is‌ ‌a‌ ‌convenient‌ ‌quantity‌ ‌based‌ ‌on‌ ‌solid‌‌                               

experimental‌ ‌data.‌ ‌However,‌ ‌‌eqns.‌‌ ‌‌6‌‌ ‌and‌ ‌‌7‌‌ ‌are‌ ‌ultimately‌ ‌vital‌ ‌in‌ ‌the‌ ‌full‌ ‌analysis‌ ‌of‌ ‌our‌ ‌data.‌ ‌ 

‌ 

Table‌‌1.‌Tabulated‌‌average‌‌‌E‌ox,D‌ ‌and‌‌‌E‌ex‌ ‌for‌‌all‌‌sensitizers‌‌and‌‌‌∆G‌CT‌ ‌for‌‌each‌‌sensitizer:PCBM‌‌pair‌‌using‌‌measured‌‌‌E‌red,A‌ ‌of‌‌-1.07‌‌V‌‌                                           

for‌ ‌PCBM.‌ ‌All‌ ‌redox‌ ‌potentials‌ ‌are‌ ‌vs.‌ ‌Fc/Fc‌+‌.‌ ‌The‌ ‌error‌ ‌associated‌ ‌with‌ ‌the‌ ‌driving‌ ‌force‌ ‌is‌ ‌propagated‌ ‌from‌ ‌the‌ ‌averaged‌‌                                       
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oxidation‌‌and‌‌reduction‌‌potentials.‌‌All‌‌CV‌‌scans‌‌are‌‌shown‌‌in‌‌‌Figure‌‌S4‌.‌‌‌E‌ex‌ ‌values‌‌are‌‌from‌‌spectra‌‌in‌‌‌Figure‌‌S2‌.‌‌*Assuming‌‌a‌‌                                           

one-electron‌ ‌redox‌ ‌reaction,‌ ‌these‌ ‌half-wave‌ ‌potentials‌ ‌can‌ ‌be‌ ‌expressed‌ ‌in‌ ‌units‌ ‌of‌ ‌eV‌ ‌instead‌ ‌of‌ ‌V.‌ ‌ 

‌ 

Taken‌‌by‌‌itself,‌‌the‌‌trend‌‌in‌‌‌ϕ‌FC‌ ‌as‌‌a‌‌function‌‌of‌‌driving‌‌force‌‌in‌‌‌Figure‌‌2‌‌may‌‌be‌‌readily‌‌explained‌‌by‌‌                                         

the‌‌Marcus‌‌formulation‌‌for‌‌the‌‌rate‌‌constant‌‌of‌‌PET‌‌(‌k‌PET‌,‌‌‌eqn.‌‌1‌)‌‌if‌‌one‌‌makes‌‌the‌‌assumption‌‌that‌‌the‌‌only‌‌                                       

rate-constant‌ ‌in‌ ‌the‌ ‌system‌ ‌that‌ ‌changes‌ ‌as‌ ‌a‌ ‌function‌ ‌of‌ ‌driving‌ ‌force‌ ‌is‌ ‌‌k‌PET‌,‌ ‌as‌ ‌was‌ ‌done‌ ‌in‌ ‌‌eqn.‌ ‌2‌.‌‌                                       

However,‌‌the‌‌trend‌‌in‌‌‌ϕ‌PLQ‌ ‌observed‌‌in‌‌‌Figure‌‌2‌‌appears‌‌to‌‌contradict‌‌this‌‌simple‌‌hypothesis.‌‌‌ϕ‌PLQ‌ ‌increases‌‌                                 

rapidly‌‌with‌‌‌Δ‌G‌CT‌,‌‌and‌‌there‌‌is‌‌no‌‌evidence‌‌of‌‌an‌‌inverted‌‌regime.‌‌Furthermore,‌‌we‌‌observe‌‌a‌‌maximum‌‌‌ϕ‌FC‌ ‌at‌‌                                     

the‌‌optimum‌‌(ca.‌‌0.3-0.4‌‌eV)‌‌of‌‌only‌‌~60%,‌‌which‌‌is‌‌considerably‌‌lower‌‌than‌‌‌ϕ‌PLQ‌,‌‌and‌‌lower‌‌than‌‌one‌‌would‌‌                                     

expect‌ ‌assuming‌ ‌values‌ ‌of‌ ‌‌k‌PET‌ ‌~10‌12‌ ‌s‌-1‌ ‌typically‌ ‌reported‌ ‌in‌ ‌OPV‌ ‌materials‌ ‌and‌ ‌observed‌ ‌in‌ ‌our‌ ‌TA‌‌                                 

experiments‌ ‌(see‌ ‌‌SI‌ ‌Figures‌ ‌S7-15‌).‌ ‌We‌ ‌can‌ ‌mostly‌ ‌rule‌ ‌out‌ ‌the‌ ‌possibility‌ ‌that‌ ‌the‌ ‌low‌ ‌apparent‌ ‌yield‌‌of‌                                   

charges‌‌is‌‌simply‌‌due‌‌to‌‌an‌‌incorrect‌‌mobility‌‌value,‌‌as‌‌the‌ϕ‌FC‌ ‌curve‌‌remains‌‌reasonably‌‌bell-shaped‌‌without‌‌                                 

the‌ ‌flat-top‌ ‌one‌ ‌would‌ ‌expect‌ ‌if‌ ‌the‌ ‌free-carrier‌ ‌yield‌ ‌approached‌ ‌100%‌ ‌over‌ ‌any‌ ‌considerable‌ ‌range‌ ‌(see‌‌                               

Figure‌ ‌4b‌ ‌for‌ ‌an‌ ‌example).‌ ‌Similarly,‌ ‌the‌ ‌low‌ ‌free-charge‌ ‌yield‌ ‌and‌ ‌quenching‌ ‌efficiency‌ ‌cannot‌ ‌be‌‌                             

accounted‌‌for‌‌by‌‌heterogeneity‌‌in‌‌the‌‌samples,‌‌where‌‌some‌‌sensitizers‌‌undergo‌‌ultrafast‌‌PET‌‌while‌‌others‌‌do‌‌                               

not.‌ ‌Such‌ ‌a‌‌model‌‌would‌‌also‌‌predict‌‌a‌‌broad‌‌flat-topped‌‌shape‌‌in‌‌‌ϕ‌FC‌ ‌vs.‌‌‌∆‌G‌CT‌ ‌and‌‌would‌‌not‌‌explain‌‌why‌‌                                       

ϕ‌PLQ‌‌ ‌=‌ ‌100%‌ ‌across‌ ‌such‌ ‌a‌ ‌broad‌ ‌range.‌ ‌ 

Sensitizer‌ ‌  ‌*‌ ‌Eex  
(eV)‌ ‌ 

‌*‌ ‌Eox,D  
(eV)‌ ‌ 

(eV)‌ ‌GΔ CT  

Sq1‌ ‌  1.64‌ ‌  0.56‌ ‌  -0.01‌ ‌±‌ ‌0.03‌ ‌ 

Sq2‌ ‌  1.24‌ ‌  0.12‌ ‌  -0.05‌ ‌±‌ ‌0.05‌ ‌ 
Nc1‌ ‌  1.58‌ ‌  0.22‌ ‌  -0.29‌ ‌±‌ ‌0.01‌ ‌ 

Pc2‌ ‌  1.62‌ ‌  0.13‌ ‌  -0.42‌ ‌±‌ ‌0.03‌ ‌ 

Nc2‌ ‌  1.39‌ ‌  -0.16‌ ‌  -0.48‌ ‌±‌ ‌0.03‌ ‌ 
Pc1‌ ‌  1.59‌ ‌  -0.06‌ ‌  -0.58‌ ‌±‌ ‌0.03‌ ‌ 

Pc3‌ ‌  1.60‌ ‌  -0.16‌ ‌  -0.69‌ ‌±‌ ‌0.02‌ ‌ 



We‌ ‌posit‌ ‌that‌ ‌the‌ ‌conflict‌ ‌observed‌ ‌above‌ ‌between‌ ‌the‌ ‌TRMC,‌ ‌PL,‌ ‌and‌ ‌TA‌ ‌measurements‌ ‌may‌ ‌be‌‌                               

most‌ ‌simply‌ ‌explained‌ ‌through‌ ‌a‌ ‌‌competition‌ ‌between‌ ‌free-charge‌‌(FC),‌‌and‌‌localized‌‌charge-transfer‌‌(CT)‌‌                         

states,‌ ‌partitioning‌ ‌‌k‌PET‌ ‌into‌ ‌two‌ ‌components:‌ ‌‌k‌PET‌ ‌=‌ ‌‌k‌FC‌ ‌+‌ ‌‌k‌CT‌,‌ ‌where‌ ‌CT‌ ‌states‌ ‌are‌ ‌a‌‌loss‌‌pathway,‌‌‌not‌‌an‌‌                                       

intermediate‌‌leading‌‌to‌‌FC.‌‌‌Figure‌‌3a‌‌conceptually‌‌illustrates‌‌this‌‌kinetic‌‌scheme‌‌with‌‌both‌‌the‌‌electrostatic‌‌                             

potential‌‌and‌‌the‌‌Gibbs‌‌energy‌‌curve‌‌accounting‌‌for‌‌configurational‌‌entropy‌‌of‌‌the‌‌continuum‌‌of‌‌FC‌‌and‌‌CT‌‌                                 

states‌ ‌plotted.‌‌ ‌  

‌ 

Figure‌‌3.‌‌a.‌‌Proposed‌‌kinetic‌‌model‌‌showing‌‌competing‌‌processes‌‌of‌‌charge‌‌transfer‌‌to‌‌localized‌‌CT‌‌states‌‌vs.‌‌FC‌‌states.‌‌The‌‌                                         

black‌‌trace‌‌is‌‌the‌‌coulomb‌‌work‌‌term‌‌from‌‌‌eqn.‌‌6‌‌as‌‌a‌‌function‌‌of‌‌the‌‌separation‌‌distance‌‌between‌‌the‌‌electron‌‌and‌‌hole,‌‌‌r‌.‌‌The‌‌blue‌‌                                                 

trace‌‌is‌‌a‌‌Gibbs‌‌energy‌‌curve‌‌including‌‌an‌‌entropic‌‌correction‌‌accounting‌‌for‌‌the‌‌number‌‌of‌‌sites‌‌available‌‌for‌‌charge‌‌transfer‌‌using‌‌                                         

eqn.‌‌11.‌‌‌The‌‌distinction‌‌between‌‌FC‌‌and‌‌CT‌‌states‌‌is‌‌defined‌‌by‌‌the‌‌point‌‌at‌‌which‌‌the‌‌Gibbs‌‌energy‌‌curve‌‌is‌‌within‌‌1‌‌‌k‌B‌T‌‌of‌‌its‌‌                                                   

peak‌ ‌value,‌ ‌denoted‌ ‌‌r‌c‌.‌ ‌The‌ ‌kinetic‌ ‌process‌ ‌is‌ ‌as‌ ‌follows:‌ ‌1.‌ ‌Selective‌ ‌photoexcitation‌ ‌of‌ ‌the‌ ‌sensitizer‌ ‌(donor),‌ ‌2.‌ ‌Exciton‌‌                                     

dissociation‌‌into‌‌either‌‌FC‌‌or‌‌CT‌‌states‌‌with‌‌rate‌‌constants‌‌‌k‌FC‌ ‌‌and‌‌‌k‌CT‌,‌‌3.‌‌ultimate‌‌recombination‌‌of‌‌FC‌‌states‌‌via‌‌the‌‌bimolecular‌‌                                           

rate-constant‌‌‌γ‌r‌.‌‌‌Both‌‌the‌‌exciton‌‌and‌‌the‌‌CT‌‌states‌‌may‌‌decay‌‌directly‌‌to‌‌the‌‌ground-state.‌ ‌‌b.‌‌‌Illustration‌‌of‌‌the‌‌spherical‌‌shells‌‌of‌‌                                           

acceptor‌‌sites‌‌(grey)‌‌available‌‌to‌‌participate‌‌in‌‌electron‌‌transfer‌‌at‌‌any‌‌given‌‌radius,‌‌‌r‌,‌‌from‌‌the‌‌donor‌‌(blue);‌‌calculated‌‌according‌‌                                       



to‌‌‌eqn.‌‌11‌.‌‌‌c.‌‌‌A‌‌microscopic‌‌cartoon‌‌depicting‌‌the‌‌influence‌‌of‌‌entropy‌‌after‌‌electron‌‌transfer,‌‌where‌‌there‌‌are‌‌more‌‌pathways‌‌that‌‌                                         

lead‌ ‌to‌ ‌separation‌ ‌(yellow)‌ ‌than‌ ‌those‌ ‌that‌ ‌lead‌ ‌to‌ ‌recombination‌ ‌or‌ ‌CT‌ ‌state‌ ‌formation‌ ‌(red).‌ ‌ 

