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4 ABSTRACT  Op ically genera ed molecular spin cen ers ofer an 
5 a  rac ive pla form for room- empera ure spin ronic and quan um 
6 applica ions. The linear acene family of molecules are especially 
7 good candida es due  o  heir efcien  genera ion of highly 
8 polarized  riple  exci ons via single  fssion. However,  he direc  
9 de ec ion and manipula ion of  hese spin cen ers in  hin flms via 

10  he elec rical means desirable for ul ima e microelec ronic devices 
11 has proven challenging. In par icular, highly orien ed  riple  
12 fea ures have previously been de ec ed in crys alline an hracene 
13 bu  longer acenes reveal only double  fea ures in Elec rically-
14 De ec ed Magne ic Resonance (EDMR). In  his work we presen  
15 EDMR spec ra of highly orien ed  riple  exci ons in pen acene for 
16  he frs   ime, using a hos −gues  s yle device made of  e racene 
17 and pen acene. The gues  ac s as an energe ic  rap si e, permi  ing  he isola ion and de ec ion of molecular  riple s a  room 
18  empera ure. Modeling of  hese resul s shows  ha   he observed resonance fea ures correspond  o  riple  sublevel  ransi ions on 
19 isola ed pen acene gues  molecules. Ro a ion of  he applied feld confrms  he  endency of  he linear acenes  o self-orien  wi h  he 
20 longes  molecular axis perpendicular  o  he device subs ra e. Las ly, we fnd  he disappearance of resonan   riple  fea ures in  he nea  
21 acenes is no  primarily due  o  he efec s of exci on delocaliza ion, bu  a broader mechanism of spin relaxa ion primarily infuenced 
22 by exci on difusivi y. 

23 ■ INTRODUCTION

24 Molecular semiconduc ors are promising candida es for many 
25 modern elec ronic  echnologies like spin ronics, novel pho o-
26 vol aics, quan um compu ing, and quan um sensing.1,2 The
27 ease of syn hesis, low cos , and  ailorabili y of  hese ma erials 
28 makes  hem generally appealing, and  heir inheren  low spin− 
29 orbi  coupling is highly a  rac ive for applica ions  ha  require 
30 long-lived room  empera ure spin cen ers or efcien  spin 
31  ranspor .3 Recen  advances in molecular coherence  imes and
32 ga e opera ion speeds u ilize  he coupling be ween exci ed 
33 elec ronic s a es and nearby magne ic nuclei, and promise  he 
34 abili y for individual molecules  o ac  as hybrid qubi  
35 sys ems.4−6 Elec ronic s a es excel a  pure s a e prepara ion
36 a  room  empera ure due  o s rong coupling  o elec romagne ic 
37 felds, while subs i uen  magne ic nuclei boas  sufcien ly long 
38 spin coherence  imes  o ac  as quan um memory.7 These
39 impressive sys ems mo iva e  he need for elec rical readou , as 
40 op ical schemes require bulky se ups  ha  preven   he 
41 realiza ion of minia ure devices  ha  will ul ima ely be desired 
42 ei her for sensing or compu ing applica ions.8 Similar  o
43 quan um do  sys ems  ha  incorpora e  he Pauli blockade 
44 principle, a single molecular pho oexci ed s a e could in 
45 principle preven  or facili a e charge  ransfer based solely on 
46 spin polariza ion.9−11 Such a sys em would ofer a s raigh for-

ward pa hway  o  he realiza ion of prac ical elec rical readou  47

wi h single molecule sensi ivi y a  reasonable  empera ures. 48

This approach can fnd u ili y in  he near- erm in quan um 49

sensing applica ions where molecular ensembles are appro- 50

pria e, and in  he long run  here is po en ial for compu ing if 51

 he limi  of single-molecule measuremen s is reached.12,13 For 52

prac ical sensing, all  ha  is required is a me hod of 53

hyperpolarizing a spin sys em, and a simple sensi ive me hod, 54

like elec ric curren , for reading ou  i s coherence  ime, as  his 55

provides ex remely sensi ive measuremen s of  he local 56

magne ic environmen .14 Compu ing applica ions are much 57

more challenging, requiring an elec rical in erface wi h a single 58

molecule,12,13 and ul ima ely remo e en anglemen  of mul iple 59

molecular spin cen ers.15 
60

Toward  his goal, we propose a sys em where  he long-lived 61

 riple  exci on serves  he role of  he exci ed elec ronic s a e, 62

facili a ing readou  and ini ializa ion, and  he phenomenon of 63
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64 Single  Fission (SF) serves as  he ini ializa ion mecha-
65 nism.7,16−22 The purpose of  his paper is  o discover how 
66 and if elec rical readou  of  he  riple  exci ons is possible in 
67 such sys ems. We focus here on  he linear acene family of 
68 molecules, because  hey are sufcien ly conduc ive  o suppor  
69 large curren  densi ies, and excel a  genera ing well-ordered 
70 room  empera ure  riple  species from SF.23−27 

f1 71 Single  Fission, as shown in Figure 1, is a process in which 
72 an ini ial exci a ion in  he frs  exci ed single  s a e par i ions i s 

Figure 1. Bo  om lef : Single  fssion process, whereby one 
chromophore is exci ed in o  he frs  exci ed single  s a e and 
proceeds  o fssion  o a neighboring molecule  o produce  wo frs  
exci ed  riple s. Righ : Single crys al exci ed-s a e energies for 
an hracene (Ac),28,29  e racene (Tc),30 and pen acene (Pc)31,32 and 
which molecules display  riple  fea ures based on magne ic resonance 
scheme. 

73 energy in o  wo neighboring frs  exci ed  riple  s a es.33−35 

74 The kine ics of SF can be modifed based on  he frs  exci ed 
75 s a e energies of  he acene involved, and  he resul ing  riple  
76 spins can even be purposefully localized via chemical syn hesis, 
77 for example in bridged dimer confgura ions16,27,36−38  ha  
78 confer con rol over  he ini ially genera ed spin popula ion via 
79  heir orien a ion wi hin an applied magne ic feld.16,38,39 The 
80 process is also spin-conserving, producing  wo spin-polarized 
81  riple  pairs  ha  could  hen be manipula ed and read ou  in an 
82 ensemble elec rically de ec ed measuremen  scheme we  es  
83 here.35,40,41 

84 Elec rical readou  of  riple  s a es in linear acenes migh  be 
85 achieved via a magne oconduc ance (MC) measuremen , 
86 whereby pho oexci ed  riple  s a es are probed  hrough  heir 
87 in erac ion wi h mobile charges.42−44 The  riple -charge 
88 in erac ion is only one of many mechanisms  ha  explains 
89 Organic Magne oresis ance (OMAR) commonly observed in 
90 organic semiconduc ors, bu  forms  he basis for  he presen  

f2 91 measuremen  scheme.45−49 As seen in Figure 2, mobile charges 
92 approaching an occupied  rap si e can ei her pass by or 
93 undergo a  riple -charge in erac ion wi h  wo ou comes. Based 
94 on  he  o al spin of  he complex, a spin-allowed (double  
95 charac er) confgura ion resul s in quenching  o  he molecular 
96 ground s a e, whereas a spin-forbidden confgura ion (quar e  
97 charac er) even ually sees  he  wo cons i uen  par icles sca  er 
98 apar . The  riple -charge complex forms a se  of mixed 
99 quan um s a es, and  he ra io of sca  ering  o quenching 

Figure 2. A mobile charge q can avoid in erac ion  hrough a  riple  T 
 rap-blocking mechanism or undergo a  riple -charge in erac ion. The 
 o al spin of  he  riple -charge complex is feld-dependen  and 
de ermines if  he complex even ually sca  ers apar  or  he  riple  is 
quenched  o  he ground s a e. 

