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1.Introducti on

I n the realm of organipd veltadct maodiec si,n pd
performance and efficiency of YarngdanOdrcg amh oct
Li ghni tting Di d%desPo( @rBEDPSs) are the charge
semiconductors, whose formation and mobil i
Il n OPVs, the efficient conver sir ehamdt heol a
generation and (Tha&ngspaovotbi dfi t gpolaamdomse.combir
factors that determine the poWlem ObLEDRD®yrsib
emi ssion of light is a result of the recor
t heir controll ed managemkuomi reecsiemiiaciadn cfyora
col or!®Pluws tythe undesdsytmaandagp lodtap®mhi wsiohs c
to the advancement of organic electronic d
i n energy and display technologies d-ue to

effectivVeness

I n the specialized domain of orPg3athli ¢ ph
(pol-féByl t hainpdh ePnCeB)M h(efeezd 61 yr i ¢ aci d met hyl e
anessential example of thenerationl PBpOrta
conjugated polymer, acts as an electron do
accepherchemical structure of FbogtiubA.d8Ph3eHT an
bl end of these two materials forms a bul k I

for enhancing |ight absomgiyFbgldBialdl wshtarr egtee
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the main physical pr
as t he energy di ag
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Upon il luminati on,
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generated within the
However, t he i mi t e
di ffusion | engt h [
— materials necessitat
MHOMO ———1
[ 1m0 T PepoT: Polymer:PCBM CalAl

© O-=0-=0 proximity @fccemteordo
c —=0— =0

+ } i nterface for effec
} \4\111/’,/ } di ssoli aThiosn is wher
+ /4/41\)’\ role of PCBM becomes
?‘“07‘ “( excitons, once- reach

,.Lo*g_,_é) PCBM interface, di s

Figure 1.1. (a) The chemical structure of PSHT and PCBM f r e e chargedst{eol ar
the operating mechanism of a polynfieiferenebased sol:
cell (c) Schematic illustration of the Ilattice distor
(polarization) caused by an excess electron, which results
creation of a small garon. The red (blue) arrows show

el ecttopandfserred to

Coulomb attractive (repulsive) forces involved. Parts (b, whi | e t he hol e r emai
(c) are adapted and reprinted with permission from Ref.1

Ref.21, respectively. Thi s process i s ess
efficiency of solar energy conversion | arg

to reach the respective electrodes without

a model for studying and opti mi ziigrhg cdrrag arei



carrier®mobffetyng insights into the broad

setting a benchmark for the development of

The concept of polaron wdsn fiax3s3xx amd rSodl
Pekairh 1946 to describe the behavior of a
movi ngn iinocrraycst al . Th
charge carrier becon

within-ganegaltfed pot e

we l | caused by di s
surrounding i ons. T h
essentially a gua

comprising an el ectr

Positive Polaron

) © surrounded by a <cl ou
. A
‘ cB ’ |c3 _ phonons. iAfsi gdub€pew n
T sy 53— — 8 —
3T I — when an excess charge
51.43eV 2,150V 1l.1lev 3
Mot e | T oo ::tve J,_E an electron) S intr
’ VB ‘ VB - = A
% polarizabl e solid, [
Polaron Bipolaron Polaron Bipolaror

Figure 1.2. (a) Formation of a positive polaron within a P2 surroundi ngrieants ntgo as
chain undergoing a-doping process. (b) and (c) illustrate

band structures and optical transitions of polarons p ol ari zati on c¢cl oud t
bipolarons as predicted by the conventional -gegh state
(pre-DFT) and DFT modelsespectively. Parts (b) and (c) t he
adapted and reprinted with permission from Refat®l @mn

(a) is adapted and reprinted with permission from R2f.

charge carrier

through the?trystal

In conj ugatseudc hp od,sy md3as¥Tge <c ar rtiherrosu gahr et hpe
for maotfs@ml | edalmi-ga@t dtseist uated bet ween the

conduct ilmonedods’flophoto%xcoirt acthiaofddhe | iersj] @at i
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el ecwrlohsbe ncntédaet eechl ence and condwaursgon ba
di stortions in the andranndvegal bihedacti o
this | attice distortion is more accurately
from an aromatic to a qhiigl@rAdihi s floeaxds aso
formati on sofnglldyc wnlidg ecdhar ged kqgommli ggagodis c | e
bi pol arspecwhivekdryve as cChar pe i marylber s Wi
mat er®Fa glerAd e piac tPS3 HT ¢ h ai n p-duonpdignr gy onéhses e a

through a redox reaction, an electron is t

a hole (radicadtiivoen)s iatte cab ari efidioexs p diloy me rt h e |
di stortions in the neartbhye Icatetpibcseoshp toneu cat u r

pol & ™Wwhren an additiremaivedinet he ofb agtlikébyvmesr ,0
either a second polaron or a bipolaron may
energy and posi 1%.9°"A dfi ptoh@arexciitsdicissieoani al

that i s surrounded by signeficant distort.i

The advancement o f t heories explaining
influential wor k° &rfd Hehdeddf at@dltdsetsairn bed
behavior-r adi usargraddi ssmalplol ar ons b-fyi eprdop o
Hami |l tonians, whi cbut aerdessiehaer cfho®dfind ateniv asm aflr o
seqmimpi ri calavmnodellsso beear!| i dremgdha tikedefgesrr
Hamil elontim@ampeémii cal MNDO met hod (which sta
di at omi c®® 8V andaptghepi siema-Fockar t HEX | NDO m«
(intermedi ate negl €cthld eosf ctriied & & r =tnnt d cad p toevcea |

transitions of sccipjodgdthe @ pheingesme r( Paltsi) veand
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The Density Functiobhnsépdmireln *xDRTHPT) an
hawd so elmpé at yoe d n vielsdpit g actad pr oapnedr t R EBO Tosf (R
pol yvdt3h vl enedi px Wtomied fhted rees)s , it has been o
made by DBFTamodtTbDOnly differ quantitativel
made in thebasaemdrile-ns eseinupdii reisc a l**dpipgl@rdBe he s
Il lustrates the band strtucatnusriet i amad floe Ps
bi pol ar oprrse dii nmptrf@HESE byaimpi r i cal,whp phiaglrie s
presenesas hpredi cA eldeywyclDarfacteri sthctbé t|
przFT pictihme emepgemgeneorfeltgeyel s within th
the bipolaronic state, these | evels are un
| evel is filled by a single electron. I n a
pol aronic &kKEMdI edat i nscbntrast to the com
band. The optical transitiidarngllrBehi ehl @acte I
band s.trUDlRegaddP@ dansi ti on corresponds to t he
excaneel ect vard efnrcem btalmmal -gtag tshwahtiBlot@ereatnhsei t i on
i's assovddiheet eedx ci t ati on of tel eowengapi rdedda ted e c
t huep preirgap .$tasb@dould be notedDEPact umeeobPdi
transiabi potfeeommnnat esenem ggami @ghas el bli-mg i n

sh)i facaompar gd atnosittheonP of a pol aron

ThBFpPi cture, onr dwealdrmaersthramadt,ure and c
t hat are fundament al It yherdaFfTp iea.tefust e sfhroovm  ti mc
Fi glerCd or pol arons DFT shows t hat Spin de

completely distinctupbandowpr ot eesxsa mfpdre, s [z



t he cdrasg@lr¢enhe band sp-ot mwA)urdei sfpolrays an empt
the gap, I ndi cati vet hoat aoptph gf)ileea okns carsy ap @l, a
| elvel t' s i mportant to highlight thedtFTt he n:
and DFT approREhemoddeln, tthleeepmeeeaerrea ttewop oslpa rno

with the | owdnl odee, bevheg elasg| DFT i mresdil vted o0

state in the gap. Thies ilne apdosl aroo nmai cs iogpntiifc acl:
DFT model , since the polaronic | evel i's em
l evel. I'n chAmTtrmcdel talel qopwse f or optical t
pol aronic leveilti dodsitnoboalt hg, secand pol ar
the DFT model, as this | evel i sDRMMsmandel wl
where this | evel exists. Regarding the bipt¢
empt y-desgpratee | evel in the gap, cdoengt er naesrt ai tneg
| evel s f-DRhdmoldielpsse not eworthy that, even w