‌ 

Upon‌‌photoexcitation‌‌a‌‌singlet‌‌exciton‌‌(S‌1‌)‌‌is‌‌formed‌‌on‌‌the‌‌donating‌‌sensitizer,‌‌and‌‌PET‌‌takes‌‌place‌‌across‌‌a‌‌                                   

wide‌ ‌distribution‌ ‌of‌ ‌distances,‌ ‌which‌ ‌we‌ ‌partition‌ ‌into‌ ‌FC‌ ‌states‌‌forming‌‌with‌‌the‌‌cumulative‌‌rate‌‌constant‌‌                               

k‌FC‌,‌‌or‌‌CT‌‌states‌‌forming‌‌with‌‌cumulative‌‌rate‌‌constant‌‌‌k‌CT‌.‌‌The‌‌latter‌‌may‌‌decay‌‌to‌‌the‌‌ground‌‌state‌‌but‌‌do‌‌                                       

not‌ ‌dissociate‌‌to‌‌form‌‌free-charges‌‌due‌‌to‌‌their‌‌binding‌‌energy.‌‌Mobile‌‌charges‌‌in‌‌FC‌‌states‌‌may‌‌recombine‌‌                                 

with‌ ‌bimolecular‌ ‌rate‌ ‌constant‌ ‌(‌γ‌r‌)‌ ‌through‌ ‌the‌ ‌localized‌ ‌CT‌ ‌states.‌ ‌The‌ ‌proposal‌ ‌of‌ ‌a‌ ‌delocalized‌‌                             

charge-separated‌‌transition‌‌state,‌ ‌CS‌#‌ ‌,‌‌intermediate‌‌between‌‌the‌‌exciton‌‌and‌‌CT‌‌or‌‌FC‌‌states‌‌is‌‌not‌‌required‌‌                                 

by‌ ‌our‌ ‌present‌ ‌data,‌ ‌but‌ ‌it‌ ‌is‌ ‌consistent‌ ‌with‌ ‌the‌ ‌need‌ ‌for‌ ‌coupled‌‌donor‌‌or‌‌acceptor‌‌aggregates‌‌to‌‌produce‌‌                                     

free-charges.‌16,24–26‌ ‌Whether‌ ‌this‌ ‌state‌ ‌is‌ ‌real‌ ‌or‌ ‌representative‌ ‌of‌ ‌a‌ ‌tunneling‌ ‌probability‌ ‌or‌ ‌wavefunction‌‌                           

overlap‌ ‌between‌ ‌the‌ ‌donor‌ ‌and‌ ‌a‌ ‌distant‌ ‌acceptor‌ ‌is‌ ‌a‌ ‌matter‌ ‌of‌ ‌interpretation.‌‌ ‌  

The‌‌kinetic‌‌scheme‌‌described‌‌above‌‌forms‌‌the‌‌basis‌‌of‌‌the‌‌analytical‌‌model‌‌with‌‌which‌‌we‌‌globally‌‌fit‌‌                                 

our‌‌‌ϕ‌PLQ‌ ‌and‌‌‌ϕ‌FC‌ ‌curves‌‌in‌‌‌Figure‌‌2‌.‌‌We‌‌refer‌‌to‌‌it‌‌as‌‌the‌‌Distributed‌‌Range‌‌Electron‌‌Transfer‌‌(DRET)‌‌model,‌‌                                       

as‌ ‌its‌‌key‌‌characteristic‌‌is‌‌a‌‌wide‌‌distribution‌‌in‌‌the‌‌range‌‌of‌‌PET‌‌and‌‌kinetic‌‌competition‌‌between‌‌free‌‌and‌‌                                     

trapped‌ ‌states.‌ ‌ 

‌Our‌ ‌derivation‌ ‌begins‌ ‌by‌ ‌re-defining‌ ‌FC‌ ‌and‌ ‌PLQ‌ ‌yields‌ ‌as‌ ‌a‌ ‌function‌ ‌of‌ ‌the‌ ‌partitioned‌ ‌rate‌‌                                 

constants,‌ ‌‌k‌FC‌,‌ ‌and‌ ‌‌k‌CT‌:‌ ‌ 

‌ 

φFC = kFC
k +k +kr+nr FC CT

(8)‌ ‌ 

‌ 

 φPLQ = 1 − kr+nr
k +k +kr+nr FC CT

(9)‌ ‌ 

‌ 



‌As‌‌the‌‌distinction‌‌between‌‌FC‌‌and‌‌CT‌‌states‌‌is‌‌purely‌‌one‌‌of‌‌charge-separation‌‌distance‌‌(‌r‌)‌‌within‌‌a‌‌                                   

continuous‌ ‌distribution,‌ ‌the‌ ‌full‌ ‌form‌ ‌of‌ ‌the‌ ‌Gibbs‌ ‌energy‌ ‌change‌ ‌for‌ ‌PET‌ ‌in‌ ‌‌eqn.‌ ‌6-7‌ ‌‌combined‌ ‌with‌ ‌the‌‌                                   

Marcus‌‌rate‌‌equation‌‌(‌eqn.‌‌1‌)‌‌can‌‌be‌‌used‌‌to‌‌describe‌‌this‌‌competition‌‌quantitatively,‌‌as‌‌different‌‌separation‌‌                               

distances‌ ‌imply‌ ‌a‌ ‌different‌ ‌Gibbs‌ ‌energy‌ ‌change,‌ ‌and‌ ‌thus‌ ‌different‌ ‌rate‌ ‌constants.‌ ‌All‌ ‌that‌ ‌remains‌ ‌is‌ ‌to‌‌                                 

define‌ ‌the‌ ‌critical‌ ‌radius‌ ‌at‌ ‌which‌ ‌we‌ ‌partition‌ ‌this‌ ‌continuous‌ ‌distribution‌ ‌of‌ ‌states‌ ‌into‌ ‌“FC”‌ ‌and‌ ‌“CT”‌‌                                 

species,‌‌‌r‌c‌;‌‌a‌‌suitable‌‌probability‌‌distribution,‌‌‌P(r)‌,‌‌that‌‌describes‌‌the‌‌likelihood‌‌of‌‌an‌‌electron‌‌tunneling‌‌any‌‌                               

given‌‌distance,‌‌‌r‌,‌‌from‌‌the‌‌donor;‌‌and‌‌a‌‌description‌‌of‌‌the‌‌number‌‌of‌‌microstates‌‌available‌‌for‌‌charge-transfer‌‌                                 

as‌‌a‌‌function‌‌of‌‌distance,‌‌‌Ω‌(r)‌.‌‌The‌‌product‌‌of‌‌these‌‌components‌‌is‌‌integrated‌‌over‌‌‌r‌‌in‌‌order‌‌to‌‌appropriately‌‌                                     

partition‌ ‌‌k‌PET‌:‌ ‌ 

(r)Ω(r) P rkCT =∫
rc

r0
kPET (r) d (9)‌ ‌ 

              ‌ (r)Ω(r) P rkFC =∫
∞

rc
kPET (r) d (10)‌ ‌ 

Recent‌ ‌literature‌ ‌has‌ ‌extensively‌ ‌discussed‌ ‌the‌ ‌potential‌ ‌role‌ ‌of‌ ‌configurational‌ ‌entropy‌ ‌(‌S‌ ‌=‌‌                         

-‌k‌B‌ln[‌Ω‌(r)‌]‌),‌8,9,35–37‌ ‌disorder,‌2,6,9‌ ‌and‌ ‌charge-transfer‌ ‌state‌ ‌delocalization‌2,38–40‌ ‌(related‌ ‌to‌ ‌‌P(r)‌)‌ ‌in‌‌                   

understanding‌ ‌charge‌ ‌separation‌ ‌in‌ ‌OPV‌ ‌materials.‌ ‌These‌ ‌studies‌ ‌guide‌ ‌our‌‌choice‌‌of‌‌‌r‌c‌,‌‌the‌‌form‌‌of‌‌‌Ω‌(r)‌,‌‌                                 

and‌ ‌that‌ ‌of‌ ‌‌P(r)‌,‌ ‌drawing‌ ‌particular‌ ‌inspiration‌ ‌from‌ ‌the‌ ‌work‌ ‌of‌ ‌Ratner,‌11‌‌ ‌Gregg,‌8‌‌ ‌Kassal.‌9‌‌ ‌and‌ ‌Troisi.‌7‌ ‌ ‌  

Our‌ ‌experiments‌ ‌yield‌ ‌a‌ ‌particularly‌ ‌simple‌ ‌form‌ ‌for‌ ‌‌Ω‌(r)‌:‌ ‌isolated‌ ‌donor‌ ‌molecules‌‌in‌‌an‌‌electron‌‌                             

accepting‌‌host.‌‌The‌‌hole‌‌is‌‌fixed‌‌in‌‌space‌‌on‌‌the‌‌isolated‌‌donor,‌‌and‌‌a‌‌spherical‌‌shell‌‌of‌‌acceptor‌‌molecules‌‌is‌‌                                       

available‌ ‌to‌ ‌accept‌ ‌an‌ ‌electron‌ ‌at‌ ‌any‌ ‌given‌ ‌radius‌ ‌as‌ ‌illustrated‌ ‌in‌ ‌‌Figure‌ ‌3b‌,‌ ‌thus:‌ 