even s becomes magne ic feld-dependen , as  he probabili y of 100 

forming double  confgura ion complexes decreases a  high 101 

magne ic feld.43 This in  urn leads  o a feld (and spin) 102 

dependence of  he conduc ance, as  he change in quenching 103 

probabili y modula es  he ra io of  rapping  o sca  ering 104 

even s.50 While in rinsic  rap si es are no  required for  he 105 

in erac ion  o occur, modeling of  he  riple -charge in erac ion 106 

has revealed  ha  bo h  rap densi y and  riple - rapping can 107 

profoundly amplify  he resul ing MC.50,51 
108 

Because of  he apparen  benef  of energe ic  rap si es in 109 

s udying  he  riple -charge in erac ion, we inves iga e a hos − 110 

gues  sys em in  his work, where  he gues  ma erial ac s as an 111 

in en ionally engineered  rap si e  o isola e and probe 112 

molecular  riple s. We chose pen acene (Pc) as  he gues  113 

and  e racene (Tc) as  he hos  molecule due  o  heir iden ical 114 

crys al packing and energe ic alignmen . Pc is an op imal 115 

choice as gues  ma erial, as i  is very well s udied, boas s 116 

sufcien  conduc ivi y, and exhibi s a no ably low ioniza ion 117 

po en ial and  riple  s a e energy.52 Te racene as a hos  118 

ma erial facili a es  riple  genera ion  hrough SF, and i s 119 

exci onic s a e energies and ioniza ion po en ial promo e bo h 120 

exci on and charge  ransfer  o  he gues  Pc molecule. I  also 121 

possesses a crys al s ruc ure iden ical  o  ha  of Pc, making 122 

clean subs i u ional doping of Tc crys als wi h Pc gues s 123 

possible.53−55 In  his hos −gues  archi ec ure,  he Tc hos  is 124 

direc ly op ically exci ed  o induce SF, while  he Pc ac s as a 125 

 riple  accep or and  rap si e. The single -fssion dynamics of 126 

Tc/Pc blends have been s udied, and i  was observed  ha  bo h 127 

acenes undergo homofssion wi h a small con ribu ion from 128 

he erofssion be ween each species.31,56,57 I  was repor ed  ha  129 

even a  low Pc gues  concen ra ions,  he  riple  exci on 130 

popula ion was domina ed by  hose localized on Pc on a  ime 131 

scale of 10−100 ps.55 
132 

De ec ion of  riple  spins can be accomplished by driving 133 

 riple  sublevel  ransi ions wi h microwaves  hrough a varie y 134 

of magne ic resonance  echniques. There are however 135 

unanswered ques ions  ha  have arisen from  he diferen  136 

experimen al spec ra ob ained for  he linear acenes based on 137 

de ec ion scheme. As seen a   he  op of Figure 1, no  all 138 

magne ic resonance  echniques have been able  o observe 139 

 riple  sublevel  ransi ions wi hin  he series. An hracene is well- 140 

s udied and displays s rong  riple  and double  fea ures via 141 

Elec rically De ec ed Magne ic Resonance (EDMR), bu  142 

similar s udies of Tc and Pc reveal only double  143 
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144 fea ures.54,58−63 The Op ically De ec ed Magne ic Resonance 
(ODMR) scheme measures  he change in op ical emission or 

146 absorp ion of a specifc s a e under resonan  condi ions, and 
147 has been used  o observe orien ed  riple  fea ures in Tc.64,65 

148 Elec ron Paramagne ic Resonance Spec roscopy (EPR) 
149  ypically involves modula ion of  he applied feld and measures 

 he resul ing change in refec ed microwave in ensi y.24,66 EPR 
151 experimen s are of en conduc ed wi h dilu e solid s a e samples 
152 under cryogenic condi ions  o limi  spin−la  ice relaxa ion 
153 efec s, and have successfully revealed  riple  fea ures in all 

18,19,52,67
154  hree acenes. 

In  his work, we inves iga e  he elec rical readou  mechanism 
156 of  riple  spin s a es described above using bo h pure and 
157 hos −gues  sys ems of linear acenes and resolve  he repor ed 
158 diferences in magne ic resonance de ec ion schemes.50 We 
159 fnd  ha   he exci on-charge in erac ion can indeed be used  o 

de ec   he exci on spin s a e elec rically, and presen  EDMR 
161 spec ra  ha  evince highly orien ed  riple  fea ures of gues  Pc 
162 in hos  Tc. The orien a ion-dependence of  he sublevel 
163  ransi ions we observe is consis en  wi h  riple  spin  ransi ions 
164 on isola ed pen acene molecules wi h  heir  er iary magne ic 

axis (X) orien ed 11.9° from  he surface normal. Varying  he 
166 gues  loading shows  ha   he  riple  EDMR fea ures disappear 
167 as  he concen ra ion increases, consis en  wi h  he falling 
168 probabili y  ha  gues  molecules randomly dis ribu ed in a hos  
169 ma rix are comple ely isola ed from each o her. These resul s 

provide a coheren  explana ion for  he coun erin ui ive absence 
171 of  riple  fea ures observed in previous EDMR experimen s on 
172 pure Tc and Pc: spin−la  ice relaxa ion caused by hopping 
173 even s des roys  he spin polariza ion needed  o observe  hem. 

174 ■ METHODS 

All measuremen s repor ed in  his work were performed a  
176 room  empera ure using devices fabrica ed on 10 × 30 mm2 

177 glass/ITO subs ra es, ei her held wi hin a rec angular wave-
178 guide microwave resona or or moun ed on a coplanar 
179 waveguide loop an enna for cryogenic measuremen s. The 

ITO on glass subs ra es were e ched as previously described.50 

181 Device layers were deposi ed in a bo  om-up fashion s ar ing 
182 wi h a  hin hole  ranspor  layer of spin-coa ed PEDOT:PSS, 
183 followed by a  hermally evapora ed polycrys alline acene layer, 
184 followed by a Gold−Silver  op elec rode. Al 4083 Ossila 

PEDOT:PSS, 99.9% sublimed grade pen acene, and 99.99% 
186 sublimed grade benz[b]an hracene ( e racene) were used as 
187 supplied. Bo h PEDOT:PSS and gold were chosen  o promo e 
188 hole injec ion and ex rac ion for  he primarily hole-only device 
189 archi ec ure.68−71 

MC measuremen s were performed via elec rical modula ion 
191 of  he inpu  curren  and subsequen  de ec ion of  he lockin R-
192 channel as a func ion of applied feld. EDMR measuremen s 
193 were  aken in a similar fashion, where  he RF microwave signal 
194 was ins ead modula ed and  he resul ing curren  change was 

amplifed and de ec ed in bo h in-phase and ou -of-phase 
196 channels. A Pyramid Hall Probe was used  o de ermine  he real 
197 magne ic feld s reng h wi h ±0.6 mT accuracy. Samples were 
198 ro a ed wi h respec   o  he applied feld by ro a ion of  he 
199 whole microwave cavi y and waveguide appara us  o ±1° 

accuracy. All EDMR curves repor ed in  his work were 
201 measured for a minimum of 4 h and repea ed wi h several 
202 devices  o ensure reproducibili y. 