DFT cal cubatimpnsgs . -BRThempadcel s r e matime wd udrerl gyn t
litedfatrurneg erpreti?Aid2expepamenctal achansdaudi e

PEDOadshe actid%¥ materials

1. PMotivedpeonr oS gopmitodPo ear oBh p ot @&evohsgsti on in

El ectroclhemedaPBHT

Il n an effort to understand the fundamen
and carrier formation in semifredwaetdi nqtmpol
i ntricate process OHF3HsW dtThicsh epni crad é ryi ndg p
meticulously elucidates the transition fro
| evdlhey measurleRl tteWed®Vnspdectrum al eatgr omi t
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paramagnetic spesotnhammead ERRHuncti hrO0om t he
tb300 mV v3As AgaAglFlE gixAsgnhitlhee potenti al I S
up to 1300 mV, the absoreutdalamadn i agps & aainas

B3.24 07 eV) steadwhipvivedtsmhewomadlegor pti(Fen banc

Energy / eV Energy / eV
(a) 311 207 155 124 104 089 078 (D) 087 074 062 050 037 025019 0.17 016 0.15 0.14 0.12 0.1 0.10 0.09

T pcertachange PF
6ia) 16 from O mV to 1300 mV 16 —100 mV
g potential change 400 mV
from O mV to 1300 mV/ e — m
o 15 = o5 500 mV
z == ) e ] 5 ——600mV
- S ] ~ @
? = 32 AW =
L 3 08 \ . NP NN w08 8 Tmonem
<& —100mV 900 mv %, N '/\ A o S E — ?8gomvv
§ —a400mv —1000my | 8 ;L Nt N K & ——1000m
500mV  —— 1100 mV 0.4 T SN—t04 —1100 mV
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700mv  —1300mv | S T — 1300 mV
Grrye——
- aomy 0O T T T T T T T T 0.0
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Wavelength / nm Wavenumber / cmi”!
s T T
© g 2l =) “ ---600 mV
® potential change —0mv £ 2] ! \ ggg v
k=) from 0 mV to 600 mV —— 400 my @ potential change 1 mv
< 500 mV oy from 600 mV to 1300 mV [/ 4 —— 900 mV
~ 1 ——600mV < 1 i ——1000 mV
2 =~ 1 — 1100 mV
B 2 \ 1200 mV
S 0 2 o] \ —1300mV__|
o g ‘ =
= = [\
2 5 ™
5 - g - | 7
w g) : '
[+ 4 w
o -2 g ¥
w T -2 A
e w ; . > . :
932 333 o | 896 | 330 332 333 334 335 33
Magnetic field strength / 10~ Tesla Magnetic field strength / 10° Tesla

Figure 1.3. (a) UV/Vis/NearIR and (b) midIR spectral changes observed during thsitinelectrochemic
oxidation of RRP3HT thin films, with applied potentials ranging from 0 to 1300 mV. Here, 0 mV sel
the reference spectrum. (¢) EPR signal variations corresponding to potential changes from 0 to 6(
from 600 to 1300 mV. The EPR signal intensifies up to 600 mV, but beyond 700 mV, it begins to
and broaden. All panels are adapted and reprinted with permission from Ref.26.

anRitranshdedmomme apparent, signaThRtgr drmsi ffioom
emerges at lappdwbecmatceolnt i nues (tNotgrtcdvieaup t
i ntensilbandfbedgiinbe ytoon dd i9nhOa inBVh tapareairt ingn a
approxidDmafesHyYglBrBéni ti alhiygdai fhelsea)iginte s | (
t he poteanttOd@®dI0 anMdh beagi skt bol owe (r eedh)eaftg i e s
hi ghers Vmhé t agehortsheastet roibbsuetrevded spectrosco,
transition from ipol agoestmedifRrbwpoOl a¢ meamt s

Fi glBrCaWi timcreasing the oxi dat,i oann piontcerneta sael

EPR si gnalobisretresredi,t y dbihsei essi pnogn dpi snpgupnicadt a roonn so.f
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However poasntih&lonv dlmuagndce yecdd®d® , m\A signi fic
decrease in the signal I's nOs e dbyil ppanlfaitrcoant si n
should be noted that the EPR signal 'S ne
i ndicating that the popul ation of charge

bi pol arons

Building on these observations, the st
oxidationitrraredistti drheofP bi pol arons, whi ch
carrireegds hciofstpead ed t o t hat of atpahsaroinon,T
observed in the electrochemicalc odnovpeinntg opnrad
per spAstidiescussed i nhhpgrREVii@uisr es edhiag gaishtes P
transition for bipolarons o cbcluuresa haitb phpiogsheedr
t o tdthrearmPsi ti on of a polaron. Thi s fdingdd  rmgpan
from EnengPfP® ewhiac¢ch motstamlyy provide a deepe
of polarons and bipol ar ontshe nt eompteat P3daitTa thbi

t hat | s usstei@l xlp tenaii@tep ¢r i ment al observations.

't shoaottdhdalte tpheeak redshifts with increa

QD
>
o

ther peak begins BeVewkernget me welptrdaxe nmad
and this peak persists at higher oxidati on
morl @ &k es h prelakars dé&pightrBedhmde en observed and
to bipolarons?®’i%?% E seetinf@dli sd wioortk S0 é acuwlei adhi s
alighesely convkngiehhremmdet aved to the spectr
bi pos$faocromaltnitornoguéthi s i nconsicowonrWBaBe hwar

receartgltydat t he newdgyHhopheseekd veetd hi gli hdghphi ng



oxi dat i ons hpooutledn thiealast)t ri buted to coupled po
t hbel uesshiduleder peak typical tiys siereche dat twee ns
hall mark of aTki agbebrbepobapbednopepandarst
pol atbas are not spiimt epaictedgbCtout atmberc al
transitioGi depotbkbat the transtietnieorgydipmwdlaeg o
transition is oriented? ahdjnagcdrhte pooll ayrnmoemrs
transiti okhcodubloeledsr cfamdi ngBFT nelieat eonihats
cal culcatmbd meNat wifrtain s i @riboin{adl T ®xa)nal ytsri sngl vy

corr otblceoantvee nvtiieonn aalnd ef fectively descri be 1

and bipol arons

The observations and subseifardtSdmweartpz
afl h2avenphasi zed the necessity to reassess
signatures of ©pol arons. aBhe hirpeodcsamibfnts afn tc
peak aemdertgheence ofshamp aaki oixo helli e hi glhs
dopant sugygestsi)na rmctagrepl ay of el ectronic st
recogni zedy e fpheerosnpad ct i ve, whi ¢ el alstef uhe db
redshift of P1 peak at all. On the toheher h
red and blue signatunaeamelty ¢wopldedstpolcar o
bi po) aameh bcpekasbneg at tbhessamé tBPAngn whi

findings repor’fed by Enengl et al

Il n light of t,lwes e aivrex tedmheatitheosmeg eersv at i on
wi tah refined t hetohraett i caan a@pdplthreaatcdol nyp | eap tduyrne

obseepdoptolstehe spectr al signatures of a s



indeed refl &¢t uedanrdetdissdstiifgtietdeMp e e @y @tulea t
a Holssttydaiemi | $20,f%iaamMmodel known f or ipthso naomi | it

i nt er®chtiestnhsp a ltlagitmudn e se dual characteristic

(@ (b)
: (n,m)
(1L, @2 1,3 149 dintra
/7 /M /M
/ / / /
(2,1) (2'2) (2;3) dinter
/M /M /M /M
/ / / /
GBD (G2 Linra)
@n 42 thO
O/ O/ / /
51 52 63 64 G5 (56)
M\ M\ /M /M O
O/ / / / x
y
(d) _
PN @
sowol | 4| | | —H —= = T