‌ 

‌π ξΩ (r) = 3
4

a3
(r+a) −r( 3 3)   (11)‌ ‌ 

‌ 
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Where‌ ‌‌a‌ ‌=‌ ‌1‌ ‌nm‌ ‌is‌ ‌the‌ ‌diameter‌ ‌of‌ ‌each‌ ‌site‌ ‌available‌‌to‌‌accept‌‌a‌‌charge‌‌and‌‌ ‌is‌‌the‌‌maximum‌‌possible‌‌                                  ξ        

packing‌‌efficiency‌‌of‌‌spheres‌‌(0.74)‌.‌‌Numerically,‌‌a‌‌floor‌‌function‌‌is‌‌applied‌‌such‌‌that‌‌(‌eqn.‌‌11‌)‌‌will‌‌always‌‌                                 

provide‌ ‌a‌ ‌conservative‌ ‌integer‌ ‌number‌ ‌of‌ ‌available‌ ‌sites.‌ ‌This‌ ‌equation‌ ‌allows‌ ‌us‌ ‌to‌ ‌calculate‌ ‌the‌ ‌entropic‌‌                               

contribution‌ ‌to‌ ‌the‌ ‌energy‌ ‌surface‌ ‌for‌ ‌charge‌ ‌separation,‌ ‌and‌ ‌predict‌ ‌spontaneity,‌ ‌as‌ ‌shown‌ ‌in‌ ‌‌Figure‌ ‌3a‌‌                               

assuming‌‌‌T‌ ‌=‌‌300‌‌K‌‌(blue‌‌trace).‌‌We‌‌choose‌‌the‌‌critical‌‌radius,‌‌‌r‌c‌‌‌,‌‌to‌‌be‌‌the‌‌point‌‌within‌‌1‌‌‌k‌B‌T‌‌of‌‌the‌‌peak‌‌of‌‌                                                 

this‌ ‌Gibbs‌ ‌energy‌ ‌curve,‌ ‌which‌ ‌comes‌ ‌out‌ ‌to‌ ‌be‌ ‌‌r‌c‌ ‌‌=‌ ‌3.88‌ ‌nm‌ ‌under‌ ‌these‌ ‌conditions.‌ ‌This‌ ‌number‌‌                                   

corresponds‌ ‌closely‌ ‌both‌ ‌with‌ ‌experimentally‌ ‌determined‌ ‌initial‌ ‌electron-hole‌ ‌distance‌ ‌distributions‌ ‌in‌                     

efficient‌ ‌OPV‌‌materials,‌41,42‌ ‌and‌‌with‌‌the‌‌initial‌‌CT-distance‌‌needed‌‌to‌‌avoid‌‌geminate‌‌recombination‌‌in‌‌3D‌‌                             

Monte‌ ‌Carlo‌‌models‌3‌ ‌in‌‌the‌‌absence‌‌of‌‌large‌‌disorder‌‌or‌‌delocalization‌‌effects.‌2‌ ‌Notably,‌‌our‌‌choice‌‌of‌‌‌r‌c‌ ‌as‌‌                                   

being‌‌slightly‌‌below‌‌the‌‌peak‌‌of‌‌the‌‌Gibbs‌‌energy‌‌curve‌‌(blue)‌‌in‌‌‌Figure‌‌3a‌‌is‌‌an‌‌implicit‌‌acknowledgement‌‌                                   

that‌ ‌a‌ ‌modest‌ ‌amount‌ ‌of‌ ‌disorder‌ ‌and/or‌ ‌delocalization‌ ‌will‌ ‌exist‌ ‌in‌ ‌our‌ ‌samples,‌ ‌and‌ ‌is‌ ‌likely‌ ‌to‌ ‌aid‌ ‌in‌‌                                     

dissociation‌‌of‌‌charges,‌2,9‌ ‌though‌‌we‌‌do‌‌not‌‌include‌‌either‌‌explicitly‌‌in‌‌our‌‌model.‌‌Finally,‌‌we‌‌define‌‌‌P(r)‌‌as‌‌                                   

a‌‌peak-normalized‌‌exponential‌‌distribution,‌‌in‌‌accordance‌‌with‌‌long‌‌observed‌‌trends‌‌in‌‌distance-dependence‌‌                       

of‌ ‌electron‌ ‌transfer:‌ ‌‌7,11‌ ‌ 

r  P (r) d =  {r ≤ r  :10

r > r : e0
−β r−r( 0 )} (12)‌ ‌ 

where‌ ‌‌β‌‌ ‌is‌ ‌the‌ ‌attenuation‌ ‌constant‌ ‌for‌ ‌long-range‌ ‌ET,‌ ‌and‌  ‌is‌ ‌as‌ ‌previously‌ ‌defined.‌ ‌ r0  

Eqns.‌‌1,6–12‌‌constitute‌‌a‌‌complete‌‌analytical‌‌model‌‌with‌‌which‌‌we‌‌globally‌‌fit‌‌our‌‌‌ϕ‌PLQ‌ ‌and‌‌‌ϕ‌FC‌ ‌data‌‌                                 

in‌ ‌‌Figure‌ ‌2‌‌‌(global‌‌fit‌‌procedure‌‌in‌‌the‌‌‌SI‌).‌‌The‌‌resulting‌‌fit‌‌parameters‌‌along‌‌with‌‌associated‌‌uncertainties‌‌                                 

from‌‌the‌‌orthogonal‌‌distance‌‌regression‌‌we‌‌used‌‌are‌‌shown‌‌in‌‌‌Table‌‌2‌.‌‌The‌‌only‌‌free‌‌fit‌‌parameters‌‌are‌‌ ‌,‌‌‌λ‌FC‌ ‌                                   β    

,‌‌and‌‌‌λ‌CT‌ ‌‌,‌‌and‌‌ ‌.‌ ‌The‌‌fluorescence‌‌rate‌‌constant‌‌(‌k‌r+nr‌)‌‌was‌‌held‌‌constant‌‌at‌‌the‌‌average‌‌value‌‌we‌‌obtained‌‌          HDA                              

from‌‌time-resolved‌‌PL‌‌measurements‌‌(‌Figure‌‌S16‌)‌‌conducted‌‌on‌‌each‌‌sensitizer;‌‌‌r‌C‌ ‌was‌‌assigned‌‌as‌‌3.88‌‌nm‌‌                               

as‌ ‌described‌ ‌above.‌‌ ‌  

‌ 
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Table‌‌2.‌‌Parameter‌‌values‌‌from‌‌global‌‌fit‌‌of‌‌‌ϕ‌FC‌ ‌and‌‌‌ϕ‌PLQ‌ ‌data‌‌using‌‌the‌‌DRET‌‌model‌‌and‌‌fits‌‌shown‌‌in‌‌‌Figure‌‌2‌.‌‌Reported‌‌errors‌‌                                               

associated‌‌with‌‌each‌‌parameter‌‌value‌‌are‌‌the‌‌standard‌‌deviation‌‌of‌‌the‌‌mean‌‌from‌‌the‌‌orthogonal‌‌distance‌‌regression‌‌procedure‌‌used‌‌                                     

to‌ ‌consider‌ ‌the‌ ‌standard‌ ‌errors‌ ‌in‌ ‌driving‌ ‌force,‌ ‌yield,‌ ‌and‌ ‌PLQ‌ ‌equally.‌ ‌Standard‌ ‌errors‌ ‌in‌ ‌this‌ ‌manuscript‌ ‌are‌ ‌described‌ ‌in‌‌                                       

Experimental‌.‌ ‌ 

‌ 

The‌ ‌fits‌ ‌we‌ ‌obtain‌ ‌to‌ ‌‌ϕ‌FC‌,‌ ‌and‌ ‌‌ϕ‌PLQ‌ ‌are‌ ‌both‌ ‌quite‌‌good.‌‌In‌‌particular,‌‌the‌‌DRET‌‌model‌‌successfully‌‌                                   

captures‌‌the‌‌divergence‌‌between‌‌‌ϕ‌PLQ‌ ‌and‌‌‌ϕ‌FC‌ ‌observed‌‌in‌‌‌Figure‌‌2‌.‌‌A‌‌key‌‌feature‌‌that‌‌makes‌‌this‌‌possible‌‌is‌‌                                     

that‌‌we‌‌allow‌‌the‌‌FC‌‌and‌‌CT‌‌states‌‌to‌‌take‌‌on‌‌different‌‌reorganization‌‌energies.‌‌While‌‌there‌‌is‌‌no‌‌quantitative‌‌                                     

physical‌‌basis‌‌for‌‌this‌‌assumption,‌‌we‌‌suggest‌‌that‌‌it‌‌may‌‌be‌‌connected‌‌with‌‌localization‌‌of‌‌these‌‌states.‌‌The‌‌                                   

far‌ ‌more‌ ‌localized‌ ‌CT‌ ‌states‌ ‌present‌ ‌a‌ ‌larger,‌ ‌more‌ ‌polarizing‌ ‌electric‌ ‌field‌ ‌to‌ ‌the‌ ‌local‌ ‌environment.‌‌                               

Similarly,‌‌a‌‌more‌‌localized‌‌anion‌‌will‌‌experience‌‌greater‌‌intra-molecular‌‌bond‌‌distortions‌‌than‌‌one‌‌that‌‌shares‌‌                             

the‌ ‌electron‌ ‌among‌ ‌several‌ ‌molecules.‌ ‌Both‌ ‌of‌ ‌these‌ ‌effects‌ ‌may‌ ‌contribute‌ ‌to‌ ‌the‌ ‌differing‌ ‌reorganization‌‌                             

energies‌‌that‌‌the‌‌model‌‌allows,‌‌though‌‌we‌‌note‌‌that‌‌having‌‌artificially‌‌partitioned‌‌a‌‌continuum‌‌of‌‌states‌‌into‌‌                                 

the‌‌binary‌‌pair‌‌“FC”‌‌and‌‌“CT”,‌‌these‌‌reorganization‌‌energies‌‌can‌‌only‌‌represent‌‌the‌‌average‌‌value‌‌associated‌‌                               

with‌ ‌these‌ ‌categories.‌ ‌Strikingly,‌ ‌the‌ ‌values‌ ‌of‌ ‌ ‌and‌ ‌ ‌that‌ ‌emerge‌ ‌from‌ ‌the‌ ‌fit‌ ‌are‌ ‌exactly‌ ‌in‌ ‌the‌‌range‌‌              β   HDA                    

predicted‌ ‌by‌ ‌Troisi,‌7‌ ‌and‌ ‌the‌ ‌former‌ ‌is‌ ‌well‌ ‌within‌ ‌previous‌ ‌experimental‌ ‌measurements‌ ‌for‌ ‌conjugated‌‌                           

“bridge”‌ ‌molecules.‌43‌ ‌ 

We‌‌tested‌‌the‌‌unique‌‌ability‌‌of‌‌the‌‌DRET‌‌model‌‌to‌‌explain‌‌our‌‌data‌‌by‌‌comparing‌‌it‌‌to‌‌an‌‌equivalent‌‌                                     

formulation‌‌that‌‌treats‌‌nearest-neighbor‌‌CT‌‌states‌‌as‌‌the‌‌‌intermediate‌‌between‌‌the‌‌exciton‌‌and‌‌the‌‌FC‌‌states.‌‌                               