■ RESULTS AND DISCUSSION 203 

Acene-based devices were fabrica ed  o enforce hole-only 204 

 ranspor  as a way  o suppress o her commonly seen organic 205 

magne oresis ance mechanisms, namely bipolaron forma ion 206 

and elec ron−hole pair in erconversion. The hole  ranspor  207 

layer of PEDOT:PSS and direc  gold elec rode con ac  provide 208 

an alignmen  of  he molecular conduc ion bands and me allic 209 

Fermi level such  ha  elec ron  ranspor  is discouraged by a 210 

high injec ion barrier.50 As seen in Figure 3, all  hree  ypes of 211 f3 

Figure 3. Curren −vol age charac eris ics of nea  acene devices and a 
(99%Tc/1%Pc) hos −gues  device. Inse : Device s ack. 

acene layers exhibi  very similar curren  densi ies around  he 212 

s andard 1 V opera ing condi ions. Pen acene was in roduced 213 

as a gues  be ween 0.1 and 20% loading via simul aneous 214 

codeposi ion. In  his scheme, pen acene ac s as a mobile 215 

charge and exci on  rap si e because of i s lower ioniza ion 216 

po en ial and frs  exci ed s a e energies compared  o  he hos  217 

 e racene. 218 

Trap densi y and  he efec iveness of  rapping has been 219 

shown  o be cri ical in  he observance of  riple -charge 220 

magne oresis ance efec s.50,51 We analyze  he curren −vol age 221 

rela ionship of all  hree devices using  he Mark-Helfrich 222 

equa ion, which is derived under  he assump ion of ideal space- 223 

charge limi ed conduc ion infuenced by charac eris ic  rap 224 

si es:72 
225 
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Here, J is  he curren  densi y, q is  he elemen ary charge, μn 227 

is  he carrier mobili y, N  is  he efec ive densi y of s a es a   he 228 

relevan   ranspor  band, ϵ0 and ϵr are  he vacuum and rela ive 229 

permi  ivi y respec ively, Nt is  he efec ive  rap densi y, V is 230 

 he bias vol age, and L is  he leng h of  he ac ive layer. l is a 231 

represen a ion of  he  rapping frequency, wi h higher values 232 

represen ing ei her deeper  rap si es and/or more efec ive 233 

molecular  rapping mechanisms. From  he f  ing, l was found 234 

 o be lowes  wi h nea  Pc (2.58), modera e wi h nea  Tc 235 

(3.49), and highes  wi h  he hos −gues  sys em (4.08). While 236 

 he f  ing does no  provide explici  de ails on  he  rapping 237 

mechanism, i  does imply  he conduc ion pa hways for  he 238 

codeposi ed layer are more energe ically disordered compared 239 

 o ei her nea  ma erial. 240 

The magne oresis ance mechanisms and underlying  heory 241 

for nea  Pc devices were  horoughly explored in our previous 242 

work.50 We developed a quan um kine ic model based on  he 243 

Hamil onian of  he weakly coupled  riple -charge in erac ion 244 

 ha  explained  he observed efec s via a  riple - rap flling 245 

model. This explains  he li  le  o no observed MC of nea  Pc 246 

devices in  he dark, bu   he consis en  large posi ive MC under 247 
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257 As seen in Figure 4,  he s rong posi ive MC efec  commonly 

280 nea  flm, ins ead displaying a primarily nega ive MC. I  is no  
281 uncommon in OMAR s udies  o observe sys ems  ha  re ain 
282  he same fundamen al curve shape, bu  fip sign in response  o 
283 a change in bias vol age, flm  hickness,  empera ure, or even 
284 choice of elec rode.73−77 The hos −gues  sys em displays a 
285 similar dual Loren zian behavior  o  ha  of  he nea  Tc flm, 
286 implying a re en ion of  he change in SF efciency as a 
287 func ion of applied feld. The sign change and overall reduc ion 
288 in magni ude could indica e a sa ura ion of  he  rap-flling 
289 efec , implying  ha  a  low feld  he  riple  densi y  ha  is able 

248 illumina ion and subsequen   riple  genera ion via SF. No  all 
249 pho oresponsive SF ma erials exhibi   his same efec   hough, 
250 as  he  hermodynamics of  he phenomenon are feld 
251 dependen . 

f4 252 Figure 4 shows  ypical MC measuremen s ga hered by 
253 sweeping  he applied feld and measuring  he resul ing change 

Figure 4. Magne oconduc ance of pho oexci ed acene devices. Pc 
illumina ed wi h 660 nm red ligh  and Tc and (99%Tc/1%Pc) hos − 
gues  device illumina ed wi h 505 nm green ligh . Solid lines represen  
f s  o separa e kine ic models based on  he highes -concen ra ion 
acene presen . Pc da a scaled down  o one- hird  o increase visibili y. 

254 in conduc ance under illumina ion. The magne oconduc ance 
255 is defned by 

(2)256 

258 seen in Pc is no  ma ched by  he o her device  ypes. Here, Pc is 
259 illumina ed wi h 660 nm red ligh , while  he primarily Tc 
260 devices are illumina ed wi h 505 nm green ligh . This mos  
261 s rongly aligns  he absorp ion of  he ma erials wi h  heir 
262 respec ive band gaps  o produce similar exci on densi ies, as 
263 shown in  he Suppor ing Informa ion via absorp ion spec ros-
264 copy and pho ocurren  measuremen s. A key diference 
265 be ween  he acenes is  ha   he SF efciency in nea  Pc 
266 remains rela ively unchanged during  he feld sweep, whereas 
267  he SF efciency of Tc is reduced a  high feld. The ini ial 
268 increase in conduc ivi y in nea  Tc is a  ribu ed  o  he  riple  
269  rap-flling mechanism, whereby  riple  spins genera ed via SF 
270 fll unoccupied lower energy s a es in  he conduc ion band, 
271 blocking  he si e for mobile charges and increasing  he efec ive 
272 mobili y. A  high feld, Tc exhibi s a well charac erized 
273 reduc ion in  he SF efciency, causing  he overall  riple  
274 densi y  o fall.23,53 As such,  he MC charac eris ics of Tc follow 
275 a dual Loren zian behavior, and  he bes  f   o  he experimen al 
276 curve in Figure 4 reveals a low-feld posi ive Loren zian 
277 cen ered around 8 mT, and a high-feld nega ive Loren zian 
278 cen ered around 80 mT. 
279 In eres ingly,  he hos −gues  sys em behaves unlike ei her 

 o afec  mobile charges is already maximized, and any 290 

addi ional change has li  le  o no efec  on conduc ion 291 

pa hways. The sligh  posi ive high feld MC is no  s a is ically 292 

signifcan , bu  if  his were a real efec , could sugges   ha   he 293 

gues  Pc is s ill providing some improvemen  in conduc ion 294 

 hrough  he  riple -charge mechanism, even in low concen- 295 

 ra ion. 296 

Figure 5 shows feld-swep  room  empera ure EDMR 297 f5 

measuremen s  aken on  he acene devices wi h  he curren  298 

Figure 5. In-plane EDMR spec ra of nea  acene devices and a (95% 
Tc/5%Pc) hos −gues  device a  a carrier frequency of 9.625 GHz. 
Also shown is  he simula ed powder spec rum from  he subsequen  
analysis revealing one heavily broadened fea ure. 