Figure 1.4. (a) Geometryof a two-dimensional 5x6 lattice of-stacks of P3HT chains, where tlattice
hosts a single hole. (Bideview of the lattice as seen through tfexig with each site (represented a
oval) corresponding to a thiophene ubibpantanion (shown as a green ball) is situated in the lan
regionof the central chaialong the zaxis, at a distance df=0.5 nm. (c)llustration of fragment HOM!
and LUMO levels in a P3HT chain, highlighting the third thiophene unit hosting a hole, indicate«

absence of an electron in its HOMO lev@) lllustrates the hole transfer process throt{@}ﬁ betwee
nearest neighbor thiophene units on adjacent P3HT <hain

potentially offer a unified wunderstanding
providing a more accurate and comprehensi v

doped conj ugwahti ecthi vgenlisiytnte rtshe compl ex s pectra
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1. BackgrMautnedr i al s

1. 3Holl.s-Bteyilne Ha mi Paloanricammst 8 ok s ©hfa i M3sHT

In t hi s weafeocctuisonon exp-§oai mgd-atHyclostreaierd e |
pi ondegr e&p anwo rakh®}t sswhi ch has ugrcewegs hedbuuciitdeat i
the band anidicpteucstiergaal atd u rpeosl d o p R 3 HfTi i %Afs
Theuccoefs st he -sHoHlasmieli taorni ifsaes ma b ittsd tr ymdkle y
pr ocedasisveosi wdeeds c rp doli adrgpns | wediercg roni ¢ coupl in
coupling, @a@onmqdaborfdemi sgei nntnordpevi@teadt | on
substanttihadoiny e hpteorosnpaelc tri evbast viafted rca tmi ara po f
states, primarily because it precisely acc
to th@pBemmei mer appsoxrmaiibabnasThhe energ
predomi nangui aoomatl i cmdBe Y/ ar®umdi Oendi gni

comparabéeettonic couplings.

A typstcabknfi guratiohoseti RHEA ebadianen ( h.
as shbBwgsddmanidB can be tmediemheenddiacdnleeh t,t i c e
whetrlre polymer's baglbobaseg ahdghbewst hckhaeg
al ongaxihs. E a cthniitsh i doepnhoetneed b g, m)tvhhei rcehd eemr ¢i n at
t et hi ophen& hafhndlhec atagidveém t hi(ospinteen)\ei ewe d
as hat i llloecdal HOMO, aFsi glu€léudsjtarcaetnetd HOWMOs al c
pol ymer backbone are connectired WAHhdouotglnahéeé
a'-stack arrangement,ftuthetebsa osubstaptibalt we

nei ghboring units on adjacent chaibns, wi t
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representing t hgiAsn eelxeacniprioeni af ciorutpdri cmhai n h
nearesttmieopghéeéone unkFit glharDadhe gosifoon \edtoe abscribimg
a given site therefore reads:

én=1,2,3,.N,

r :nd.t X 'PmCLtay I _
n,m int el r Irm—l,2,3,...,Ny

1. )1

whexaenyar e the unit vectors along.Neahredd, i nt er ¢
denote thehnambeinne oelanciht schai n and nt hédren R2mDb

| at,t irceespddtei mwelay esdi shainglelomet ween thioph

pol ydhey dnd along Whle atachkomnly mxiughlly ar ol

For a podaiom fholk¢ i nHolhsigdeyHa@Bni ll & totnii caen,

i ncluding both electronic as well as vibro

HF=HE H,, 1)2

ele

where the electronic part of the Hamiltoni

as ,
. =4 & ™, Ad,,d,d e 8 (DL dA dodau ) H @3

The fir &€l j&hraowkien i nholhepping along the
backbone whil epehbeéef s es ohhothestpepn tmegr cahtad ok i thhge
dire.&'hlé@mndmmrdﬁp]a)rrdﬁmare responsi ble for resp
anni hilatthgtai bphen&malimeé hehi r d_ 1t)e rdne niont eEs
the electrostatic attraction energy bet wee

foll ows:
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2
. __®
Coul 4p eoglzrn:

Her»er ef etr Ispeotso vt @ covnfo r & thapt oi Ferhta B g € o v, d

L 44 (14)

nm-nm

r.n,m_r al

represents thenm)whenl DbeteUeeJ-ECog,bi;tae(ctenzee

HEin Epn3 ¢can be di agorealeirged e sexeamtrleys,s e dwiatsh

i ko - ko ék =1,2,3,...N,
E = 2t|nter COS +2Int ra CO i N 1 5
oty T2 OOSG Sy) H , 4 ik=123..N, 9
(@ _ (b)
S I‘S\ S — S VAN S §
W/ \ _ _ 5
aromatic quinoid i
A 6
kQ;
2ha,

Energy

Q 0 Aromatic-Quinoidal

Figure 1.5. (a) lllustration of the adiabatic potential wdthr conjugated polymers with nesfegenera:
ground state such as P3HRighlighting that the quinoid structure possesses a higher energy mi
compared to the aromatstructure (b) Harmonic potential wells of thground (3) and cationic (9 states
The excited statéationig nuclearwell is shifted by the distand@, relative to that of theground state

wi t h trohred sp oglrao u n dk, =skj=d)t ed emaetregd 4s

:2tinter cos p +2intra co ,0 16
o =207 cos(Q =) 48T cosf 5 (16)

Note that the ground state has ip@ndodes,
tinter
Unl i ke pol ymesmol yacEwintsle ta achsgener at e ¢

(whéehe excshiamglee odnd doubl g@e ddroemdrsti e st shuel tssa n
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energy), polythiophe-degermdryanee 's' g refol Utnedr intatt aat
single and double bonds | ead to two distin
| i1 gllbrAe The adiabatic potenti al energy 1in
Sstructure possesses a higher energy mini mu
theexci t ¢e0 H@m@E®e er quinoi dal ncohraer amgteaecrcd mp a
st &tse.i | | at hseynmnaehtoroigpu ii toi dal v Qphhas i emaed g yn

hw,, =0.18e V.

To properly account for the nuclear rel
hole on a thiophenet htewmicta] whé&r model coapl u
sy mmeatrroinau ii moi dahti bnaéadmoadbeat t b e moilvy enrg
beyond -OpeeBbenmer .aplevidsemadcdav icicsp ohsi bt ke
pronowndednic progressions observed in th
emi ssi o'MlEpewdlireaar patemteivalbtrvaatlgl@n al bmo de
the gropouand (Sat sbat es( 8f amyp ptrhoixa @tad red e @rsi
har movreilwist h i denti cal C URivodbrB& e &l a naisl t doenp iacnt
account iwigb rfetri o nhael ener giyhlecfal myvdér@mras wWo

defined as

-

I-Evib :hVV\/ibé ébﬁmbnm -ih W/ib a {alz -I-(bnAm b-lﬁr)} d,nfp,nl (1 7)

with t heb,’;fm()bpmecaba(gnniihr)igl avi bratumwiatlhi qu atnhte

grosndeot entofatehwelplh an esrtneidf i ned as foll o

; Mw, € h
bt = b Q@ Ll
2n & Mw, pQ

(18
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Mw, €= h W
b, = b B 19
"N 20 g Mg, iQ 9

wlerMr ef er smase bDhet heT hlduraeRfoypsh ol rHeR )n oftaesdt o r

/I’,ref etrise tpeometric (eepaeasednj)enhamngy sglod

(@)
One-particle state,

n,m, §>

t hi ophena nden igupeosn
oxi dafThioxn f aecstseernt i al |
nonzer o omnglryo gwpdeard t h e

cat i(odpiod ent iaadeh iwfetl d &

(O )r el ateiaweh tod hselraul d b

(n,m—1) (n,m) (n,m+1)
®) not edt hteh aptoeirnot vibrat.i
Two-particle state, |, m +1,§;n,m,2>
enenagy wel | as bsheepol ¢
S+§{”\/‘ ener gryegalreect ed ,f oas si m

we are sol eltyrainst ¢n e

energies from the gr ol

(n,m—1) (n,m) (n,m+1) excited states.