Fit‌ ‌parameter‌ ‌  Value‌ ‌ 
 ‌‌(eV)‌ ‌λFC   0.25‌ ‌±‌ ‌0.06‌ ‌ 

 ‌‌(eV)‌ ‌λCT   1.3‌ ‌±‌ ‌0.5‌ ‌ 

 ‌‌(Å‌-1‌)‌ ‌β   0.29‌ ‌±‌ ‌0.2‌ ‌ 

 ‌‌(s‌-1‌)‌ ‌kr+nr   7.3‌ ‌X‌ ‌10‌8‌‌ ‌(held)‌ ‌ 
‌  ‌ 

 ‌‌(meV)‌ ‌HDA   2.3‌ ‌±‌ ‌6‌ ‌ 
‌  ‌ 

 ‌‌(nm)‌ ‌rC   3.88‌ ‌(held)‌ ‌ 
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This‌ ‌sequential‌ ‌model‌ ‌cannot‌ ‌fit‌‌our‌‌data‌‌well.‌‌In‌‌particular,‌‌such‌‌a‌‌model‌‌cannot‌‌reproduce‌‌the‌‌divergence‌‌                                 

between‌ ‌PL‌ ‌quenching‌ ‌and‌ ‌free‌ ‌charge‌ ‌yield‌ ‌(see‌ ‌‌Figure‌ ‌S19‌).‌ ‌However,‌ ‌it‌ ‌must‌ ‌be‌ ‌admitted‌‌that‌‌just‌‌the‌‌                                   

right‌‌systematic‌‌error‌‌in‌‌our‌‌charge‌‌yield‌‌measurements‌‌in‌‌just‌‌the‌‌right‌‌direction‌‌could‌‌lead‌‌to‌‌an‌‌adequate‌‌fit‌‌                                     

using‌ ‌both‌ ‌models.‌ ‌In‌ ‌addition,‌ ‌alternative‌ ‌interpretations‌ ‌to‌ ‌the‌ ‌long-range‌ ‌PET‌ ‌we‌ ‌observe‌ ‌may‌ ‌exist,‌‌                             

including‌ ‌energy‌ ‌transfer‌ ‌from‌ ‌the‌ ‌exciton‌ ‌to‌ ‌an‌ ‌optically-active‌ ‌band‌ ‌of‌ ‌CT‌ ‌and‌ ‌FC‌ ‌states‌ ‌commonly‌‌                               

observed‌‌in‌‌similar‌‌donor:acceptor‌‌blends.‌25–27‌ ‌Another‌‌possible‌‌explanation‌‌for‌‌the‌‌divergence‌‌between‌‌‌ϕ‌PLQ‌ ‌                         

and‌‌‌ϕ‌FC‌ ‌could‌‌be‌‌a‌‌fast‌‌internal‌‌conversion‌‌pathway‌‌that‌‌competes‌‌with‌‌PET‌‌via‌‌partial-CT‌‌states,‌‌which‌‌may‌‌                                   

exist‌‌in‌‌sensitized‌‌PCBM‌‌films‌‌but‌‌not‌‌for‌‌isolated‌‌donor‌‌molecules‌‌in‌‌the‌‌inert‌‌polystyrene‌‌matrix‌‌used‌‌for‌‌                                   

our‌‌control‌‌samples.‌‌At‌‌present,‌‌however,‌‌the‌‌DRET‌‌model‌‌remains‌‌the‌‌simplest‌‌and‌‌most‌‌self-consistent‌‌way‌‌                               

to‌ ‌explain‌ ‌our‌ ‌data,‌ ‌and‌ ‌only‌ ‌future‌ ‌experiments‌ ‌testing‌ ‌its‌ ‌predictions‌ ‌will‌ ‌serve‌ ‌to‌ ‌distinguish‌ ‌these‌‌                               

competing‌ ‌possibilities‌ ‌with‌ ‌greater‌ ‌certainty.‌ ‌ 
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‌ 

Figure‌‌4.‌‌‌a.‌‌PET‌‌rate‌‌constant‌‌as‌‌a‌‌function‌‌of‌‌‌∆G‌CT‌ ‌‌as‌‌is‌‌predicted‌‌by‌‌the‌‌DRET‌‌model‌‌(‌eqns.‌‌1,6-12‌)‌‌using‌‌the‌‌fit‌‌parameters‌‌in‌‌                                                 

Table‌‌2‌.‌b.‌‌‌FC‌‌yield‌‌(‌ϕ‌FC‌)‌‌as‌‌a‌‌function‌‌of‌‌‌∆G‌CT‌ ‌for‌‌the‌‌sensitized‌‌system‌‌studied‌‌in‌‌this‌‌work‌‌(red)‌‌and‌‌that‌‌of‌‌a‌‌predicted‌‌blend‌‌                                                   

system‌ ‌as‌ ‌in‌ ‌Hood‌ ‌et‌ ‌al.‌ ‌(blue),‌ ‌which‌ ‌modifies‌ ‌the‌ ‌entropy‌ ‌through‌ ‌an‌ ‌increase‌ ‌in‌ ‌the‌ ‌number‌ ‌of‌ ‌available‌ ‌sites‌ ‌due‌ ‌to‌ ‌large‌‌                                             

aggregates‌ ‌of‌ ‌both‌ ‌donor‌ ‌and‌ ‌acceptor,‌ ‌rather‌ ‌than‌ ‌an‌ ‌isolated‌ ‌donor‌ ‌molecule‌ ‌in‌ ‌an‌ ‌accepting‌ ‌host.‌27‌ ‌ 

‌ 

Comparing‌ ‌the‌ ‌values‌ ‌of‌ ‌‌k‌CT‌ ‌and‌ ‌‌k‌FC‌ ‌predicted‌ ‌by‌ ‌the‌ ‌DRET‌ ‌model‌ ‌as‌ ‌a‌ ‌function‌ ‌of‌‌‌∆G‌CT‌ ‌provides‌‌                                   

insight‌ ‌into‌ ‌how‌ ‌it‌ ‌is‌ ‌able‌ ‌to‌ ‌reproduce‌ ‌our‌ ‌experimental‌ ‌observations‌ ‌in‌ ‌‌Figure‌‌2.‌‌‌Figure‌‌4a‌‌shows‌‌these‌‌                                   

individual‌‌rate‌‌constants‌‌calculated‌‌as‌‌a‌‌function‌‌of‌‌‌∆G‌CT‌ ‌for‌‌the‌‌same‌‌fit‌‌parameters‌‌as‌‌in‌‌‌Table‌‌2‌.‌‌Here,‌‌‌k‌FC‌ ‌                                       

is‌ ‌observed‌ ‌to‌ ‌be‌ ‌sharply‌ ‌peaked‌ ‌while‌ ‌‌k‌CT‌ ‌continues‌ ‌to‌ ‌increase‌ ‌across‌ ‌this‌ ‌range‌ ‌of‌ ‌‌∆G‌CT‌ ‌due‌ ‌to‌ ‌the‌‌                                     

difference‌ ‌in‌ ‌reorganization‌ ‌energy‌ ‌of‌ ‌the‌ ‌two‌ ‌species‌ ‌(0.25‌ ‌vs‌ ‌1.3‌ ‌eV,‌ ‌respectively).‌ ‌Thus,‌ ‌the‌ ‌observed‌‌                               



“inverted‌‌region”‌‌in‌‌our‌‌FC‌‌yield,‌‌and‌‌the‌‌lack‌‌of‌‌one‌‌in‌‌the‌‌PLQ‌‌yield‌‌is‌‌explained:‌‌the‌‌high‌‌reorganization‌‌                                       

energy‌‌for‌‌the‌‌CT‌‌state,‌‌combined‌‌with‌‌the‌‌distance-dependence‌‌of‌‌‌∆G‌PET‌ ‌in‌‌‌eqn.‌‌6‌,‌‌allows‌‌‌k‌CT‌ ‌‌to‌‌out-compete‌‌                                   

k‌FC‌ ‌at‌‌low‌‌driving‌‌force‌‌‌and‌‌at‌‌high‌‌driving‌‌force.‌‌Only‌‌in‌‌the‌‌intermediate‌‌regime‌‌does‌‌‌k‌FC‌ ‌‌win‌‌out,‌‌leading‌‌to‌‌                                         

a‌ ‌maximum‌ ‌FC‌ ‌yield‌ ‌around‌ ‌-0.4‌ ‌eV‌ ‌despite‌ ‌a‌ ‌reorganization‌ ‌energy‌ ‌of‌ ‌0.25‌ ‌eV.‌ ‌Notably,‌ ‌the‌ ‌overall‌‌rate‌‌                                   

constant‌‌for‌‌charge‌‌transfer‌‌(black‌‌curve)‌‌is‌‌ultrafast,‌‌as‌‌we‌‌observe‌‌in‌‌TA,‌‌and‌‌consistent‌‌with‌‌the‌‌literature.‌‌                                   

For‌‌any‌‌value‌‌of‌‌‌∆G‌CT‌ ‌exceeding‌‌-0.3‌‌eV‌‌the‌‌rate‌‌constant‌‌is‌‌10‌11‌ ‌s‌-1‌ ‌or‌‌greater‌‌and‌‌exceeds‌‌10‌12‌ ‌s‌-1‌ ‌for‌‌the‌‌-0.6‌‌                                             

eV‌‌driving‌‌force‌‌typical‌‌of‌‌the‌‌polymer:fullerene‌‌solar‌‌cells‌‌where‌‌subpicosecond‌‌charge‌‌separation‌‌is‌‌nearly‌‌                             

universally‌ ‌observed.‌ ‌However,‌ ‌we‌ ‌do‌ ‌not‌ ‌attribute‌ ‌great‌ ‌significance‌ ‌to‌ ‌the‌ ‌absolute‌ ‌values‌ ‌of‌ ‌these‌ ‌rate‌‌                               

constants,‌‌as‌‌they‌‌scale‌‌with‌‌the‌‌square‌‌of‌‌‌H‌DA‌,‌‌the‌‌value‌‌of‌‌which‌‌is‌‌pinned‌‌in‌‌our‌‌experiments‌‌by‌‌just‌‌a‌‌few‌‌                                           

data‌ ‌points‌ ‌in‌ ‌the‌ ‌onset‌ ‌of‌ ‌the‌ ‌PL‌ ‌quenching‌ ‌curve.‌ ‌ 

Up‌ ‌to‌ ‌this‌ ‌point,‌ ‌we‌ ‌have‌ ‌shown‌ ‌that‌ ‌a‌ ‌relatively‌ ‌simple‌ ‌model‌ ‌based‌ ‌on‌ ‌the‌ ‌Marcus‌ ‌rate‌‌equation‌‌                                   

(‌eqn.‌‌1‌)‌‌can‌‌explain‌‌our‌‌experimental‌‌data‌‌if‌‌localized‌‌CT‌‌states‌‌‌compete‌‌with‌‌free-charge‌‌generation‌‌rather‌‌                               

than‌ ‌being‌ ‌the‌ ‌‌intermediate‌ ‌between‌ ‌excitons‌ ‌and‌ ‌free‌ ‌charges,‌ ‌as‌ ‌is‌ ‌most‌ ‌often‌ ‌assumed.‌ ‌Here,‌ ‌we‌‌                               

qualitatively‌ ‌reconcile‌ ‌these‌ ‌results‌ ‌with‌ ‌a‌‌broad‌‌spectrum‌‌of‌‌literature,‌‌showing‌‌that‌‌our‌‌model‌‌predictions‌‌                             

are‌ ‌consistent‌ ‌with‌ ‌previous‌ ‌observations,‌ ‌not‌ ‌just‌ ‌our‌ ‌own‌ ‌experimental‌ ‌data.‌ ‌ 