vec or parallel  o  he s a ic magne ic feld vec or. In  hese 299 

experimen s,  he device is pu  under  he same condi ions as  he 300 

MC measuremen s, where illumina ion drives  he genera ion of 301 

 riple  spins  hrough SF and a cons an  DC bias promo es 302 

 riple -charge in erac ions. An ampli ude-modula ed micro- 303 

wave-magne ic feld is  hen applied perpendicular  o  he s a ic 304 

magne ic feld in order  o drive spin  ransi ions when  he 305 

Zeeman spli  ing of a given  ransi ion ma ches  he fxed 306 

microwave drive frequency (9.625 GHz a  20 dbm power). 307 

The conduc ance is  hen cons an ly measured via lockin 308 

de ec ion a   he microwave modula ion frequency (1.243 309 

kHz), and  he feld is swep  back and for h  o de ec  spin 310 

 ransi ions  ha  al er  he baseline conduc ance. 311 

From Figure 5, all  hree devices exhibi  a clear cen er-feld 312 

spec ral fea ure, which can be a  ribu ed  o  he symme ric 313 

double  elec ron  ransi ion. Bu  only  he hos −gues  device 314 

exhibi s wing fea ures (displaced from cen er-feld)  ha  are 315 

a  ribu ed  o orien ed  riple  sublevel spin  ransi ions. The 316 

dis inc  orien a ion is eviden  when compared  o  he simula ed 317 

powder spec rum, whereby  he  riple  con ribu ions from 318 

diferen  molecular orien a ions resul  in a signifcan ly 319 

broadened cen ralized componen . The fac   ha   he nea  320 

acene spec ra reveal no  riple  fea ures while undergoing s rong 321 

SF is coun erin ui ive, bu   his is consis en  wi h previous 322 

s udies.52,54,60,61,63 The nea  acene flms measured  hrough 323 

EDMR produce only one cen er-feld peak  ha  f s well  o a 324 

sum of Gaussian and Loren zian line shapes, shown in  he 325 

cryogenic EDMR sec ion of  he Suppor ing Informa ion This 326 

cen er-feld peak is commonly a  ribu ed no   o  he high  riple  327 

densi y from  he SF process, bu   o mobile and  rapped charges 328 

 ha  undergo a symme ric spin fip, placing  hem direc ly a   he 329 

cen er-feld of  he chosen resonan  frequency. Here  he 9.625 330 

GHz frequency corresponds  o a g = 2 cen er-feld line of 344.1 331 

mT. 332 

The wing fea ures seen in  he hos −gues  device in Figure 5 333 

are  he frs  evidence of  riple  spin  ransi ions in Pc de ec ed 334 

 hrough EDMR. The peak posi ions correspond  o specifcally 335 

orien ed molecular Pc  riple s wi h respec   o  he applied feld 336 
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337 orien a ion. These fea ures have already been observed 
338 elec rically in an hracene and op ically in  e racene, and also 
339 agree wi h previous li era ure on  he preferred grow h 
340 orien a ion of acene crys als in  hermally evapora ed  hin 
341 flms.18,53,54,58,59,78 In order  o elabora e on why  hese fea ures 
342 only appear in a codeposi ed flm and  o conclusively defne 
343  he molecular orien a ion bias in  he flm, we de ail a  heory 
344 based on  he underlying Hamil onian of  he double - riple  
345 sys em. The  o al spin Hamil onian governing  he  riple -
346 charge sys em is given by 
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348 where HZ,i, Hhf,i, Hzfs,T, and Hex represen   he con ribu ions 
349 from  he Zeeman spli  ing, hyperfne in erac ions, zero feld 
350 spli  ing of  he  riple  s a e, and double - riple  exchange 
351 coupling, respec ively. Dzfs and Ezfs are experimen ally 
352 de ermined parame ers, and  he  ensor Jij represen s  he  o al 
353 iso ropic, symme ric, and an isymme ric exchange in erac ion 
354 be ween  he double  and  riple .79 

355 The Zeeman and Hyperfne  erms of  he Hamil onian are 
356 ini ially represen ed in wha  are  ermed  he high feld basis 
357 s a es, having an explici  represen a ion in  erms of posi ive and 
358 nega ive con ribu ions wi h respec   o  he applied feld. The 
359 zero feld spli  ing  erm in  he Hamil onian is ini ially 
360 represen ed in wha  is  ermed  he zero feld basis s a es, 
361 having an explici  represen a ion wi h respec   o  he primary X, 
362 Y, and Z molecular axes. The zero feld spli  ing  erm is frs  
363  ransformed and represen ed in  he high feld basis s a es and 
364 combined wi h  he Zeeman and Hyperfne  erms  o produce 
365 six uncoupled s a es made up of  he combina ions of  he 
366  riple s (T+, T0, T−) and double s (α, β). Firs ,  he zero feld 
367 spli  ing componen  is given by 
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369 where g is  he elec ron g-fac or, μB is  he Bohr magne on, and 

(5)370 
B B sin cosM MX app=
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(9) 374 

where Bapp represen s  he s reng h of  he applied magne ic 375 

feld, and θM and ϕM represen   he orien a ion of  his applied 376 

feld wi h respec   o  he conven ional polar and azimu hal 377 

angles in  he molecular frame. Nex ,  he zero feld basis s a es 378 

in  he molecular frame can be  ransformed  o compa ible high 379 

feld basis s a es by applying  he high feld uni ary  rans- 380 

forma ion ma rix 381 

H U H UT
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where rows represen  | + 1 , |0 , | − 1  high feld s a es and 385 

columns represen  |X , |Y , |Z  zero feld s a es. Las ly,  he six 386 

s a e double   riple  Hamil onian is formed via  he  ensor 387 

produc  388 
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The hyperfne in erac ion is included in relevan  inner 390 

produc  ma rix posi ions and averaged over many random 391 

direc ions. The efec  is qui e small and resul s in a negligible 392 

con ribu ion a  high feld in resonance experimen s bu  is 393 

de ailed in  he Suppor ing Informa ion. The fnal exchange 394 

coupling  erm in  he Hamil onian is represen ed wi h an 395 

explici  form in eq 3, bu  i  is more in ui ive  o view  he 396 

in erac ion as a change from uncoupled basis  o a coupled one. 397 

Ins ead of represen ing  he coupling  erm in  he molecular or 398 

Zeeman frame, we follow  he common approach of 399 

formula ing  he Hamil onian frs  in  he uncoupled basis and 400 

 hen ro a ing  he eigenbasis  o  he coupled mixed s a es based 401 

on  he s reng h of  he exchange and dipolar coupling.80 In  his 402 

scheme, we can defne a direc  rela ion be ween  he uncoupled 403 

basis s a es on  he lef ,  he weakly coupled Ψ basis s a es in  he 404 

middle, and  he s rongly coupled double /quar e  s a es on  he 405 

righ : 406 
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(13) 407 

In  hese basis represen a ions, a lack of exchange coupling 408 

would resul  in re en ion of  he high feld s a es on  he lef  and 409 

infni ely s rong coupling would produce  he fully coupled 410 

double -quar e  basis s a es on  he righ . The canonical 411 

eigenbasis ro a ion angles θDT and ϕDT represen   he s reng h 412 
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413 of  he coupling, and  hus  he ex en  of  he ro a ion of  he 
414 eigenbasis. In s udies of  he magne oresis ance of  he nea  
415 linear acenes,  he weakly coupled Ψ or s rongly coupled 
416 double -quar e  s a es are invoked  o explain  he roo  cause of 
417  he magne ic feld efec s.43,46,50,51 

418 I  is clear from  hese s udies  ha   hin flms of nea  acenes 
419 provide an environmen   ha  fos ers  riple -charge in erac ions. 
420 Bu  i  is no  apparen  whe her  he  riple  and charge are 
421 required  o be weakly or s rongly coupled in  his scheme, or 
422 perhaps fee ing in erac ions wi h no exchange coupling 
423 domina e  he mechanism. In par icular, in  he following 
424 EDMR resul s we fnd li  le  o no evidence of double - riple  
425 exchange coupling in  he hos −gues  ma rix, bu  ins ead 
426 isola ed double s and  riple s. In  he following modeling we 
427 choose  he Ψ basis conven ion  o describe  he 6 double - riple  
428 s a es, bu  wi h no exchange coupling  hese are synonymous 
429 wi h  he high feld (T+, T0, T−) and (α, β) s a es. Explici  forms 
430 of  he coupled basis s a es, eigenenergies, and exchange 
431 coupled EDMR simula ion are provided in  he Suppor ing 
432 Informa ion 
433 In order  o simula e  he EDMR, special care mus  be  aken 
434  o clarify  he molecular orien a ion wi h respec   o  he applied 

f6 435 feld. Figure 6a depic s  he fxed magne  pole in  he lab frame 

Figure 6. Relevan  experimen al orien a ions. a) Labora ory frame 
consis ing of a magne ic pole and device, where  he s a ic feld B0 is 
fxed parallel  o ZL. Physical ro a ion of  he device in  he XLZL plane 
ro a es  he curren  vec or and  he microwave-magne ic feld B1. b) 
Molecular frame of  e racene, highligh ing  he  endency of evapora ed 
flms  o align wi h respec   o  he subs ra e surface. 