Figure 1.6. (a) lllustration of oneparticle states, with i . )
example of a vibronic (orparticle) excitation labeled 1 . 3Mu2l.t i p Barst$esc | e
|n, mé>. (b) Depiction of twoparticle states, featuring

vibronic/vibrational pair (tweparticle) excitation, denot

aS|n,m+1,73;n'm%. An accur a:loenmoamldy

usebdasi s sepr efsoernt i ng
Hol sdteylne Hami IEtqo niteurl ) i poaarsti pse sl P drd Ppot t
t o detsica iplreot ophysics ofebmeliistalobdmsasa g grcée g@a

st at epar ttiwol ea ss4 wlarhiersg ed csi,ngl @ he logphternen iuma It
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any numphuerel gfr ati onaln exheeisi @eideldst.Thee

particle state is defined as foll ows

Inmvn,my g mY..n, m, Y 920y 2Ly Z.y, (1.)Y0

whesienmi 6 el ectroniequdryt & xicrc ateleadwaottitef ntteida |
wel | (exantdedoshtasens the fililstexftpdrattii olneso
in the gr(&ymd estatte ahdrefore Ipnur gt §ctviicha

applications, the multiparticlg, basitsheseto

number of vi,wr¥EY dygnahl tfhheemgda mal pf pahei cl e
i

set grows expomwemh etrahliboyp hweiatelc wimladéd s, cal cul a

obt ai foasrl cem@u ii r©amodddely maki ngpatrhhe cltewo appr ox

( TPAWher e t het rbuarst est Bsced lourdaen do-pt dwytsit @lt @ s .

In a-p@ame i crleef esrar#’é}lmev}mo hol e drms tffb&wiads phiene
uni t nbY hdihre, a c cwvnmpbarna teido nbayl sghuiaitbead evm t iha In.
Theemaithi ig psi t eisn atvledirra tgiroonul nedsSss tha tae st wo
parti cd@ncstt‘&;ﬁﬁéﬂ,mv theophensén®n@Et valyroni ca
excwi &dhi brati onadhigBiaend ean t,inanihtewheelalp hene uni
si Mign)(i sol wil byr d teixcermhailtvhlvi br at i oniaths &t ed i n
groungogdteamtte allb. OThesotber it dma ir nnV iieysr roaut ni do

states
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Figurel. 6Adepndtiitab 8t i 4n,m§>aa‘mirmsl,é;n,m2>,

respeceax eemap lyi, f-yamtgi cdrepaand cltevd Is ¢ %ntmf%%at e

represents stifneehmhosses whéoée withSthwao nvoinbircat i

wel | , whil e al | ot her sites ar e i n t he
n,m+1,§;n,m,2>indicates the exsce twhemwme avi vihbrBomwi d

I nsw®l | occupmtgd ,adafiEgmest s a purely vidbratio

vi brati onmadintgdulaipt @d nd st at e.

1. 3Po3l.arMo /lORSp e c tLr masth a p e

The eigenvectors of the Hamiltonian 1in
combination of al | di abatic states:

Y, )=8 & &,..nmY + § 4 4 a@.alrmynm) @1

n m V n m¥0 n mjw

i n wWhilch poltdapoonéed st atte wirtdhe featrdsegtyeox ci t e c
statefdhe poll&Rr amarbssormitd on spectrum can be ¢
t ranssittarotnigsgnige fpolmar omngr awemrdnpothatecaxg o ® 8 d

st alt>)sTh(ese transitions are assppceiaakt,e dsiwiutaht
withinOtheeVW.Bange inlposkmaeld wbrekley Pi8rHifTrt ar
transitions, which are thaeatdsoer vdadraftitomeal
(1 RAVs) -raemsdonamtti peaks observed in the ah
pol yt h8*cfeheved | as ot he¥® &amjeuTphmei ¢hdi equind ry neenr e

P.p e akb,s eir m etdhleR nreeagri on -1(. r50 tegvhliyn P.3IHT), i s a
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as iIits accurate representation necessitate

thi oph®©nkeo dcdmes 8 soonl etlhye broad absorption ban

range from sever al hundred Thex peefssrabiniteh ot
spectrum pol jadriirzezeed iaolnong tghewen as foll ows
Am=a tWsg w«E, £) j=x.y (1.)12
!
where thegesemmpwd e oSt ad elsed otsci | |fadror st

t he trfarnesiaeg i pol ar odYG}gtreonu nedx csit‘hagdessir@me esent

by:

2 . 2
fjg:%g;ez(Eg B[ Y& Y (1.n3

wi ttthe vect &irEp.pedatd)ped as
£=ejd Ar.d.d, . 1.)14

arifseem t he i nteraction betEwamred the vihalf ¢ a

-

I-E—im: EEcu_astW@Sy,rEq.(l.ebZ)esents the homogeneous

whi cehn i@soeanal i zed Gaussian Wbith a standard

We begin our analysis ofbyhienipbobil arlonédi =
the electrostatic attractkFiogubel wehRnande7 B
occupancy diagram as well as absbyyipnt iboort hs p ¢
onegi mensional-di(m®nsianmald wo2tDh)e |1al tsiccenar i o,

a siPBgikTbeai m he pol ar ond %= 1grwhwnith dsstoa tpe i ion  ssty
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Figure 1.7. (a) Occupancy diagrams representing the ground statpaéronwithin a single chin (labele
ash;,1D) and in @wo-dimensionaPx101l a t t i-staeks af P3HT chainfabeled adn,2D), in the limi
of no electrostatic interactions.e., in the absence of the anigkccompanying these diagrams, part

inter — _

displays the corresponding 1D and 2D polaron absorption spectra, asstﬂ?fﬁing—OA eVandt,

0.15 eV, and opehoundary conditiongc) Cartoon illustratiordepicting the gradudiuildup of a %1C
lattice of -stacksof P3HT chainsvherethe dopant anion, represented as a green ball, remains cons
positioned in the lamellar region of the central clfhigtween theSand the & thiophene units). The ani
is situated along the-axis at a distance of&0.5 nmfrom the polymer backbone axRart (d) showcas
the correspondingvolutionin the polaron absorption spectrimbeled a$ia;) during the stepige buildu)
o f  tstaak Theelectrostatiattraction between the hole and dopant aniamcisided with-=2.

a moneralbcsactrepti on spectrum, dThepfaybshgpewahk

due t o tntesttdxtak=irteipagiemsgnn ticrhtafy)ano !l ari zati on.

secondi speaatkt ri buted to the ttre&atndtd dk=23 n

si gniafny itarigaern p o(lxar.i zat i on
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Wenext evaluate the polaronds absorptio
Fi gliirCe pr esiemg sk eamnwvehteire we bsitlagd kupttrhbhetur e
with a s{NedBedcpabobgr essiingaldy tcihoacTane ogtaat i c

point chapage®i tainomend iaand maintained within

chain, at a fixed di ¢
25 T T T T .
—— 2D-h,a, | Fi gluirDe demonstthees
20 = 2D-h,a,; Vibronic| | .
' /\ evolution of pol aron
1.51 peak B 1 spectrum upon incre

number of P3oHT ac hai

y/l-Absorption (a.u.)

singdlai n, t he absc

spectr ubm unfd (| e

00 02 04 06 08 10 S _ .
Energy (eV) exhibitisnglaeenfckhai n

Figure 1.8. Intrachainpolarized(//y) absorption spectrum
a bound polaron (&) ina %101 at t i-staeksofP3H pol ar i zewHi cobmoibdably
chains both with and without vibronic couplingagssumin

t;'®= -0.4 eVand t"*= -0.15 eV, andopen boundal | g8i fted when co mp a

conditions. The spectrum with vibronic coupling is calcul
within two-particle approximation witty _ =5. We have s spectrum o fsah ofwne e h

/*=1andwn, =0.17 eV The dopant anion jgositioned in th

lamellar region of the central cheiipetween theandthe® | i gl/rBE hi s bl ueshi ft
thiophene unitsplong the zaxis at a distance of,¢0.5 nn

from the polymer backbone axiS.he electrostaticattractior faat mani festation of
between the hole and dopant aniomuded with-=2.