‌The‌‌first‌‌key‌‌question:‌‌why‌‌do‌‌TRMC‌‌and‌‌other‌‌experiments‌‌on‌‌sensitized‌‌films‌‌so‌‌frequently‌‌result‌‌                                 

in‌ ‌inverted‌ ‌free-carrier‌ ‌yields‌ ‌and‌ ‌relatively‌‌low‌‌peak‌‌yields,‌15–17,44‌ ‌whilst‌‌inverted‌‌behavior‌‌has‌‌only‌‌rarely‌‌                             

been‌ ‌observed‌ ‌in‌ ‌organic‌ ‌photovoltaic‌ ‌devices,‌45–47‌ ‌and‌ ‌free‌ ‌charge‌ ‌yield‌ ‌is‌‌often‌‌close‌‌to‌‌100%?‌‌We‌‌posit‌‌                                 

that‌ ‌the‌ ‌difference‌ ‌lies‌ ‌in‌ ‌the‌ ‌number‌ ‌of‌ ‌microstates‌ ‌available‌ ‌to‌ ‌charge-separated‌ ‌species‌ ‌in‌‌                           

high-concentration‌‌blends.‌‌Hood‌‌et‌‌al.‌‌have‌‌pointed‌‌out‌‌that‌‌the‌‌number‌‌of‌‌microstates‌‌is‌‌much‌‌higher‌‌for‌‌a‌‌                                   

quasi-planar‌ ‌interface‌ ‌between‌ ‌aggregated‌ ‌donors‌ ‌and‌ ‌acceptors‌ ‌than‌ ‌for‌ ‌an‌ ‌isolated‌ ‌donor‌ ‌in‌‌an‌‌accepting‌‌                             

host.‌9‌ Figure‌ ‌4b‌ ‌shows‌ ‌a‌ ‌comparison‌ ‌between‌ ‌our‌ ‌model,‌ ‌and‌ ‌an‌ ‌implementation‌ ‌that‌ ‌substitutes‌ ‌Hood’s‌‌                             

formulation‌ ‌for‌ ‌the‌ ‌number‌ ‌of‌ ‌microstates‌ ‌available‌ ‌in‌ ‌a‌‌high-concentration‌‌blend.‌‌In‌‌each‌‌case‌‌we‌‌use‌‌the‌‌                                 
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same‌‌model‌‌parameters‌‌as‌‌in‌‌‌Table‌‌2‌‌but‌‌applied‌‌to‌‌these‌‌two‌‌different‌‌microenvironments.‌‌The‌‌red‌‌trace‌‌is‌‌                                   

the‌‌FC‌‌yield‌‌from‌‌an‌‌isolated‌‌donor‌‌in‌‌a‌‌homogenous‌‌mixture‌‌of‌‌acceptors,‌‌identical‌‌to‌‌our‌‌sensitized‌‌PCBM‌‌                                   

films,‌‌while‌‌the‌‌blue‌‌trace‌‌is‌‌for‌‌a‌‌planar‌‌interface‌‌between‌‌aggregated‌‌donors‌‌and‌‌acceptors.‌‌In‌‌the‌‌sensitized‌‌                                   

environment,‌‌the‌‌peak‌‌yield‌‌is‌‌~60%‌‌and‌‌includes‌‌both‌‌a‌‌slow‌‌turn-on‌‌in‌‌the‌‌normal‌‌region‌‌and‌‌slow‌‌turn-off‌‌                                     

in‌ ‌the‌ ‌inverted‌ ‌region,‌ ‌just‌ ‌as‌ ‌in‌ ‌our‌ ‌data.‌ ‌However,‌ ‌in‌ ‌the‌ ‌blend‌ ‌environment,‌ ‌the‌ ‌free-charge‌ ‌yield‌‌                                 

approaches‌ ‌100%,‌ ‌producing‌ ‌a‌ ‌wide‌ ‌flat‌ ‌peak‌ ‌with‌ ‌rapid‌ ‌turn-on‌ ‌and‌ ‌turn-off‌ ‌in‌ ‌the‌ ‌normal‌ ‌and‌ ‌inverted‌‌                                 

regions.‌ ‌The‌ ‌latter‌ ‌does‌ ‌not‌ ‌begin‌ ‌in‌ ‌earnest‌ ‌until‌ ‌‌∆G‌CT‌ ‌‌<‌ ‌-0.7‌ ‌eV.‌ ‌We‌ ‌speculate‌ ‌that‌ ‌this‌ ‌behavior‌ ‌makes‌‌                                     

observation‌‌of‌‌an‌‌inverted‌‌region‌‌substantially‌‌more‌‌difficult‌‌in‌‌device‌‌studies,‌‌as‌‌much‌‌larger‌‌driving‌‌forces‌‌                               

are‌‌required‌‌before‌‌it‌‌becomes‌‌evident.‌‌This‌‌is‌‌qualitatively‌‌consistent‌‌with‌‌the‌‌observations‌‌of‌‌Nakano‌‌et‌‌al.,‌‌                                 

where‌ ‌a‌ ‌flat-topped‌ ‌curve‌ ‌was‌ ‌observed‌ ‌in‌ ‌photovoltaic‌ ‌devices‌ ‌and‌ ‌extremely‌ ‌exergonic‌ ‌reactions‌ ‌were‌‌                           

required‌ ‌to‌ ‌observe‌ ‌inverted‌ ‌behavior.‌45‌ ‌ 

The‌‌second‌‌question‌‌concerns‌‌the‌‌nature‌‌and‌‌origin‌‌of‌‌the‌‌sub-gap‌‌“CT-state‌‌spectra”‌‌that‌‌have‌‌been‌‌                               

widely‌‌observed‌‌in‌‌OPV‌‌materials.‌25–27‌ ‌These‌‌data‌‌form‌‌the‌‌foundation‌‌from‌‌which‌‌localized‌‌CT-states‌‌were‌                             

assigned‌ ‌as‌‌the‌‌intermediate‌‌between‌‌excitons‌‌and‌‌free‌‌charges,‌‌and‌‌have‌‌been‌‌broadly‌‌used‌‌as‌‌a‌‌method‌‌of‌‌                                   

characterizing‌‌the‌‌driving-force‌‌for‌‌PET.‌28,48‌ ‌Intriguingly,‌‌very‌‌similar‌‌“CT-state”‌‌spectra‌‌are‌‌predicted‌‌by‌‌our‌‌                           

DRET‌ ‌model.‌ ‌Given‌ ‌that‌ ‌ ‌is‌ ‌an‌ ‌orbital‌ ‌overlap‌ ‌integral‌ ‌between‌ ‌the‌ ‌donor‌ ‌and‌ ‌the‌ ‌acceptor‌ ‌and‌ ‌        HDA                         P (r)

describes‌ ‌its‌ ‌attenuation‌ ‌as‌ ‌a‌ ‌function‌ ‌of‌ ‌distance,‌ ‌it‌ ‌seems‌ ‌reasonable‌ ‌to‌ ‌use‌ ‌these‌ ‌to‌‌estimate‌‌the‌‌relative‌‌                                   

oscillator‌ ‌strength‌‌of‌‌CT‌‌states‌‌as‌‌a‌‌function‌‌of‌‌distance‌‌(where‌‌“CT”‌‌here‌‌is‌‌used‌‌broadly‌‌to‌‌encompass‌‌all‌‌                                     

charge‌‌transfer‌‌distances),‌‌noting‌‌that‌‌optically-excited‌‌long-range‌‌electron‌‌transfer‌‌is‌‌known‌‌to‌‌occur,‌49‌ ‌and‌‌                           

much‌ ‌more‌ ‌sophisticated‌ ‌calculations‌ ‌have‌ ‌already‌ ‌predicted‌ ‌its‌ ‌potential‌ ‌importance‌ ‌in‌ ‌OPV‌ ‌materials.‌50‌ ‌                         

Combined‌ ‌with‌ ‌the‌ ‌number‌ ‌of‌ ‌microstates,‌ ‌ ,‌ ‌and‌ ‌the‌ ‌energy‌ ‌of‌ ‌those‌ ‌states‌ ‌with‌‌respect‌‌to‌‌the‌‌initial‌‌            Ω(r)                        

exciton,‌‌ ,‌‌it‌‌is‌‌possible‌‌to‌‌calculate‌‌CT-state‌‌spectra‌‌for‌‌both‌‌isolated‌‌donors‌‌and‌‌planar‌‌interfaces‌‌  G (r)Δ PET                              

using‌‌our‌‌DRET‌‌model,‌‌as‌‌shown‌‌in‌‌‌Figure‌‌S18‌.‌‌In‌‌the‌‌latter‌‌case‌‌the‌‌vast‌‌majority‌‌of‌‌these‌‌states‌‌have‌‌radii‌‌                                         
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exceeding‌ ‌ and‌ ‌can‌ ‌thus‌ ‌be‌ ‌characterized‌ ‌as‌ ‌FC‌ ‌states‌ ‌that‌ ‌would‌ ‌give‌ ‌rise‌ ‌to‌ ‌exactly‌ ‌the‌ ‌same‌ ‌sort‌ ‌of‌  ,rc                                      

efficient‌ ‌sub-gap‌ ‌carrier‌ ‌generation‌ ‌that‌ ‌is‌ ‌commonly‌ ‌observed.‌27,51‌ ‌ ‌  

Finally,‌ ‌we‌ ‌address‌ ‌the‌ ‌temperature-dependence‌ ‌of‌ ‌free-charge‌ ‌generation.‌ ‌An‌ ‌attentive‌ ‌reader‌ ‌will‌‌                       

have‌‌noted‌‌that‌‌our‌‌model‌‌is‌‌likely‌‌to‌‌predict‌‌a‌‌strong‌‌temperature‌‌dependence:‌‌ ‌,‌‌and‌‌more‌‌importantly‌‌                          kPET        

the‌‌value‌‌of‌‌ ,‌‌are‌‌both‌‌explicitly‌‌temperature-dependent.‌‌This‌‌turns‌‌out‌‌to‌‌be‌‌true‌‌for‌‌isolated‌‌donors‌‌in‌‌an‌‌       rc                                

accepting‌ ‌host‌ ‌(‌Figure‌ ‌S17a‌).‌ ‌However,‌ ‌the‌ ‌DRET‌ ‌model‌ ‌predicts‌ ‌that‌ ‌for‌ ‌blends‌ ‌the‌‌                         

temperature-dependence‌ ‌of‌ ‌free-charge‌ ‌generation‌ ‌will‌ ‌actually‌ ‌be‌ ‌quite‌ ‌weak‌ ‌down‌ ‌to‌ ‌~150‌ ‌K,‌‌consistent‌‌                           

with‌ ‌previous‌ ‌experiments.‌52,53‌ ‌At‌‌lower‌‌temperatures,‌‌however,‌‌the‌‌free-charge‌‌yield‌‌is‌‌predicted‌‌to‌‌decline‌‌                           

precipitously‌ ‌(‌Figure‌ ‌S17b‌).‌ ‌This‌ ‌may‌ ‌be‌ ‌due‌ ‌in‌ ‌part‌ ‌to‌ ‌our‌ ‌use‌ ‌of‌ ‌the‌ ‌simplest‌ ‌form‌ ‌of‌ ‌the‌ ‌Marcus‌ ‌rate‌‌                                       

equation,‌ ‌without‌ ‌the‌ ‌quantum-mechanical‌ ‌corrections‌ ‌that‌ ‌capture‌ ‌the‌ ‌existence‌ ‌of‌ ‌zero-point‌ ‌vibrational‌‌                       

energy‌ ‌and‌ ‌tunneling‌ ‌through‌ ‌the‌ ‌barrier.‌11‌ ‌ 

‌ 

Conclusions:‌ ‌ 

We‌ ‌have‌ ‌demonstrated‌ ‌that‌ ‌the‌ ‌yield‌ ‌of‌ ‌free‌ ‌charges‌‌from‌‌PET‌‌in‌‌electron‌‌donor-sensitized‌‌PCBM‌‌films‌‌is‌‌                                 

dependent‌ ‌upon‌ ‌the‌ ‌driving‌ ‌force,‌ ‌exhibiting‌ ‌clear‌ ‌inverted‌ ‌behavior‌ ‌even‌ ‌in‌ ‌the‌ ‌presence‌ ‌of‌ ‌extended‌‌                             

fullerene‌‌aggregates‌‌–‌‌consistent‌‌with‌‌an‌‌electron-transfer‌‌model‌‌based‌‌on‌‌the‌‌Marcus‌‌rate‌‌equation‌‌for‌‌PET.‌‌                               