436 wi h  he s a ic feld B0 always poin ing in  he ZL direc ion. A 
437 device subs ra e is allowed  o ro a e wi hin  he applied feld 
438 along  he angle θL in  he XLZL plane. Devices are fabrica ed in 
439 such a way where  he ac ive area is defned by  he overlap 
440 be ween  he underlying ITO (blue) and ver ical me al fnger 
441 elec rode (yellow). The ini ial confgura ion when θL is equal 
442  o 0 requires  he curren  vec or J and s a ic feld B0  o poin  
443 along ZL, while  he microwave-magne ic feld B1 poin s 
444 perpendicular along  he XL direc ion. When  he device is 
445 ro a ed a full 90°,  he curren  vec or now poin s along  he XL 
446 direc ion and bo h  he s a ic and microwave-magne ic feld B0 
447 and B1 poin  along  he ZL direc ion. 
448 The molecular frames for bo h acenes are defned based on 
449  he conven ional XM, YM, and ZM molecular axes.18 Figure 6b 
450 shows  he orien a ion of  hese axes wi h Tc as an example, and 
451 highligh s  he propensi y of acene molecules  o align 
452  hemselves s anding up on  he device subs ra e, as is  ypical 

in  hermally deposi ed flms.53,55 Bo h Pc and Tc  end  o align 453 

wi h  he XM-axis mos ly normal  o  he plane of  he subs ra e in 454 

a herringbone fashion.18 The orien a ions in  he YM and ZM 455 

direc ions  end  o be iso ropically dis ribu ed, and i  is believed 456 

 his s acking mo if maximizes  he benefcial pi-pi s acking along 457 

 he XM-axis of  he acenes.78 Due  o  he similari ies in s ruc ural 458 

conforma ion and crys al dimensions, Tc and Pc blends from 459 

 hermal codeposi ion form solid solu ions, and la  ice si es are 460 

presumed  o be occupied randomly.55 The  il  angle of  he 461 

acenes s anding on  he subs ra e surface is represen ed here as 462 

 , bu  is really a more complex combina ion of angles α and β 463 

of  he uni  cell parame ers. We will approxima e  he EDMR 464 

simula ions using  his singular  il  angle  , bu   he full uni  cell 465 

parame ers for bo h acenes are included in  he Suppor ing 466 

Informa ion 467 

Figure 7 depic s  he Pc EDMR simula ion procedure from 468 f7 

ini ial cons ruc ion of  he full double - riple  Hamil onian  o 469 

 he resul ing EDMR plo  as a func ion of molecular 470 

orien a ion. In Figure 7a,  he energy levels of  he separa ed 471 

double  and  riple  species and  he six combined Ψ s a es are 472 

graphically represen ed. The spin up α  o spin down β 473 

Figure 7. Theore ical EDMR simula ion. a) Basis s a es of  he double  
and  riple  species and possible  ransi ions. b) Zeeman spli  ing of  he 
resul ing six s a e Hamil onian of Pc. c) Simula ed Pc EDMR based 
on orien a ion of  he applied feld wi h respec   o  he molecular axes. 
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Figure 8. Wa erfall plo s of a) simula ed and b) experimen al in-phase and c) ou -of-phase EDMR of a (99%Tc/1%Pc) hos −gues  device wi h 
respec   o device ro a ion angle θL wi hin  he XLZL plane of  he labora ory frame. The da a shown was rephased in pos   o minimize signal 
ampli ude in  he ou -of-phase channel. 

474  ransi ion is symme ric while  he  wo  riple   ransi ions are 
asymme ric due  o  he zero feld spli  ing of  he acene. In  he 

476 uncoupled basis s a es,  here are now 7 possible s a e 
477  ransi ions, 3 represen  a pure double  spin fip, and 4 
478 represen  a pure  riple  sublevel  ransi ion. Wi h no exchange 
479 coupling,  he  ransi ions are degenera e, s ill producing only 3 

unique resonances, and  he sys em is s ill  rea ed efec ively as 
481 pairs of isola ed spins. Figure 7b shows  he s a e energies 
482 resul ing from  he double - riple  Hamil onian as a func ion of 
483 applied feld. This depic ion changes sligh ly based on  he 
484 choice of molecular orien a ion wi h respec   o  he applied 

feld. When  he applied feld is orien ed parallel  o  he shor es  
486 ZM-axis of  he molecule,  he asymme ry becomes  he mos  
487 pronounced, and  he eigenenergies of  he T+  o T0  ransi ion 
488 and T−  o T0  ransi ion are separa ed by  he larges  possible 
489 spli  ing. 

The simula ed spec ra in Figure 7c are produced by frs  
491 calcula ing  he Ψ s a e energies assuming a fxed microwave 
492 resonance of 9.625 GHz. The spli  ing of  he s a e energies is 
493 conver ed in o corresponding applied feld uni s via  he 
494 following rela ion 

E h g Bij ij b ij= = (14) 

496 where Planck’s cons an  h is used  o conver   he diference in 
497 energies be ween Ψ s a es i and j in o a  ransi ion frequency. 
498 The applied feld s reng h  ha  corresponds  o  he 9.625 GHz 
499  ransi ion is found and a Gaussian broadening is applied  o 

each  ransi ion line in Figure 7c. The wid h of  he Gaussian 
501 broadening is chosen  o mos  closely ma ch experimen al da a, 
502 and is a  ribu ed  o  he combina ion of hyperfne in erac ions 
503 of nearby hydrogen nuclei and  he precision of  he 
504 experimen al appara us. 

EDMR simula ions are shown in Figure 7c for four diferen  
506 molecular orien a ions wi h respec   o  he applied feld, and an 
507 iso ropic powder. When  he principle magne ic axes of  he 
508 molecule are aligned wi h  he applied feld, a single peak due  o 
509  he double   ransi ions appears a  cen er-feld, while  wo 

dis inc  wing peaks appear  o  he lef  and righ  of cen er-feld 
511 due  o  he  riple   ransi ions. The zero feld spli  ing 
512 parame ers de ermine  he separa ion of  he wing peaks, wi h 
513  he shor es  primary ZM-axis displaying  he larges  spli  ing of 
514 2Dzfs be ween  he  riple  peaks. To simula e  he nonprimary 

crys al axes, we genera e a series of angles based on  he 
Lebedev quadra ures, which  o a cer ain degree of accuracy are 516 

able  o simula e an averaging of spherical sys ems wi hou  517 

biasing  he primary axis direc ions.81 Lebedev angles 7−14 a  518 

precision 5 all produce  he same simula ed EDMR spec rum, 519 

as  he  riple  eigenenergies are no longer s eeply spli  by any of 
 he primary crys al axes. This resul s in  he  riple  and double  521 

 ransi ions all con ribu ing  o one large cen ral peak. The 522 

simula ed powder spec rum was genera ed via averaging over 523 

10,000 random angles, and produces a heavily pronounced 524 

cen er-feld fea ure due  o  he double   ransi ions and many of 
 he  riple   ransi ions. From  hese predic ive spec ra, i  is clear 526 

 ha   he wing peaks observed in  he hos −gues  EDMR in 527 

Figure 5 mus  be due  o  riple s on molecules orien ed wi h 528 

one of  heir principal magne ic axes parallel  o  he applied feld. 529 

The  riple  wing fea ures observed in  he hos −gues  device 
in Figure 5 align qui e well wi h  he simula ed spec rum of 531 