|l ocalization, a direc
the attractive Coul ons ftdirec en uemxbeerrt eddfh excyh ati hn
i ncdmain polarized peakesxhiabitssit ol @imneeglet vth
of a f@d@pepe IHolse i mportant to note tchhmdai nal on
pol arized peeakatnidgmggeresofa chaTmiss i ailcir feta sies

|l i nked to the hol e' s del ocal i zati'esnt,acwhi cl
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degree o,f rfeseeenttbelm mghavi oap aorbtsHaa Ivieodkw h enr e
enl arging the box size causes the energy st

bet ween t hem

Fi navMel @y aétulaeg pOobamnbspemt itomi s ti me inco
vi bronic coupling fHfbhanoidabl eesethbheéergygomad
0O8&VAdditi oahdadrystimemrr el e-Rans ,BPadiFgrglBr e
I 1l udgthrea-tbhdirm pol ari zed absor pt i(hga), sbpoetcht r u
with and without vibronic couplicnag.c uThad edy

wi thhtewparticl e avpvho5%.il mattihen absence of vil

t he s preecvseraal ms i ndgel sel gmeaa ke,d oacsc upreraikn gB at appr
eVHowever, the introduction of wveinberrognyi cp ecaoku
referrpaakobuwisni ndats casegehMLheOpdsiti on and
|l ow intensity of this peak suggest a sign
i nteraction witanitiemkalBg mgemit endddsapads hs ft [
response to the actiwathomomt hegdedmdgyy alc

structure

Previ oug°>dfthu piod sar ons khoapkea kssh oAvnantdnh aB ar e
i nflulkeyncede extent .dGtenkph®lenkckBh owaditaesnn
transieéxloinbi t @nidn cbrleuaes esstaisfntl o mdleinzatiyon i nc
came cdwsedcbygmowlieng t he cdopaenR3tHdmiadm.t he
ot her, tpagnak sA& kno®nd%d°°HDWP hoer i gsitnugdtieensds t o
decrease in intensity @mhvendenhgeegwandi dg

aromatic f8&ee/guamoyer( G.tr ong ‘3.8%calization co
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1. 30Mdi.gin of Peaks A and B:

The origin of the polaron peaks A and B

of a dimer, where only two thid'mheen)é;)cuariitss

represents the case where the first\2>thioph

i ndi cates that the hole i §hkoebhtetironithteéa

for a di mer t herefore reads,

=i 4202 w1302 |8 @ ns

wheffreepr eskealtes hdipepi ng beVistehednet wooshatse a

energy between t \Wea sanimdit ea mdsptahmae throilceal | y p

at a ddnsHraomeed mter a | point septawaer dt iy @n idti

Takits@and di agonalizi mg sgqgumet.ri%) gresuwnldt sti

9=5{4 12} (1.16)

wi t h Hn‘%‘,rgand an antisymmetric excited stai

R RE) (191

with ¥hlglergymi-dR transition belGwe)p, thedgt ba

electronic |BXé&AI) edi ss-achitoreed the matrix
(G| K B)= e_zd, with transi 2jonarehetrygr ememd r alo s |
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of the polaron, I n the absehag yafsivndhlrenpe

|AS>=T{\1) 12)} al so refermedntso taon
8)=[45.0,,0,,) ==
55U 4 N : .
L . I ntrigui nigngl, usitdre
P ™ . . .
e . Vi bronic coupling [
~
4 N
/' =2 appear anceencfr gtyh e elak
w—( |(f)—"3> h /\—
1) \\ o7 2 Athrough a mechanism
A /
~
\A>(O)—S,6_s,1,4.s> il Her zbergfi fTetdreerby t he
- AN ,,_,ha)”b . . .. .
‘G>(.n: $,0..0, >._ | }‘ 1G)4) I ni tdiaptoldye b iachdde nd ar k
|5)= @Ha} transi ti on brAi dlbyd c o me s
Figure 1.9. Diagram illustrating the emergence of peak A )
to the Herzbergeller effectin the presence of vioror bor r owi ng osci l | ator
coupling

peak B vinar daohain a
i nt erchai nThiinst eerfafcetcitoncsan be umderr ptoacad i my

(el ect rdd migoo)n ad f fc o mp o nwinl rsa toif o 1t & kevsagicomdméer iomg

regi meéeronhg pol aron coathﬁilmbdz.ﬂcﬁlmudi,dadteéitnreids
must ekprhosg$h the el ectronic and Minbrteatrimsn alf
the symmetry sa,bﬁ)aamtb‘bs)i brehsei st od eatl Hamil toni a

el ectronic and ivn btrhaitd bbaaad irse asdept] i ngs

HF=HE& H 1.)18

p

whet be unperHambédl—%ohiiismatraken to be diagonal

el ectr on,i casb afsalsl oswest,

O =v{9)(g + A8 A +f 8 (S| - KS B
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A A € 2/ A
+bshs 4, as éé/ jg(bs bb’ﬁ $< $| Aﬁ 4}5 1.19)

i n whhehcreation operators for the symmetr

(phonane defined as

bé\:%(q"@)‘ azp
bas =%(Q" b ) (1 .12

The eigenstates of t helkémapwhmondamrscoasnd bHa mi

written as

|E. G, Oas) (1 .22

wheEe (SorAfdenotes the. laadiir odiitcdagsenlae e o f

sy mmeanmand i symmetr i c ,virbersapt€ilban dle I g iodjpetras t r i

/
signifies that the nuanodias spfnitjertre&ldetatd)il;mfeor t

nucl ear potential .of the antisymmetric mod

The perHambhtlﬁpnha-ﬂi afgobnal ewechiront bebas

and includes a vaisbrfoodilcowsagupl i ng term
FE_hW/ib/A
N (bhs H9{|9( AS [+AR B 123
Thzeowoder electronic/vibrat, onal ground
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|G>(0):‘S’bs’OAs> 1. 24)

wheéseanﬂAsindicate that Dboth vi bThed i-aomd®&r mo d

excited states whainadh Barte arnesli g i omts ti an ctl hued eA

ground state

A =] 8,05,1,) L.25)
and the electronically excited state
B)” =|AS0;,0,5) 1.26)

The efl'Epecmt t h&r emonad ant bteeeval uated as

£,10) =, 0.9/ A3($ 9,0,

_hwg, !

J2

. o h\m{/ ~

by H,)|AS0,0 —=-| ASO,1 1.27

(bls b,9|AS050 [2\ ol ( )

whi ch essentil'Egml ye$hDWS‘S,(~Zg,ﬁ)Ag>tmentdria:nt i symmet
‘AS@S,lAS>polaprhoomon states with the coupling t ¢

hW/ib /

N

(ASD,. 1, B 50,0, = 1.28)

Si mi,l atrh ey il"lzm)pnactthcecnfd@rr ovi brationally exci

be assessed in ,the following manner
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£, ) =2 0.0] A9 $ D1

hVKIIb /

el 0.0] ASOs1y S |'As0,0 ) TesTh AS0,2 )0 29)

l eadi ng to the mi }G,if)snlgg sotfat ehewi $ Wmntehter i an't

‘AS@S,OAS>,whicchr utso aHlée hz2bermé dle & fhees ngr ound and e

state wavweo rfruencctteidadresoh éameesn by

e i
. g, / . b | e
A)=[5.0.L,) qurﬁh mJAsoon Eﬁpﬁﬁg\Asoy2¢(l_3l)
LT
|b

withe energricewnedrisihtehtee xci t eeld st atwesledor rect

gi ven by

_V _ (hW/Ib /)2 1 3 3
al th2(2|t|+h,b) .33
w1\ h 7
E,=V -t 7w, (s, /) " ) 1.34)
2021t |- awg,) 2t # oW,

E.=V (hWV'b /)2 1.35
o =V % 2(2lt,|- 7y, @ )
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v f
where we have omitted—vz'%t—.(bmmsd:arrntraaidiiirt)i'vea

transitiopeaksr §i asstdrfadBng npalheer as, coupling |

(hwg, )2 € Al !