However,‌ ‌excitations‌ ‌are‌ ‌quenched‌ ‌much‌ ‌more‌‌efficiently‌‌than‌‌would‌‌be‌‌expected‌‌based‌‌on‌‌the‌‌free-charge‌                             

yield‌ ‌with‌ ‌no‌ ‌complementary‌ ‌inverted‌ ‌region.‌‌These‌‌results‌‌are‌‌self-consistently‌‌explained‌‌by‌‌a‌‌Distributed‌‌                           

Range‌ ‌Electron‌ ‌Transfer‌ ‌(DRET)‌ ‌model‌ ‌that‌ ‌describes‌‌free-charge‌‌generation‌‌as‌‌a‌‌‌competition‌‌between‌‌the‌‌                           

formation‌ ‌of‌ ‌short-range‌ ‌charge-transfer‌ ‌states‌ ‌and‌ ‌long-range‌ ‌free-charge‌ ‌states,‌‌each‌‌separately‌‌described‌‌                       

using‌ ‌the‌ ‌Marcus‌ ‌rate‌ ‌equation.‌ ‌An‌ ‌equivalent‌ ‌model‌ ‌that‌ ‌employs‌ ‌the‌ ‌nearest-neighbor‌ ‌CT‌ ‌states‌ ‌as‌ ‌the‌‌                               

intermediate‌‌‌between‌‌excitons‌‌and‌‌free‌‌charges‌‌cannot‌‌fit‌‌our‌‌data.‌‌Moreover,‌‌the‌‌model‌‌accurately‌‌predicts‌‌                             

the‌‌electron-transfer‌‌behavior‌‌of‌‌both‌‌dilutely‌‌sensitized‌‌and‌‌device-relevant‌‌concentration‌‌regimes‌‌through‌‌a‌‌                         
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simple‌ ‌change‌ ‌in‌ ‌how‌ ‌the‌ ‌number‌ ‌of‌ ‌available‌ ‌microstates‌ ‌for‌ ‌charge‌ ‌transfer‌ ‌is‌ ‌calculated,‌ ‌including‌ ‌the‌‌                               

existence‌‌of‌‌sub-gap‌‌CT-state‌‌spectra‌‌and‌‌the‌‌temperature-dependence‌‌of‌‌free‌‌charge‌‌generation.‌‌Future‌‌work‌‌                           

will‌ ‌explore‌ ‌this‌ ‌model‌ ‌in‌ ‌more‌ ‌detail,‌ ‌both‌ ‌the‌ ‌temperature‌ ‌dependence‌ ‌it‌ ‌predicts,‌ ‌and‌ ‌the‌ ‌donor‌‌                               

concentration-dependence.‌ ‌These‌ ‌observations‌ ‌suggest‌ ‌a‌ ‌future‌ ‌unification‌ ‌of‌ ‌electron‌ ‌transfer‌ ‌theory‌ ‌in‌‌                       

solution‌‌and‌‌solid-phase‌‌systems‌‌that‌‌will‌‌materially‌‌aid‌‌the‌‌advancement‌‌of‌‌science‌‌and‌‌technology‌‌based‌‌on‌‌                               

electron-transfer‌ ‌reactions‌ ‌in‌ ‌molecular‌ ‌systems.‌ ‌ 

‌ 

Experimental‌ ‌Methods:‌ ‌ 

‌ 

Film‌‌Fabrication:‌‌‌Phenyl‌‌C‌61‌ ‌butyric‌‌acid‌‌methyl‌‌ester‌‌(PCBM)‌‌was‌‌acquired‌‌from‌‌Nano-C‌‌at‌‌99.9%‌‌purity‌‌                               

and‌ ‌used‌ ‌as‌ ‌received.‌ ‌1,4,8,11,15,18,22,25-octabutoxy-29‌H‌,31‌H‌-phthalocyanine‌ ‌(Pc1),‌ ‌zinc‌‌             

1,4,8,11,15,18,22,25-octabutoxy‌ ‌phthalocyanine‌ ‌(Pc3),‌‌     

5,9,14,18,23,27,32,36-octabutoxy-2,3-naphthalocyanine‌ ‌(Nc2),‌ ‌and‌‌     

2,4-bis[4-(N,N-diphenylamino)-2,6-dihydroxyphenyl]‌ ‌cyclobutene-diylium-1,3-bis(olate)‌ ‌(Sq1)‌ ‌were‌ ‌all‌‌         

acquired‌ ‌from‌ ‌Sigma-Aldrich‌ ‌at‌ ‌>95%‌ ‌purity‌ ‌and‌ ‌used‌ ‌as‌ ‌received.‌ ‌Silicon‌‌                     

1,4,8,11,15,18,22,25-octabutoxyphthalocyanine‌ ‌triethylsiloxide‌ ‌hydroxide‌ ‌(Pc2)‌‌is‌‌from‌‌ref.‌‌[‌40‌]‌‌and‌‌used‌‌as‌‌                     

synthesized.‌‌Silicon‌‌2,3-naphthalocyanine‌‌bis(trihexylsilyloxide)‌‌(Nc2)‌‌was‌‌acquired‌‌from‌‌Alfa‌‌Chemistry‌‌at‌‌                     

98%‌ ‌purity‌ ‌and‌ ‌used‌ ‌as‌ ‌acquired.‌‌           

2,4-bis(1-butyl-6,8-dimesitylbenzo[cd]indol-2(1H)-ylidene)methyl)cyclobutene-diylium-1,3-bis(olate)‌ ‌(Sq2)‌‌   

was‌ ‌synthesized‌ ‌for‌ ‌this‌ ‌study‌ ‌and‌ ‌used‌ ‌as‌ ‌synthesized.‌ ‌This‌ ‌synthesis‌ ‌is‌ ‌given‌ ‌in‌ ‌the‌ ‌‌Supporting‌‌                               

Information‌.‌ ‌ 

Sample‌ ‌films‌ ‌were‌‌fabricated‌‌by‌‌ultrasonic‌‌spray-coating‌‌host-sensitizer‌‌solutions‌‌onto‌‌25‌‌x‌‌11‌‌mm‌2‌ ‌                           

quartz‌ ‌substrates‌ ‌cleaned‌ ‌with‌ ‌acetone‌ ‌sonication‌ ‌for‌ ‌10‌ ‌min‌ ‌and‌ ‌10‌ ‌min‌ ‌of‌ ‌UV-ozone‌ ‌treatment.‌ ‌Stock‌‌                               

solutions‌ ‌were‌ ‌prepared‌ ‌by‌ ‌dissolving‌ ‌each‌ ‌sensitizer‌ ‌in‌ ‌chlorobenzene‌ ‌at‌ ‌1‌ ‌mg/mL,‌ ‌except‌ ‌for‌‌Pc3‌‌which‌‌                               



was‌ ‌dissolved‌ ‌in‌ ‌pyridine‌ ‌at‌ ‌1‌ ‌mg/mL.‌ ‌PCBM‌ ‌and‌ ‌PS‌ ‌solutions‌ ‌were‌ ‌dissolved‌ ‌in‌ ‌chlorobenzene‌ ‌at‌ ‌30‌‌                                 

mg/mL.‌ ‌Host-sensitizer‌ ‌solution‌ ‌mixtures‌ ‌were‌ ‌made‌ ‌by‌ ‌mixing‌ ‌sensitizer‌ ‌solution‌ ‌with‌‌PCBM‌‌or‌‌PS‌‌host‌‌                             

solution‌‌at‌‌0.005‌‌mol‌‌kg‌-1‌ ‌for‌‌a‌‌total‌‌volume‌‌of‌‌1‌‌mL.‌‌All‌‌films‌‌were‌‌spray‌‌coated‌‌in‌‌a‌‌nitrogen‌‌glovebox‌‌(<1‌‌                                           

ppm‌ ‌O‌2‌).‌ ‌Spraying‌ ‌was‌ ‌accomplished‌ ‌by‌ ‌rastering‌ ‌the‌ ‌sample‌ ‌stage‌ ‌beneath‌ ‌the‌ ‌ultrasonic‌ ‌spray‌ ‌nozzle‌‌to‌‌                               

coat‌ ‌a‌ ‌50‌ ‌x‌ ‌60‌ ‌mm‌2‌ ‌area‌ ‌containing‌ ‌three‌ ‌25‌ ‌x‌ ‌11‌ ‌mm‌2‌ ‌quartz‌ ‌substrates‌ ‌for‌ ‌making‌ ‌samples‌ ‌in‌ ‌triplicate‌‌                                       

under‌ ‌the‌ ‌same‌ ‌conditions.‌ ‌Atomized‌ ‌solution‌ ‌was‌ ‌delivered‌ ‌to‌ ‌the‌‌sample‌‌at‌‌a‌‌rate‌‌of‌‌0.4‌‌mL/min‌‌using‌‌a‌‌                                     

syringe‌‌pump‌‌and‌‌air-shaping‌‌was‌‌applied‌‌with‌‌a‌‌6‌‌L/min‌‌nitrogen‌‌stream‌‌to‌‌achieve‌‌fan-like‌‌jets‌‌for‌‌uniform‌‌                                   

spraying.‌‌The‌‌sample‌‌stage‌‌was‌‌heated‌‌to‌‌100‌‌°C‌‌to‌‌facilitate‌‌evaporation‌‌of‌‌high‌‌boiling‌‌solvents.‌‌Nozzle‌‌to‌‌                                   

substrate‌‌height‌‌was‌‌ca.‌‌50‌‌mm.‌‌5‌‌coats‌‌(repetitions‌‌of‌‌the‌‌raster‌‌routine)‌‌were‌‌done‌‌to‌‌achieve‌‌films‌‌ca.‌‌1‌‌µm‌‌                                         

in‌ ‌thickness.‌ ‌PS‌ ‌and‌ ‌PCBM‌ ‌host‌ ‌films‌ ‌are‌ ‌made‌ ‌from‌ ‌the‌ ‌same‌ ‌spray‌ ‌coating‌ ‌parameters.‌ ‌ 