double  and  riple   ransi ions of Pc orien ed wi h  heir XM-axis 532 

parallel  o  he s a ic magne ic feld. This could ei her be due  o 533 

a preferred molecular orien a ion from  hermal deposi ion as 534 

expec ed or an efec  wherein orien a ion selec s from a specifc 
spin polariza ion  ha  con ribu es more s rongly  o  he EDMR 536 

signal  han o hers. To disambigua e  hese  wo efec s we 537 

measure  he EDMR response of  he device as i  is physically 538 

ro a ed wi hin  he applied feld. 539 

Figure 8 shows  he simula ed and experimen al efec s of f8 

ro a ing  he hos −gues  device wi hin  he applied feld as a 541 

func ion of θL. For  he simula ed spec ra a  0° ro a ion, all 542 

molecules are chosen  o be orien ed wi h an 11.9°  il  away 543 

from  he XM-axis wi h respec   o  he applied feld. The ini ial 544 

 il  is based on  he shor   il  axis of  he Pc uni  cell and as a 
frs -order approxima ion shows good agreemen  wi h experi- 546 

men . The molecular orien a ion is only ini ially cons rained a  547 

an angle from  he XM-axis, and is o herwise iso ropically 548 

dis ribu ed in  he YM and ZM direc ions. 549 

As  he ro a ion angle increases,  he  riple  wing fea ures 
begin  o shrink  oward  he cen er, as  hey lose  he efec  of 551 

s rong zero feld spli  ing from being orien ed along a primary 552 

axis. Wi h s eeper angles of ro a ion,  he  riple  wing peaks 553 

begin  o no  only lose charac er from  he XM-axis orien a ion, 554 

bu  begin  o gain charac er in  he YM and ZM axes. This causes 
 he wing peaks  o rapidly broaden as  hey lose  heir primary 556 
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axis iden i y, un il a  s eep angles  he peaks broaden so 
subs an ially  hey are essen ially no longer de ec able. 

The da a acquired via lock-in de ec ion was ini ially 
collec ed wi h no phase ofse , and rephased in pos  a  each 
angle  o minimize  he signal ampli ude of  he ou -of-phase 
componen . The raw da a se  and rephasing procedure is 
described in  he Suppor ing Informa ion Rephasing of  he 
lock-in da a provides a clearer view of processes  ha  may be 
occurring a  diferen   ime scales  han  he primary signal of 
in eres . Here, even when  he ou -of-phase signal is minimized, 
 he cen er-feld fea ure remains, meaning  he resonan  
 ransi ions a  cen er-feld correspond  o kine ic processes 
occurring a  a longer  ime scale  han  he ou er peaks. This 
provides s rong evidence  ha  a  leas  some frac ion of  he 
cen er-feld con ribu ion origina es from a process  ha  is 
fundamen ally diferen  from  ha  governing  he wing peaks. 
This is no   oo surprising, as our analysis before shows  ha  in a 
highly orien ed sys em all double   ransi ions appear wi hin  he 
cen er-feld range, while all  riple   ransi ions appear ou side of 
i . Addi ionally, a no iceable asymme ry also exis s be ween  he 
lef  T+↔0 and righ  T−↔0 peak ampli udes in all scans. This 
could po en ially be due  o a consequence of  he experimen al 
design, an imbalance in  he plus and minus sublevel 
occupa ions, or some kind of self-polarizing  riple  spin efec  
origina ing from  he asymme ry of  he Hamil onian. 

The  riple  wing fea ures in bo h  he raw and rephased lock-
in da a presen  only posi ive con ribu ions  o  he EDMR. This 
can now be more accura ely described wi h respec   o  he 
 riple -charge in erac ion. A posi ive phase EDMR fea ure 
corresponds  o an increase in conduc ance, so  he  riple  
sublevel  ransi ion mus  resul  in a reduc ion in  riple -charge 
quenching. We can s ar  wi h  he mos  commonly proposed 
mechanism in acene ODMR li era ure, where  he ms = 0 
sublevel is presumed  o be popula ed preferen ially compared 
 o  he ms = ± 1 sublevels.82−84 The  riple  charge in erac ions 
formed in  his case are more likely  o quench as all ms = 0 
in erac ions resul  in a spin-allowed quenching. Now when  he 
sublevels are driven under resonance, we provide more ms = ± 
1 charac er  o  he  riple -charge in erac ions, and  hus an 
increase in  he spin-forbidden sca  ering pa hway. This  hen 
aligns well wi h  he increase of conduc ance seen in experimen  
here, as  he  riple   rap-si e occupa ion life ime is increased, 
allowing mobile charges  o pass by via  riple   rap-flling.50 

I  is also wor h men ioning one cavea   o  he observed peak 
ampli udes due  o experimen al design. Ro a ion of  he device 
in  hese experimen s is achieved via simul aneous ro a ion of 
 he microwave cavi y. In  he 0° angle EDMR,  he microwave 
cavi y confgura ion applies a microwave-magne ic feld B1 in 
 he posi ive ZL-axis, perpendicular  o B0. The microwave cavi y 
and device  hen ro a e in  he XLZL plane along θL  o orien   he 
device a  an angle  o  he applied feld direc ion. This also 
ro a es  he microwave-magne ic feld B1  oward aligning wi h 
 he s a ic feld B0, which has  he downside of reducing  he 
allowedness of  ransi ions wi h a  o al spin change of ±1. Thus, 
in  he presen  experimen al se up,  his will reduce  he 
ampli ude of all of  he observed double  and  riple   ransi ions 
as a func ion of ro a ion angle θL. This also explains  he 
apparen ly increasing baseline noise in  he measuremen s 
conduc ed a  high ro a ion angles, as each spec rum is 
normalized for visibili y. 

The posi ion of  hese peaks along  he applied feld axis also 
s rongly implies  he exis ence of  he observed  riple  spins 
localized on  he gues  Pc as opposed  o  he hos  Tc. For  riple  