G)- |A) vib 2 :,415_ (hM/Vib)Z J (1 . 36 )
2lt,|
Dey 5 20t (hM/vib/)Tb) 1.37)

whiedhsenti al lhy Shcavm$i\b9\>hoamtrm utr @ aﬂ@_@m ehechy

is roughly equival eentwher @eas® ths)\rB)atltaialnemsialiaq

pIacE‘G>_‘§ft°2|th|.The oscillator strengths corres,|
simibaet gr mined as foll ows
e 4|

(G| & Al -—(h W, e—’ Y L 1.38)
vib
2 2@ 2 2!
< ed % (hw, 1) ‘

(G| BB =——a l_ (1.39)
‘ ‘ 4 g 2{41'5' (hM/vib)Z} k

Eq..38)l l ustrates that wunder the comditio

Vi bronic,char @ct @rninzed by an increasing [ i

vi brati onalt hfer eHgRu ef naccyt oarn, d y{tré.ﬂ ni coeaeilEdgal8P )r el
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Figure 1.10. Mid-IR absorption spectrum of a hole i6x6 lattice of " -stacks of P3HT chains, account
for shortrange sitedisorder in both intrachain and interchain directions. The disorder widthvaried a
follows: (a) 0.2 eV, (b) 0.4 eV, and (c) 0.6 eV. These simulated spectra are derived by averaging
randomly generated disorder configurations

- e’ d’
reéucte KG|/ﬁB}2:Ti n the absewicker atfi om@IEd),coonu p | i

indicating that peak B's nature is electro
1. 3T.hoef f ect of Disorder

The spectra depictedofinmrleayhreda pecac-bual s
|l R measurements of P3HT films. This is pri
coll ecti amd dfif g@rdgHdd ail ms.t ead, the compl ex

mor phol ogy of these films | eads to various
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classified iInta()tdwa gmadarh edad seqyadtiieicohhs | ncl ud
rando-hreer gy s hiifnnhso nccaguesreedo ubsg Idei csttrrii cfi pifdii eol nd sc
ofdfi agopoal acyyrddtsalridiere whho tchtaralc-t mdea def ect
typicaldymsgupti onssuanlygcaysat abundatyes and

amor phous regions

The tot al Hamil tonian with the inclusio

-

I-Edis:HelEe -IHvibEa a nmAnndnn (1-)40

where energetic d ipshcerndbarre n DI ymglidac anlglpyesri ¢ tee d
deviatden®twhiahaademly selected fwbmha Ga
standar ds.dbdei priobmabi |l ity of a giviBpi $6hioph

t hen bgyi,ven

1 o2 D
P(D, ) i/?sexp@ 252 1.4¥1
¢

Fi glulrOe ef fectivel y ndcemahssraiggeesnbowet i c
i nfl uences the absee((ppwiltehisnp eac tesxtom qpkofl yArse rt |
di sor derprwigdtelssi vely increases from 0.2 e\
panel to the bottom, two key changes are o

i n the A/ B peak ratiwsi.gmihfey et tdh amaglees Icmd d leic

i n siteThWisophemomenon is analogous to the
moved closer to the polymer chain, both re
of hol e .lacailsi ziamp @amt ant to note that t he
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broadening of thei veraaddersipregtpuimmarily a

speci fied dsi,sotrlkdeer siwmuwiteht ed spectrum i s d
Ssubstanti al number of randomly generated d
19t df§ to ensure convergence. This process

broadeni ng IiFort hsa nsgp eed \prod mhir wendsd ehb By d eell d e d
near quumepiodtctvie-bRsspectha mbd dope€l and

S“fhere the hole density is assumed | ow en
passing, that includingi tae gadissli iadnigalg @rdli b

di sorder, gives qualitatively similar resu

1.@ver wifeww he Thesi s

This thesis addresses the following i mp

T Should the dual ( slpeed r a eadsshiagntatduir ghs
oxidationmnnpodboepddibidysielci fi cally, the no
the Pl peak and the emergemacweghlfy abh. &d

Obe attributed to the formation of a s

Or do t hese signatures i ndicate t he
specifically bippoollaarroonnss? and coupl ed

T How do the spectral signatures of a s
i oni zed, bwpbekrar @an hol e is intensely 1| o
anions? Additionally, can the emergen
observed at approximately 0.8 eV, be

il oni zed bipol aron?
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T What ar e t he spectr al di fferences b
bi polaron within a single P3HT- chain
stack of P3HT chains? I n essence, h o
bi polaron differolfaroom hose of a 1D

T How do Coul ombic interactions, both
dopant ani ond,R asfpreecdir &t Adedsi donal |l vy,
presence of dopant anions a prerequi
This question is crucial, as the con

that the formation of bipolarons doe.

ani.ons
T What i's the sigwmibreanoe cocbuplliermg,r o
aromaui coi dal stretching mode with

formati on of bi polarons? Specifical

feasi bl e without i ncnogrspg?o rTahtiisn gi nvgiubirro
key assumption of the conventional m
nucl ear relaxation and | attice distoc

bound bipol arons
T How does the A/ B peaski nrgdteito bd ipfofl earr o

pol aron formation within a single P23

rati o i nfl uehnocleed rbeyp utbhseb ohpoollear on? Do «
provide insights into the extent of
that in a polaron?
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f How does t hel drogmekptoil amommf camml| eaxse s
tripol arons apnadr ttieturl apdlyaratnshi gh 0>
I nfl uemickkRabé&®er pti on band and the hol
Furthermore, how dot h &®ep pdeixftefsearl fsri qr
those of bi pol arons and polWhaths wi
i mplications do the findthmdse orepludlsa
i n | ar ganipond acompl exes have for c ha

materi al s?

This thesis is structured as foll ows:

Chaptdhi 8: chapter e xsf amolke |t hiledRr Hpmilsd © 0 m

absor p'tcioonnf uiglat ed pol ymers with nondegener ¢
bi pol arons. Thel enevidbbrnait m o qincantluepsl magp gt he pr
aromauimcoi dalalmondge wi t h Coul orboilaensd nh etrvaedn
hod eand dopant anions. | n cdmp draindo f otro bs ipr
shows a redshift of up to 0.2 eV, depende
indicative of enhanced hol e del oc arleiczeantti on
measurements ondededtRdDHnbemi cal |l y

Chap3lem t hi sukpalpareop | e3eHTi i ms are i nves
t heoreticaldryi ofnorcomdligruamti ons i n which s
positioned on both sides of the polymer <c¢h
| arge as tetrapol arons, |connusmbsetri nagf oo bdi | aer
considered. It HHR fadbwsrod pt hanh bhed m( 1) re
l oni zation potenti al decreases as the comg
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tetrapol aron. Such behavior is shown to ar
due t-wmolhe®|l eepul si on and has i mportant i mpl

mat eri al s

Chap4a®hmis chapter signi fgir @amotdl eyl efxopra nsdi sn

bi poliamtomedquced i n Chapttaeacks2,o0ft oP3®EHT ompaisrs:

model aligns exceptionally meallur eamretnit s r e
el ectr oedhoepneidc aP3lHT f i | ms. lt-l Rccpeately eanp
i n doped P3HT films during ebamcdriocihteimalclay
a blueshift with increasing oxidation pot el

Pibamdschi fts back, sunpasdjamgradidet pohat oshse
at approximately 0.8 eV appeassshi filee fainmdib
shifted signatures are characteristic of ¢
pol arons. Further mor e, the analysis’'-reveal
stack of P3HT chains is signifiac asntnlgyl eh icghha
emphasi zing thel pm@hfhgendcec &ifreavitdaodkisng on

formati on.