‌ 

Absorption‌‌ ‌‌Measurements:‌‌ ‌Optical‌ ‌absorption‌ ‌is‌ ‌characterized‌ ‌using‌ ‌a‌ ‌Varian‌ ‌Cary‌ ‌5000‌ ‌UV-Visible‌‌ 

spectrophotometer‌ ‌with‌ ‌the‌ ‌Diffuse‌ ‌Reflectance‌ ‌Accessory‌ ‌(DRA)‌ ‌and‌ ‌an‌ ‌angled‌ ‌center‌ ‌mount.‌ ‌Spectra‌ ‌are‌‌ 

collected‌ ‌in‌ ‌the‌ ‌transmittance‌ ‌configuration,‌ ‌but‌ ‌because‌ ‌we‌ ‌collect‌ ‌with‌ ‌the‌ ‌center‌ ‌mount‌ ‌in‌ ‌the‌ ‌DRA,‌ ‌it‌ ‌is‌‌ 

effectively‌ ‌a‌ ‌transreflectance‌ ‌(%TR)‌ ‌spectrum,‌ ‌as‌ ‌both‌ ‌the‌ ‌reflectance‌ ‌(%R)‌ ‌and‌ ‌transmittance‌ ‌(%T)‌ ‌are‌‌ 

collected‌ ‌simultaneously.‌ ‌Excitation‌ ‌of‌ ‌the‌ ‌sample‌ ‌is‌ ‌with‌ ‌the‌ ‌full‌ ‌beam‌ ‌size‌ ‌which‌ ‌is‌ ‌centered‌ ‌on‌ ‌the‌ ‌film‌ ‌at‌‌ 

an‌ ‌angle‌ ‌of‌ ‌incidence‌ ‌at‌ ‌20°.‌ ‌The‌ ‌resolution‌ ‌of‌ ‌the‌ ‌instrument‌ ‌is‌ ‌1‌ ‌nm‌ ‌with‌ ‌grating‌ ‌changeovers‌ ‌at‌ ‌800‌ ‌nm‌ ‌and‌‌ 

350‌ ‌nm.‌ ‌A‌ ‌baseline‌ ‌is‌ ‌collected‌ ‌by‌ ‌inserting‌ ‌a‌ ‌blank,‌ ‌cleaned‌ ‌quartz‌ ‌substrate‌ ‌into‌ ‌the‌ ‌center‌ ‌mount‌ ‌of‌ ‌the‌‌ 

DRA‌ ‌under‌ ‌the‌ ‌same‌ ‌collection‌ ‌settings.‌ ‌Both‌ ‌a‌ ‌100%‌ ‌transreflectance‌ ‌and‌ ‌a‌ ‌0%‌ ‌transflectance,‌ ‌where‌ ‌the‌‌ 

beam‌ ‌is‌ ‌blocked,‌ ‌is‌ ‌collected‌ ‌to‌ ‌baseline‌ ‌the‌ ‌instrument‌ ‌before‌ ‌collection.‌ ‌Absorptance‌ ‌(%A)‌ ‌is‌ ‌then‌‌ 

calculated‌ ‌from‌ ‌the‌ ‌resulting‌ ‌spectrum‌ ‌by‌ ‌%A‌ ‌=‌ ‌100%‌ ‌-‌ ‌%TR.‌ ‌ 

‌ 

Photoluminescence‌ ‌spectroscopy‌ ‌and‌ ‌PL‌ ‌quenching:‌‌ ‌Photoluminescence‌ ‌spectra‌ ‌were‌ ‌collected‌ ‌using‌ ‌a‌‌ 

custom-built‌ ‌Princeton‌ ‌Instruments‌ ‌spectrometer.‌ ‌A‌ ‌liquid‌ ‌nitrogen-cooled,‌ ‌front-illuminated‌ ‌Si‌ ‌CCD‌‌ 



(PyLoN)‌ ‌was‌ ‌used‌ ‌for‌ ‌collecting‌ ‌visible-NIR‌ ‌spectra‌ ‌(425-900‌ ‌nm)‌ ‌and‌ ‌a‌ ‌1D‌ ‌liquid-nitrogen‌ ‌cooled‌ ‌InGaAs‌‌ 

array‌ ‌(PyLoN-IR)‌ ‌was‌ ‌used‌ ‌for‌ ‌SWIR‌ ‌measurements‌ ‌(850-1550‌ ‌nm).‌ ‌Vis-NIR‌ ‌spectra‌ ‌were‌ ‌intensity‌‌ 

calibrated‌ ‌using‌ ‌an‌ ‌IntelliCal‌ ‌USB-LSVN‌ ‌(9000-410)‌ ‌calibration‌ ‌lamp.‌ ‌SWIR‌ ‌spectra‌ ‌were‌ ‌calibrated‌ ‌using‌ ‌a‌‌ 

SWIR‌ ‌quartz‌ ‌tungsten‌ ‌halogen‌ ‌lamp‌ ‌from‌ ‌Princeton‌ ‌Instruments.‌ ‌Dual‌ ‌monochromators‌ ‌(HRS‌ ‌500)‌ ‌were‌‌ 

used‌ ‌to‌ ‌achieve‌ ‌pseudo-monochromatic‌ ‌excitation‌ ‌from‌ ‌an‌ ‌Energetiq‌ ‌EQ99x‌ ‌laser‌ ‌driven‌ ‌light‌ ‌source,‌ ‌with‌‌ 

typical‌ ‌FWHM‌ ‌bandwidths‌ ‌~16‌ ‌nm‌ ‌using‌ ‌a‌ ‌1200‌ ‌g/mm,‌ ‌750‌ ‌nm‌ ‌blaze‌ ‌grating.‌ ‌A‌ ‌single‌ ‌monochromator‌ ‌was‌‌ 

used‌ ‌for‌ ‌detection‌ ‌(Princeton‌ ‌HRS-300)‌ ‌with‌ ‌1200‌ ‌g/mm‌ ‌(500‌ ‌nm‌ ‌blaze)‌ ‌and‌ ‌150‌ ‌g/mm‌ ‌(800‌ ‌nm‌ ‌blaze)‌‌ 

gratings‌ ‌used‌ ‌for‌ ‌measuring‌ ‌vis-NIR‌ ‌and‌ ‌SWIR‌ ‌spectra,‌ ‌respectively.‌ ‌Typical‌ ‌exposures‌ ‌were‌ ‌0.5-1‌ ‌s‌ ‌with‌‌ 

0.25-1‌ ‌mm‌ ‌detection‌ ‌slit‌ ‌widths.‌ ‌PL‌ ‌spectra‌ ‌for‌ ‌each‌ ‌sensitizer:PS‌ ‌film‌ ‌were‌ ‌excited‌ ‌at‌ ‌380‌ ‌nm.‌ ‌PL‌ ‌quenching‌‌ 

experiments‌ ‌were‌ ‌accomplished‌ ‌by‌ ‌measuring‌ ‌PL‌ ‌of‌ ‌selectively‌ ‌excited‌ ‌sensitizers‌ ‌in‌ ‌inert‌ ‌polystyrene‌‌ 

control‌ ‌samples‌ ‌and‌ ‌PCBM‌ ‌under‌ ‌identical‌ ‌conditions.‌ ‌PL‌ ‌quenching‌ ‌experiments‌ ‌were‌ ‌conducted‌ ‌by‌‌ 

exciting‌ ‌the‌ ‌sensitizer:PCBM‌ ‌films‌ ‌at‌ ‌the‌ ‌same‌ ‌wavelengths‌ ‌used‌ ‌in‌ ‌the‌ ‌TRMC/TA‌ ‌experiments‌ ‌as‌ ‌denoted‌ ‌in‌‌ 

Figure‌ ‌S1‌.‌ ‌Three‌ ‌spots‌ ‌were‌ ‌measured‌ ‌on‌ ‌each‌ ‌film‌ ‌to‌ ‌obtain‌ ‌an‌ ‌average‌ ‌PL‌ ‌spectrum‌ ‌such‌ ‌that‌ ‌an‌ ‌average‌‌ 

quenching‌ ‌ratio‌ ‌can‌ ‌be‌ ‌calculated.‌‌ ‌‌As‌ ‌shown‌ ‌in‌ ‌‌eqn.‌ ‌S1‌,‌ ‌the‌ ‌integrated‌ ‌counts‌ ‌for‌ ‌each‌ ‌spectrum‌ ‌were‌‌ 

normalized‌ ‌by‌ ‌%A‌ ‌at‌ ‌the‌ ‌excitation‌ ‌wavelength‌ ‌(‌λ‌ex‌)‌ ‌and‌ ‌the‌ ‌ratio‌ ‌of‌ ‌%A-normalized,‌ ‌integrated‌ ‌counts‌‌ 

between‌ ‌sensitizer:PS‌ ‌and‌ ‌sensitizer:PCBM‌ ‌films‌ ‌was‌ ‌used‌ ‌to‌ ‌calculate‌ ‌quenching.‌ ‌In‌ ‌practice,‌ ‌counts‌ ‌were‌‌ 

divided‌ ‌by‌ ‌the‌ ‌power‌ ‌absorbed‌ ‌(counts/W‌ ‌absorbed)‌ ‌to‌ ‌account‌ ‌for‌ ‌power‌ ‌fluctuations.‌ ‌ 

‌ 

LQ ratio 1 PL A ) (PL A )  P =   − ( PCBM / PCBM / PS/ PS   (M1)‌ ‌ 

‌ 

Cyclic‌ ‌Voltammetry‌ ‌(CV)‌:‌ ‌CV‌ ‌measurements‌ ‌were‌ ‌done‌ ‌in‌ ‌triplicate‌ ‌for‌ ‌each‌ ‌sensitizer‌ ‌and‌ ‌the‌ ‌PCBM‌‌                             

against‌ ‌the‌ ‌Fc/Fc‌+‌ ‌standard‌ ‌reference‌ ‌in‌ ‌an‌ ‌inert‌ ‌glovebox‌ ‌environment‌ ‌(<1‌ ‌ppm‌ ‌O‌2‌).‌ ‌Experiments‌ ‌were‌‌                             

performed‌ ‌on‌ ‌solutions‌ ‌of‌ ‌the‌ ‌sensitizer‌ ‌and‌ ‌PCBM‌ ‌in‌ ‌a‌ ‌4:1‌ ‌v/v‌ ‌ratio‌ ‌of‌ ‌dichlorobenzene‌ ‌to‌ ‌acetonitrile‌‌                                 

(Sigma-Aldrich‌‌99.9%‌‌anhydrous‌‌grade)‌‌with‌‌0.1‌‌M‌‌Bu‌4‌N‌+‌PF‌6‌
-‌ ‌(Sigma-Aldrich‌‌>99%‌‌electrochemical‌‌grade)‌‌                       



in‌ ‌order‌ ‌to‌ ‌make‌ ‌sure‌ ‌that‌ ‌both‌ ‌the‌ ‌electrolyte‌ ‌and‌ ‌the‌ ‌analyte‌ ‌were‌ ‌dissolved‌ ‌entirely.‌ ‌Electrochemistry‌‌                               