spins primarily orien ed along  he XM-axis wi h respec   o  he 620 

subs ra e, one would expec   he posi ive and nega ive  riple  621 

wing peaks  o be spli  by  he elonga ed zero feld spli  ing 622 

parame er Dzfs. The separa ion of  he hos −gues  wing peaks in 623 

 he s andard EDMR confgura ion is observed  o be abou  624 

1420 MHz, whereas  he previously measured Dzfs spli  ing for 625 

Pc is 1395 MHz, and for Tc is 1205 MHz.79 This is consis en  626 

wi h previous research in o  hese blends  ha  has shown s rong 627 

evidence of preferen ial  riple  genera ion and migra ion on o 628 

 he lower energy Pc.31 Bo h  he hos   e racene homofssion 629 

and  he he erofssion pa hway be ween  wo unlike acene 630 

molecules lead  o long-lived isola ed  riple  spin popula ion 631 

among  he gues  Pc across a wide range of Pc loading.55 
632 

Based on  hese argumen s, i  appears  ha   he dilu ion of Pc 633 

is required  o de ec  isola ed  riple  spins. In fac , hos −gues  634 

sys ems are commonly employed in EPR experimen s in order 635 

 o isola e single molecules in  he solid s a e.67,85−88 More 636 

specifcally, nea  polycrys alline Pc produces li  le  o no 637 

resonan  fea ures in low  empera ure EPR experimen s, bu  638 

does reveal a dis inc   riple  spec rum when dilu ed in p- 639 

 erphenyl.18,19,89−93 The  wo mos  commonly men ioned 640 

mechanisms in EPR li era ure  ha  could cause peak 641 

a  enua ion are exci on delocaliza ion and spin−la  ice 642 

relaxa ion.94−98 
643 

Delocaliza ion of exci onic species varies drama ically based 644 

on ma erial, wi h some polymeric species exhibi ing exci on 645 

delocaliza ion upward of 50 nm, while mos  organics hos  an 646 

exci on on jus  one or  wo molecules.25,99−104 Triple  exci on 647 

species  end  o be more  igh ly bound and more localized  han 648 

 heir single  coun erpar s, and in  he linear acenes  end  o be 649 

cons rained  o one molecule a  mos .25,100,102,105,106 In high 650 

concen ra ion, neighboring molecules would  end  o delocalize 651 

more, resul ing in  riple   ransi ions  ha  are less cons rained  o 652 

 he molecular axes and an overall reduc ion in  he efec ive 653 

zero feld spli  ing. On  he o her hand, spin−la  ice relaxa ion 654 

efec s are caused primarily via exci on hopping in  he high 655 

concen ra ion limi .97,98 Triple  exci ons are signifcan ly less 656 

mobile  han single s in  he linear acenes, bu  are s ill able  o 657 

 ravel long dis ances due  o considerable life imes.63,94,107−110 
658 

In  he dilu e regime, exci ons would  end  o be isola ed and 659 

 rapped, dras ically reducing  he spin−la  ice relaxa ion and 660 

increasing  he ini ial polariza ion caused by SF. 661 

Figure 9 shows  he  heore ical changes  o  he Pc EDMR 662 f9 

 riple  wing peaks as ei her efec  is amplifed. Exci on 663 

delocaliza ion was simula ed by calcula ing  he efec ive 664 

Figure 9. Triple -only Pc EDMR simula ion of  wo common quan um 
efec s  ha  resul  in  he al era ion and even ual disappearance of wing 
fea ures in high concen ra ions of  he gues  molecule. 
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684 even s during i s life ime, a  a hopping frequency of khop = 
f10 685 1.8x1012s−1 in  wo dimensions.111 Figure 10 shows  he 

698 in spin polariza ion and model  he spin−la  ice relaxa ion in 
699  erms of  he ra io of isola ed  o mobile  riple s. In  he acenes, 
700 even one hopping even  can resul  in a spin reorien a ion, due 

P k N N k( ; ) ( e )/k N= !

P k N e e( 0; ) N 4/3 3
= = =

665 reduc ion in Dzfs and Ezfs zero feld spli  ing parame ers caused 
666 by incorpora ion of  he exci on in o 2 and  hen 4 Pc molecules 
667 based on  he crys al uni  cell. As  he  riple  exci on is allowed 
668  o delocalize, i  incorpora es neighboring molecules in a way 
669  ha  increases  he spherical symme ry of  he space i  is confned 
670  o. This causes  he  riple  fea ures  o collapse  oward cen er-
671 feld and become narrower as  he similari y of surrounding 
672 molecules increases. 
673 Spin−la  ice relaxa ion is a more general  erm  ha  
674 encompasses  he loss of spin polariza ion from several 
675 mechanisms. We argue  ha   he dominan  cause of  riple  
676 spin−la  ice relaxa ion in high gues  concen ra ion is due  o 
677 exci on hopping via neares  neighbor proximi y. Accoun ing 
678 for  riple  relaxa ion,  riple − riple  annihila ion, and double -
679  riple  quenching,  he  riple  life ime in organics ranges from 
680  ens of nanoseconds  o microseconds. Given a Pc  riple  
681 exci on difusion coefcien  of 0.0023  m2s−1 and a hopping 
682 dis ance of ∼0.7 nm,  his gives  he average  riple  exci on in Pc 
683  he oppor uni y  o undergo  housands  o millions of hopping 

Figure 10. Experimen al in-phase EDMR signal of Tc-Pc hos −gues  
devices as a func ion of % Pc loading. Spec ra were  aken a   he 0° 
ro a ional angle and are normalized  o  he cen er-feld double  fea ure. 

686 experimen al reduc ion in  riple  EDMR wing peak ampli ude 
687 as a func ion of increasing gues  Pc concen ra ion. In all 
688 spec ra,  he wing peak posi ions vary a  mos  by 2 mT, 
689 implying  ha   he spin−la  ice relaxa ion efec  is  he dominan  
690 mechanism wi h increasing gues  concen ra ion and no  
691 exci on delocaliza ion. The lack of exci on delocaliza ion in 
692  he linear acenes is also refec ed in  he hos −gues  absorp ion 
693 spec ra presen ed in  he Suppor ing Informa ion This 
694 experimen  serves as a confrma ion of  he exci on localiza ion 
695 in  his sys em, which is no  always observed in resonance 
696 experimen s of o her organic semiconduc ors. 
697 From  hese resul s we can expand fur her on  he reduc ion 

 o  he al erna ing herringbone s ruc ure of  he crys al la  ice. 701 

No  all hopping even s resul  in a reorien a ion, bu   he 702 

difusion coefcien s are known  o be highes  in  he a-b plane 703 

of  he crys al la  ice where  hese herringbone hops 704 

occur.78,111,112 As an approxima ion, we choose  o model  he 705 

spin−la  ice relaxa ion efec  by calcula ing  he amoun  of 706 

gues  molecules  ha  are considered fully isola ed and canno  707 

undergo even one hopping even  as a func ion of gues  loading. 708 

The Poisson dis ribu ion can be used  o model  he random 709 

dis ribu ion of gues  molecules in a hos  ma rix, and is given by 710 

(15) 711 

which calcula es  he probabili y P of observing k dis inc  even s 712 

given an average number of  o al even s N. The probabili y 713 

 ha  a gues  molecule is isola ed can  hen be calcula ed when k 714 

is se   o 0, where N represen s  he available neighbors: 715 

(16) 716 

Here, ρ is  he poin  densi y of acene molecules and  he 717 

search radius for  he neares  molecule is defned by a sphere of 718 

radius ϵ. Figure 11 shows a comparison of  he simula ed 719 f11 

Figure 11. Simula ion of isola ed gues  Pc molecules randomly 
dis ribu ed in a hos  Tc ma rix as a func ion of gues  loading. 
Molecules are considered  o be isola ed when  he only neares  
neighbors are hos  molecules. The frs  neares  neighbor is considered 
 o be  he closes  molecule on  he shor  axis of  he  riclinic uni  cell, 
where  he  hird neares  neighbor would be across  he full diagonal of 
one uni  cell. 