Chaptdrn this concl udi nag pcihfagptteetre rwes ee
di r ezntdhoen capfabtiHae-sHyll t enolelici dat e t-he nat
| Rol preark, Kk npoevankéwayp adi ng the mul tiparticl e

states with two hol est ranodnsan el ectr on, t he
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CHAPTERUNDERSTANDBIINP®@L ARION S
CONJUGAPEDYMERSI NAMULTI PARTI CLE

HOLSTEIARPRAOCH

2. lntroducti on

The natur e of’ -ccohngruggea tceadk rpioelrysmeirns has be
interest since the discovery oJoJf cuopdoctdbpiygr
polymers | ike polythiophene (PT), with no
support polarons and bi po3farmanrsl yass ttuhdd ema j
bi pol arons as the pP¥fmaryhobhghgmosetoragens:
pol arons also contribute, depending in a ¢

chemical vs electrochemical), the nature o

f i2|6n-P1, 56, 6130,'973, 75,100

Recentl vy, Pieoglduceatedaparh ismpectroscopi
paramagnetic resonaheeay(  ERRppoeney of PE8HY
the-ImMRi d-¥i dVspectrum along with the EPR spe
potential for P&a8BPedd @c tThhoecihre neixcpaelrliyment s s
i ncreasing chai-hRogfiBhaandn, j-sahihfetadnli whibll @ett
signal gr ows, i ndicati \Md 2o0fpod aroeasng Hpwp uk
potential-70@eamb¥stfeO0Otrend reverses; at 6 C
di minish, whileoaenti al i @i®®drydnélVgdsemiefptPo r

The authors ateéevebsaldt ohehéeérfeodmati on of c
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the highest oxidation potential, a ¢é¢%ncl us
and Nighti°glahet leé.valy-seadrfhtiynosfd Iuedd tersq ¢ hae mi
doped PT was obse’veadtihyulyairfaihumnndgt eestsad na li .a
shift. -mMetrhypllt yi( Bphenelsi {(P3WMa3 )f iar 1t ueb s er \

afé: %" Further ESR s tidnideisc abtye dCobliapnoelrair oent fadr

| owest doping levels. In P3HT early °8pectr
al so implicated bipsestaragses sapet¢thes maHowewhea
more compl ex, with additional evidence of
i nteractions as well as chainshhbipeakBi an

chemi-c@maped P3IHT was more recéedhdandd obasecobed
al®2:2% a function oM CN@freansncegtdaphoh. (Bet

by Tat% heotweall . most !l y poLTaQNe@o pofeod nfaitlinosn .t hFeoyr

direct evidence of dipolar and exchange in
i ndicative of more | ocalized, bound hol es,
mobilities. Recent Ra neanns satsu dti hees nad isno  cshuapry

chemi-c@apdd °P3BJTluieft ed P1 bangdsegdtnedotpelry me
i ncreasing dopant concentration have al so
i ncreasing propensity to oxidiZ%' BHegyemeat s
Subsequsehmitf tr eadt hi gher dopant concentratio

observed befof%® the work of ref.

With the exét%eptlilomfoft hreefearly studies (
not on the specstpattsaify ofi sPinguish pola

number-gafpp d$abds: t hebamphela@d Ba ntcteen elf igd RRare a r
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band) was taken as evidence for bipolaror
assignment is based on convegnatpi opnoalla¥tohne osrtya
113 The theory al so ptrreadniscittsi oan bul puoen sfhbirfma toif
which contrasts the ob’Homeateirgnsoviey Emen
conventional model has come wunder I ncreas

Deussen afyd ®Basesslpagrovi ded strong spectrosc

absorption in doped semiconducti fpnpgoihy mer
all owed transition of radical anions and
pol aron bindirer@vener gihescoMventi onal theor
potential in a semiconducting polymer shou

an observation that has thus far el uded C

shown ¢tor bect nfor organit?pdoétrme omsc’'édmtioy hel

has shown that i nclusion of Coul ombic int
thed¥'teescovers the normal ordering of ioni
pol ymer s. The Hei mel mod el shows-gapeséent et
for polarons, in stark contrast to the con\
mode iIinterpretation of pol arons based on

i nteractions and the presence of d@amalnt an

Png ¢&4. al

I n several®’ 8 cénie’ Widd K&’ devel oped an al
grained modell R opodeasrcorni baeb ssoirdpt i on i n conj u
whi ch i nehloupdpeisn gh obleet ween repeat uni t s, Cou

hol e polaron andnedpwot deam, oand,sitmportan
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vi brational couplingromatilovi sgr @thehiogwi nmao
accounts f-lo R s hect miad i ne Sshape I n a

fi P'm8&8 72.73.75.76F % IPH oMl &t ediami | t oni an was anal
basis set, originally dpvehopedotw pl| iancgc oiur

exci®t'&B% Unl i ke in past approaches, the ad

nucl ear kinetic energy is treated exactly
mode energy is of the ordetrhefcashee fedrecdar
pol ymer s. Bawtfioridzeedt .a adi.mi eaMHamMbl soei an

vi bronic coupling in conjugated polymers, |
di sceirrdlewrced (Anderson) | otcradpmiang.on as oppc

Il n what foll ows, -swey |leex pHaanmd |tthoen i Honl sttoe ii hn

of pol arons in conjugated pol ymer chains
Hamil tonian 1 s rfpeaprteascdnret ebdasiim a emyl dmher e
orsite excitation, be it a vibronic (i.e. a
a neutral site. Coul ombic interactions bet
and dopant anions, are expdei cdiitsloyr daecrc, o ubrnyt ec
random site energy fluctuations, governed

devigti Wa, focus enR ybaonnd,t haen dmi-sdb n fijtbeach dPh a t
with increasing dopant concentration is i
bi polaron stabilization relative to two ir
coupling between hol es aqui doipdalte vaentgoatsi. c

(0.174 eV) is tooappghfgo amaiuppepodssat & s .
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2. Model and Hamiltoni an

We <continue toguaiheademodtel cfoar seonj ug:

nondegenerate ground states, which-lHRas be

pectral Iline shape in®adped "adbirn YPo3pMTd o

(7))

—

he | ocal HOMO f orr edad m etdhi ovg it ehn ee awcrhi tH O MO

mmedi ate neighbors viaast hiel lhuoslter attrean sifne r

schemati c Fbsgame Thne figure al so shows t h
corresponding to a chBki g2uf)e,p eads wnetlhl aa ssian gc

with twbi grumBeandd (C

Foasi npadepobédrons, the wave f unamnainadn f or

nwi tmhni s expressed as,

1. a4 Ay A
—{d*d”*+d ™ m A= (|- - n ¥ 2 1a
\/E{ m--n® nﬂm}ﬁ@q:*: I>]\/§(| ®|- ® ( )

When projected onto the space sptamened b

funcm,j>mabht pins the for m,

|m,n> -j;whan4@)+w«a K0} nwo (2)1b

Herye()i ndi cates that hole fAlomrhegihd @9 hiem

ring. For theccapeedf sateothbleyl ocal wave f
Ay A ~ 1
dd G =[mm Az~ | & (2)2a
V2
wi t h
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lm,m> -y D)y, (2). (2.2b)

With the basis f uhnec teiloencst rdoenfiicn epda manb oovfe ,t

be wriintttéhre subspaceaspntaining two hol es

Iy
(a) I .H"._." 7,_ - W, T /.\_ + v Y ’
I i /
d P
P/
dﬂ]'l § /
/
&
dﬂll-ﬂ]'l
o ™ .
fiy : (c)

dﬂ]l- an

Figure 2.1. a) Simplified anion-polymergeometry assumedr asinglepolaronwithin a conjugated polym
chain withN=10 units. For P3HT each unit corresponds to a thiophene ring with nearest neighbor s
d of approximately 0.4 nm.dan is the distance between the peifiarge anion and the chain cente)
Geometryassumedor the bipolaron Here,danan is the distance between anions projected onto the
axis.Rotatingeither anioraround the polymer axis while maintainidgresults in equialent aniorpolaror
electrostaticinteractions(but variable aniomnion repulsion). ¢) Complex with greater anamor
repulsion results when both anions are on the same side of the chain.