Power‌‌Suite‌‌software‌‌was‌‌used‌‌to‌‌control‌‌equipment‌‌and‌‌execute‌‌scans.‌‌Three‌‌cyclic‌‌scans‌‌were‌‌done‌‌prior‌‌to‌‌                                   

each‌ ‌cyclic‌ ‌voltammogram‌ ‌collection‌ ‌to‌ ‌ensure‌ ‌analyte‌ ‌equilibration‌ ‌with‌ ‌electrode‌ ‌surfaces.‌ ‌Scan‌ ‌rates‌‌                         

varied‌ ‌from‌ ‌100-200‌ ‌mV/s‌ ‌and‌ ‌each‌ ‌solution‌ ‌was‌ ‌scanned‌ ‌in‌ ‌both‌ ‌directions‌ ‌to‌ ‌ensure‌ ‌symmetry‌ ‌and‌‌                               

reversibility.‌‌A‌‌“compact‌‌voltammetry‌‌cell‌‌research‌‌kit”‌‌(Pine‌‌product‌‌#‌‌AKSPEKIT)‌‌was‌‌used‌‌to‌‌ensure‌‌the‌‌                               

best‌ ‌repeatability‌ ‌of‌ ‌electrode‌ ‌placement‌ ‌from‌ ‌sample‌ ‌to‌ ‌sample.‌ ‌The‌ ‌cell‌ ‌includes‌ ‌a‌ ‌screen-printed‌ ‌three‌‌                             

electrode‌‌system‌‌with‌‌a‌‌2mm‌‌Pt‌‌working‌‌electrode,‌‌a‌‌Pt‌‌counter‌‌electrode,‌‌and‌‌a‌‌silver‌‌wire‌‌pseudo-reference‌‌                                 

electrode.‌ ‌The‌ ‌electrodes‌ ‌and‌ ‌silver‌ ‌wire‌ ‌are‌ ‌rinsed‌ ‌and‌ ‌sanded‌ ‌between‌ ‌each‌ ‌measurement‌ ‌to‌‌prevent‌‌any‌‌                               

contamination.‌ ‌Following‌ ‌scans,‌ ‌the‌ ‌E‌1/2‌ ‌of‌ ‌the‌ ‌first‌ ‌oxidation‌ ‌potential‌ ‌for‌ ‌the‌ ‌sensitizer‌ ‌is‌ ‌used‌ ‌to‌‌                               

approximate‌ ‌the‌ ‌energy‌ ‌level‌ ‌of‌ ‌the‌ ‌donor‌ ‌and‌ ‌the‌ ‌E‌1/2‌ ‌of‌ ‌the‌ ‌first‌ ‌reduction‌ ‌for‌ ‌the‌ ‌PCBM‌ ‌is‌ ‌used‌ ‌to‌‌                                       

approximate‌‌the‌‌energy‌‌level‌‌of‌‌the‌‌acceptor,‌‌both‌‌with‌‌reference‌‌to‌‌the‌‌Fc/Fc‌+‌ ‌standard‌‌E‌1/2.‌ ‌This‌‌procedure‌‌is‌‌                                   

inspired‌ ‌by‌ ‌work‌ ‌from‌ ‌Larson‌ ‌et‌ ‌al.‌41‌ ‌While‌ ‌CV‌ ‌measurements‌‌are‌‌not‌‌entirely‌‌indicative‌‌of‌‌the‌‌solid-state‌                                 

energetics‌‌for‌‌these‌‌sensitizers,‌‌we‌‌argue‌‌that‌‌the‌‌solution-like‌‌nature‌‌of‌‌the‌‌sensitization‌‌for‌‌the‌‌Pcs/Ncs/Sqs‌‌                               

combined‌‌with‌‌the‌‌self-consistent‌‌dataset‌‌that‌‌we‌‌are‌‌able‌‌to‌‌achieve‌‌through‌‌CV,‌‌that‌‌the‌‌relative‌‌shifts‌‌in‌‌the‌‌                                     

solid-state‌‌will‌‌be‌‌comparable‌‌so‌‌long‌‌as‌‌there‌‌is‌‌no‌‌aggregation.‌‌Furthermore,‌‌work‌‌done‌‌from‌‌Cardona‌‌et‌‌al.‌‌                                   

found‌ ‌that‌ ‌the‌ ‌conversion‌ ‌methods‌ ‌used‌ ‌for‌ ‌solution‌ ‌to‌ ‌solid-state‌ ‌energetics‌ ‌can‌ ‌vary‌‌greatly‌‌and‌‌use‌‌of‌‌a‌‌                                   

self-contained‌‌data‌‌set‌‌is‌‌more‌‌consistent.‌42‌ ‌Errors‌‌for‌‌the‌‌CV‌‌measurements‌‌are‌‌determined‌‌from‌‌the‌‌standard‌‌                               

deviation‌ ‌of‌ ‌the‌ ‌mean‌ ‌for‌ ‌the‌ ‌averaged‌ ‌triplicate‌ ‌solutions‌ ‌per‌ ‌sensitizer.‌ ‌Typical‌ ‌errors‌ ‌in‌ ‌this‌ ‌work‌ ‌are‌‌                                 

between‌ ‌±10-50‌ ‌mV‌ ‌for‌ ‌both‌ ‌the‌ ‌sensitizers‌ ‌and‌ ‌the‌ ‌PCBM.‌ ‌ 

‌ 

TRMC‌ ‌Measurements‌:‌ ‌The‌ ‌TRMC‌ ‌technique‌ ‌has‌ ‌been‌ ‌described‌ ‌in‌ ‌detail‌ ‌in‌ ‌previous‌ ‌publications‌ ‌both‌ ‌in‌‌ 

terms‌ ‌of‌ ‌the‌ ‌theory‌ ‌and‌ ‌the‌ ‌experimental‌ ‌setup.‌29,30‌‌ ‌Film‌ ‌photoconductivity‌ ‌for‌ ‌this‌ ‌work‌ ‌is‌ ‌determined‌ ‌by‌ ‌the‌‌ 

following:‌ ‌(1)‌ ‌TRMC‌ ‌transients‌ ‌are‌ ‌collected‌ ‌as‌ ‌a‌ ‌function‌ ‌of‌ ‌light‌ ‌intensity‌ ‌for‌ ‌each‌ ‌sample‌ ‌in‌ ‌the‌ ‌series‌ ‌to‌‌ 

ensure‌ ‌that‌ ‌the‌ ‌response‌ ‌is‌ ‌linearly‌ ‌correlated.‌ ‌(2)‌ ‌Transients‌ ‌are‌ ‌fit‌ ‌with‌ ‌biexponential‌ ‌functions‌ ‌convoluted‌‌ 

https://www.zotero.org/google-docs/?S25ucf


with‌ ‌the‌ ‌7‌ ‌ns‌ ‌cavity‌ ‌response.‌ ‌(3)‌ ‌The‌ ‌resulting‌ ‌peak‌ ‌value‌ ‌is‌ ‌normalized‌ ‌by‌ ‌the‌ ‌fraction‌ ‌of‌ ‌absorbed‌ ‌photons‌‌ 

in‌ ‌the‌ ‌film.‌ ‌‌﻿‌A‌ ‌Spectra-Physics‌ ‌PremiScan‌ ‌ULD/500‌ ‌optical‌ ‌parametric‌ ‌oscillator‌ ‌pumped‌ ‌by‌ ‌a‌‌ 

Spectra-Physics‌ ‌Quanta-Ray‌ ‌Nd:YAG‌ ‌laser‌ ‌was‌ ‌used‌ ‌to‌ ‌excite‌ ‌the‌ ‌samples‌ ‌with‌ ‌ca.‌ ‌5‌ ‌ns‌ ‌pulses‌ ‌in‌ ‌the‌ ‌peak‌‌ 

absorption‌ ‌for‌ ‌each‌ ‌sensitizer‌ ‌as‌ ‌shown‌ ‌inset‌ ‌on‌ ‌the‌ ‌absorption‌ ‌figures‌ ‌in‌ ‌the‌ ‌‌SI‌ ‌Figure‌ ‌1‌.‌ ‌TRMC‌ ‌transients‌‌ 

with‌ ‌fits‌ ‌for‌ ‌each‌ ‌sample‌ ‌are‌ ‌shown‌ ‌in‌ ‌the‌ ‌‌SI‌ ‌Figure‌ ‌5‌.‌ ‌TRMC‌ ‌measurement‌ ‌error‌ ‌is‌ ‌dominated‌ ‌by‌ ‌the‌ ‌error‌‌ 

in‌ ‌measuring‌ ‌film‌ ‌absorption‌ ‌and‌ ‌errors‌ ‌associated‌ ‌with‌ ‌sample‌ ‌inconsistencies.‌ ‌The‌ ‌error‌ ‌shown‌ ‌for‌ ‌the‌ ‌yield‌‌ 

data‌ ‌in‌ ‌‌Figure‌ ‌2‌ ‌‌is‌ ‌estimated‌ ‌by‌ ‌taking‌ ‌an‌ ‌average‌ ‌yield‌ ‌for‌ ‌three‌ ‌replicate‌ ‌films‌ ‌for‌ ‌each‌ ‌sensitizer,‌ ‌then‌‌ 

taking‌ ‌the‌ ‌standard‌ ‌deviation‌ ‌of‌ ‌the‌ ‌mean.‌ ‌ 

‌ 

Time-resolved‌‌photoluminescence‌‌(TRPL):‌‌‌Optical‌‌excitation‌‌with‌‌~100‌‌ps‌‌pulses‌‌at‌‌700‌‌nm‌‌was‌‌supplied‌‌                           

by‌‌a‌‌NKT‌‌supercontinuum‌‌fiber‌‌laser‌‌(SuperK‌‌EXU-6-PP)‌‌with‌‌2.69‌‌MHz‌‌repetition‌‌rate.‌‌A‌‌10‌‌nm‌‌bandpass‌‌                                 

filter‌ ‌was‌ ‌used‌ ‌to‌ ‌reduce‌ ‌the‌ ‌spectral‌ ‌bandwidth‌ ‌of‌ ‌the‌ ‌excitation‌ ‌beam.‌ ‌A‌ ‌Hamamatsu‌ ‌300-900‌ ‌nm‌‌                               

(C10910-04)‌ ‌streak‌ ‌camera‌‌was‌‌used‌‌to‌‌collect‌‌time-resolved‌‌PL‌‌spectra.‌‌Instrument‌‌response‌‌was‌‌captured‌‌                           

by‌ ‌scattering‌ ‌some‌ ‌excitation‌ ‌light‌ ‌into‌ ‌the‌ ‌detector‌ ‌using‌ ‌ground‌ ‌glass‌ ‌in‌ ‌the‌ ‌sample‌ ‌position.‌ ‌Transients‌‌                               

were‌ ‌analyzed‌ ‌at‌ ‌the‌ ‌wavelength‌ ‌of‌ ‌maximum‌ ‌PL‌ ‌intensity‌ ‌for‌ ‌each‌ ‌film.‌ ‌ 

‌ 

Standard‌ ‌Errors‌:‌ ‌Standard‌ ‌errors‌ ‌reported‌ ‌in‌ ‌this‌ ‌paper‌ ‌are‌ ‌from‌ ‌averaged‌ ‌repeated‌ ‌measurements‌ ‌from‌ ‌each‌‌ 

experiment.‌ ‌In‌ ‌doing‌ ‌so,‌ ‌we‌ ‌report‌ ‌the‌ ‌averaged‌ ‌value‌ ‌and‌ ‌the‌ ‌standard‌ ‌deviation‌ ‌of‌ ‌the‌ ‌mean‌ ‌from‌ ‌the‌‌ 

repeated‌ ‌measurements‌ ‌as‌ ‌the‌ ‌experimental‌ ‌value‌ ‌and‌ ‌the‌ ‌error‌ ‌for‌ ‌those‌ ‌experiments.‌ ‌If‌ ‌a‌ ‌quantity‌ ‌is‌‌ 

determined‌ ‌from‌ ‌multiple‌ ‌experimental‌ ‌values,‌ ‌such‌ ‌as‌ ‌‌∆G‌CT‌,‌ ‌then‌ ‌the‌ ‌error‌ ‌reported‌ ‌is‌ ‌the‌ ‌propagated‌ ‌error‌‌ 

from‌ ‌each‌ ‌experimental‌ ‌value,‌ ‌combined‌ ‌in‌ ‌quadrature.‌ ‌ 

‌ 
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