number of isola ed Pc gues  molecules as ϵ is increased  o 720 

allow fur her neares  neighbors. As a comparison, we also show 721 

 he normalized sum of  he in egra ed wing peaks from Figure 722 

10 as a func ion of Pc loading. The experimen al da a se  does 723 

no  align perfec ly wi h simula ion, bu   he overall  rend aligns 724 

remarkably well jus  wi h  he predic ed isola ion of randomly 725 

dis ribu ed gues  molecules. Of course  here remains a sizable 726 

uncer ain y in  he acene deposi ion ra es of  he  hin flms, and 727 

 here could be several experimen al fac ors  ha  would accoun  728 

for  he discrepancy. I  is possible  ha  hopping even s can occur 729 

be ween gues  molecules separa ed by mul iple hos s, as  he 730 

 unneling barrier be ween non-neares  neighbor Pc molecules 731 

is no  very large compared wi h a p- erphenyl or phenacene 732 

hos . I  is also possible  ha  exci on and charge dynamics are 733 

al ered as  he Tc la  ice and associa ed crys alli es are dis or ed 734 

as  he Pc frac ion increases.57 And las ,  riple − riple  735 

annihila ion efec s could bridge  his gap be ween  heory and 736 

experimen , as we do no  accoun  for gues   riple  annihila ion 737 

as  he in erac ion frequency is predic ed  o be several orders of 738 

magni ude lower  han  ha  of  he  riple -charge in erac ions. 739 

From  hese key discoveries, we can draw several conclusions 740 

abou   he observa ion of  riple  fea ures among  he diferen  741 

linear acenes as a func ion of de ec ion scheme. In op ically 742 
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de ec ed measuremen s,  riple  fea ures arise from  he kine ic 
balance be ween  he correla ed  riple  pair s a e and  he frs  
exci ed single  s a e. Triple  spins born via single  fssion are 
ini ially spin-polarized, and in  he correla ed  riple  pair 
confgura ion can ei her separa e or undergo  riple  fusion 
back  o a ground s a e and frs  exci ed single . In pho o-
luminescence-de ec ed ODMR measuremen s (PLDMR),  he 
radia ive  ransi ion from  he single  is  he  ransi ion being 
moni ored, and so  here mus  be a sufcien  balance be ween 
single  fssion and  riple  fusion for  he  riple  spins  o afec   he 
measuremen . Therefore,  he cu of poin   o observe  riple  
PLDMR in  he linear acenes occurs be ween  e racene, where 
 he SF reac ion is endo hermic (0.18 eV), and pen acene, 
where  he SF reac ion is exo hermic (−0.11 eV).113,114 The 
correla ed  riple  pair in  e racene boas s a sufcien ly shor  
life ime around 1 ns, compared  o  he spin−la  ice relaxa ion 
 ime of around 10−100 ns, meaning driving  riple  sublevel 
 ransi ions wi hin  he pair modula es  he single  occupa ion, 
and  hus produces an ODMR signal.64 On  he o her hand,  he 
SF in pen acene is so energe ically downhill  ha  nearly all 
exci on species favor  he  riple  confgura ion and no change in 
 he single  occupa ion is de ec ed via PLDMR.85,111 

In elec rically de ec ed schemes,  he  riple  fea ures arise 
from a separa e mechanism and no longer rely on  he exci ed 
single  s a e  o be de ec able. Here,  riple  species afec   he 
conduc ion by occupying  rap si es, so in erac ions  ha  afec  
 he average  rapped  riple  occupa ion, like  riple -charge 
in erac ions are de ec able. Resonan   ransi ions will now only 
appear in sys ems where  he  riple -charge in erac ion ra e 
occurs on a fas er  ime scale  han o her  riple  relaxa ion 
pa hways like  riple − riple  annihila ion or exci on hopping. 
While i  is s ill no  abundan ly clear why  riple  species in 
crys alline an hracene are elec rically de ec able compared  o 
 he longer acenes, some con ribu ing fac ors s and ou . Single  
fssion in crys alline an hracene is much less favored due  o  he 
endo hermic na ure of  he reac ion (0.53 eV), and  hus  riple  
densi y a  equilibrium remains low. Life imes of  riple -double  
in erac ions in crys alline an hracene (2 ns), are repor edly 
lower  han  hose observed in crys alline  e racene (7 ns).54,58 I  
is possible  he fas er  riple -double  in erac ion ra e in 
an hracene ou -compe es  he o her  riple  relaxa ion pa hways, 
and in  he longer acenes  he high  riple  densi y and hopping 
mobili y con ribu es  o  riple  quenching and  riple  relaxa ion 
on shor er  ime scales. Resul ing in  he cu of poin  where 
 riple  fea ures are elec rically de ec able in  he linear acene 
series  o occur be ween an hracene and  e racene. 

The hos −gues  sys em presen ed herein provides an 
oppor uni y  o bypass  he  riple  de ec ion limi a ions in 
magne ic resonance experimen s observed in  he nea  acenes. 
Unlike Pc,  he hos  Tc loses SF efciency as a func ion of 
applied feld due  o i s endo hermic na ure. The hos −gues  
sys em necessarily possesses a lower  riple  densi y compared 
 o nea  Pc, and  riple s  ha  are genera ed under pho o-
exci a ion are primarily harbored on  he gues  Pc. The decrease 
in exci on mobili y now allows  he  riple  spins  o re ain  heir 
original polariza ion from  he SF process. These efec s explain 
 he minimal MC observed in  he hos −gues  sys em, as  riple -
charge in erac ions are dras ically reduced in  he high-feld 
limi . The in erac ions  ha  remain are however now elec rically 
de ec able,  hanks  o  he SF process preferen ially popula ing 
 he ms = 0  riple  sublevel. Under resonan  condi ions,  he ms = 
± 1 sublevels are now in rela ively higher concen ra ion, and so 
 riple -charge in erac ions produce more sca  ering s a es and 

resul  in a reduc ion of quenched  riple s. The higher average 806 

 rapped  riple  life ime resul s in more efcien   rap-blocking, 807 

an increase in conduc ance, and a posi ive phase EDMR signal. 808 

■ CONCLUSIONS 809 

We repor  elec rically de ec ed magne ic resonance s udies of 
bo h nea  acene and codeposi ed hos −gues  acene sys ems 811 

aimed a  discovering whe her elec rical de ec ion of  he exci on 812 

spin s a e in  hese sys ems can be a useful pla form for 813 

molecular quan um informa ion applica ions. The hos −gues  814 

archi ec ure of pen acene in  e racene shows  he frs  repor ed 
EDMR spec rum of a  riple -s a e on pen acene, confrming 816 

 he value of elec rical de ec ion. The sign of  he  riple  817 

 ransi ions are consis en  wi h our previously repor ed  rap- 818 

flling model of organic magne oconduc ance, and  he spec ra 819 

show a high degree of molecular orien a ion. By ro a ing  he 
device wi h respec   o  he applied feld, we were able  o 821 

confrm  he crys allographic orien a ion bias in  he  hin flm 822 

 hrough EDMR, and separa e  he con ribu ions from double  823 

and  riple   ransi ions. However, i  remains unclear whe her an 824 

observed asymme ry in  he in ensi y of  he plus and minus 
 riple   ransi ions is due  o an experimen al complica ion or if 826 

 his is a self-polarizing efec  caused by  he asymme ry of  he 827 

underlying Hamil onian. Fu ure work on  he na ure of  his 828 

apparen  self-polariza ion could provide valuable direc ion 829 

 oward  he ini ializa ion of molecular quan um sys ems. 
We fnd  he  riple  sublevel  ransi ions diminish and 831 

ul ima ely vanish as  he concen ra ion of pen acene gues  832 

molecules increases, wi hou  any apparen  shif  in  heir feld 833 

posi ions. This behavior explains  he absence of  riple  834 

 ransi ions in previous EDMR s udies of  e racene and 
pen acene and shows  ha  spin−la  ice relaxa ion is  he 836 

primary driver. From  his experimen  we fnd no evidence of 837 

exci on delocaliza ion, which has been used  o explain  he 838 

disappearance of fea ures in o her organic semiconduc or 839 

resonance experimen s. We propose  ha  exci on hopping 
even s are  he primary cause of  his efcien  relaxa ion, and 841 

provide a model based on  he declining probabili y of fnding 842 

fully isola ed gues  molecules in  he flm as  heir concen ra ion 843 

increases. This ensemble hos −gues  sys em displays  he 844 

primary requiremen s needed for quan um informa ion 
applica ions and could feasibly be incorpora ed in a room 846 

 empera ure quan um sensing pro ocol. We propose fu ure 847 

work focused on using  he single  fssion phenomenon  o 848 

accomplish  he spin ini ializa ion and a pulsed-EDMR scheme 849 

 o realize  he elec rical manipula ion and readou  of  hese spins 
in a simple useful quan um pro ocol. Compu ing applica ions 851 

would ul ima ely require scaling  o single molecule  unnel 852 

junc ions,12,13 and implemen ing a mechanism of es ablishing 853 

remo e en anglemen .15 Overall, we believe  he resul s 854 

presen ed here resolve  he discrepancy in previously repor ed 
magne ic resonance spec ra of  he diferen  acenes as a 856 

func ion of de ec ion scheme, and pave  he way for elec rical 857 

readou  of fu ure molecular sys ems by means of enhanced 858 

 riple  exci on de ec ion in solid s a e hos −gues  sys ems. 859 
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