Ho=t, @ {imn(mn 4| [mh( mi+h he

(n>’m)

wERAIMm(m M Fmi mio R AN, mph (@23)

n
(nzm)

wher e we htahvee sopnmint tpeadrt and taken the zero
HOMO | evel of eTalcfehi rtshti otpehrem e ns itthee. Hami | t on
f ohrol e hboeptpwenegn i nittaiteels awmi d hf it rhaabgeppod raartoends o
di stindatr osufgthaitndi cat)ed Ibny whhaea pfroilmheows we
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th=-0. 4 eV as suppor tiét Tbhye DsEelcnocnadc cabat s oher
transport i nwng Imv wher ehé west poéatongm hesi de

thiophenéasinger mhbeed ceccunmtostfadri c ( Coul omb)
Vm,n:V:{Z-Vamn-nh (24)

Vi'rer esents the hegoanl stilino pbiee mat e mi W e

represents the attmanat i @amd btehhevetewo tViami thod e
we assume a -dsiimnmepnisiifoineadl ocnhear ge dins ttnhiebut i o
thiopdeH®MdOconsidered a ggosioriavtedpradnt heha
8°Heriei s the wunit vector along the chain a

bet ween t wo tihsipop hoexndemact &nl tylenir g2s.r8le@r t hi s c ha

di st r ihkdwtliepmrultsi Mﬁwbn’mehigbyhghven by,

o € 1 m
™" 4p @ |m- n| ’

n (25)

The-somne repuV,§i ofnorentewogyhol es doubl e f i

same thiophene unit, | Asp peevnadl ibuya(tleeds uansi ndge sactr

orbital coefficients corresapdnduisnigngt ot he a

pot eldt,it &

U

VOhno(r) = U
1 2
J Y &ian gy

(26 )

t@apepxi mat e-hohe helpeal si on Wewiftihn dJ t=h altl.t5h ee

i nteraction between two holes on the same
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t hat bet ween two hoFeealolny,netilgdabat i ngctriiwne

Coul omb energy is
2
v & gt 1 1 7))
’ 4o ecip -1l by T4

whem bocatittls ¢ghleamde) amama.m h®bbbegoenometry i s
I Il ustFn gue®Bi.andall that foll ows we negl ect

termdasei $sn the PPP and Hubbard Aodel s for

When the el ecM,i®stseatti ¢t oe nzeerrgoy,, 28 hec &dami |

be diagonalized exactly, with energies ex

E i, =2t,coskp /(N 1)) & cosk p /N X kipko=1 ,Ne . (28)

Hence, thd akigigves t he Byr=dy Atcospt/&Nt ), ener g
whi c h, as expected for a singletuppeldasomat g
k1=1.

To include the | ocal vibr-gwiwmcoicoalpl| vinlgr &

mode we uti-styeeaHHmi $tennan,

Hu = W@ b, +i, /A{(B" B W (g B, +)}/mp( mp
" nem ‘ (29)
+ug, 3 {0 40, 0
wh em=1i s as uigne dt. hecoaslheeM)gyof( tdye@i aovomat i vi br
anld(®l) is the cor-Regpohdtchgr Huwhigch accoun
har monic well in going from a neutral t o

assume the same-cHR ifoamdtcorpoftemttlae .di( We hav
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dicationic HR factors from 0.5 -tB 4p&candmi
This i s expehcotleed rseipnuclesi ol edi scourages dou

thi ophene unit).

Af ter considering all of the electroni
above, the total Hamiltonian can be writte
H=Hy H, VYanran (210)
whevV,e=¢e/@pglr,, T,,)r epr esentasnitome raermiudmsi on. Sir
are assumed to be i mmobile (after finding
VamSi mply caomtowvwvemaslelant to all Aspoébaiohedt

Appendiix(Irepresented in a | ocal mphttpat ei
states, which is sufficient to obtapn con\
particle stateiisesoaeei axwhtied either vibr
hol es) or purely vibrationalliyh (-bawbarwdrn h

ei gendidtiant &Elg@)() i s expressed as,

Yhy=a a Immvn>+a & Mmooy >
m V,=01,.. Vo ¥

‘."Tm).. . (211)
+t& a a ab...Immy;ly > &

m Y, I, my %2,..
Hermmy>is gaaond cle state in whisdmgldceth
sime WV, (3f0) vi brational gauaatnit can i mo tt ehret isanli fwe
bar overstrike indicates vibrational- quant ;
particlmaysyt>at Bepxlcei t at i otnuei anmmedavi Via n g,
vi brational guant a residing i n t he respe

ImmVy;Ly>i s al pard itcwe state,-haloenpex ciema toif o @

4 2



andpuawe brational

le k & (Ptl)avti ibama t antdb asail trechti & & euwn

potentdarlr eweddndi ng -ftiol lae dh e”® M@.h d doarbtt iec e e

states arAppgesadrkXbeéeldenwhgypi polahen At ate i
Il n what foll owsHi nt lE2g0.35(r osn8Beesbtaéed ast
dan (NM) 2Ec(1P) 2Ec (1P)-Ec | 2Ec (1P)- Ec | 2Eg (1P)- Ec
dan-an=0 dan-an=0.8 NnM | dan-an=1.6 NM
0.5 -6.231 0.2934 0.1064 0.0341
(1.7344) (1.2315) (0.7977)
0.75 -4.709 0.0921 0.0714 0.0408
(1.0526) (0.9190) (0.6977)
1.0 -3.911 0.0586 0.0507 0.0310
(0.7790) (0.7196) (0.5935)

Table 2.1. Calculated twepolaron energies (2E(1P)) and bipolaron binding energies for several vatiyes of
anddanan Using the Hamiltonians in Eqé.1) and (2.10) for oneand twepolarons, respectively. Binding
energies in brackets do not includeg.an For two polarons the Hamiltonian in Eq.(2.10) is expressed in a
multiparticle basis set containing up tgpdrticle statesill energies are reported in eV.

Based

enerkgy,f or

Fi gaiuB.e We
Ofdamrwhi ch
N=

10. We

Hami | t &mgA.41h)s e e

on

a Neha@ai si wes hand

found

ar e

al so

t he

t hat

| ess

eval uat

Appewdt k Ahe

t han

Wi

ed t he

th the

convergence in t

Bl bB) e

Hd i) | twen ieara bpuoa taergio nt hger otuwaod

t wo an

he gro

appr okinmmnafteBy nmalf b

poil mg o

geoingtriieATdve pi ct

pol arons are bound to form a bi Bll&Bson whe.
i s a positivek. shape PPsfToablseever al der@amdi nat i
armas defFiimgadB.ei Al so shown in brackets, are
negl ecghd nggeverally, the binding da@angy din

Il ncr edaassiMgmor e

detail ed Appemlsdiswhoerr d si tpries ¢
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shown that the bindinghherdepogyaa@alpes olacthiesi iz

with two noninteracting polarons. Il nt er est
samsea de of the Z2ZIC¥j HNhsasigni fFigankely -greate

pol aron states unstable r eleateirye tmettawad afbr

Il kely exist in doped P3HT films, since th
via steric folre,est duient dreagc tkexaaompawnsh t mpof
a gidvnendman t hpoltavoon ground and excited s
Eq21(1) are invariant to rotation of either

continue to-poéfaemont ovatvlee fuwaeti ons i n all S

2. Bipol ar on SApesootrrpuum on

The goal i n this Section is to wuncover
di fferentiate polarons from bipol astoatse To
absorption spectrum based 2In0)t hfeo rv ibbirpoonliacr
compare to the spectrum forApmé Adiiboes | bhas ed
has been studied r atbhe®f 7éx f.e’Arss vied  yr 4G vne plaisnt

basis set to include only Jlocal-l IHO¥MPedtenval

-

egi on. For pol arRonasb s(obripptoiloanr oinss )d unei dt o t r ¢
on -qnevopol aron states.f oSucthh et rcaonsnyqirelay,so basce
which in polymers | ike P3HD.7eeiVdegdependih
mor phol ogy?®ai@fodapaotunt for 4 hehhtcbheccaner
ne-aR region (affpboxiVmatmelPBHT)3 requires at

| ocal LUMO | evel for each thiophene unit.
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Il n what foll ows we assume an emMseébl e
thi ophene rings. Fochasappgtexipomabednani o¢hei
di stdashecem the chain cremgueefieAasFomdbcpapbéedr o
aniane symmetrically displaced about the c
chai n, a sFidgaprileBt. e Noite t hat rotating either
mai nt @iwmii nlgcyhande -anion repulNgs,ioBSiVapergy,
appears as an additive contsntamsinteéiognadsl aori
unaffected by the Hdmaoemetnhe oammridon g @aBimetnr
angd.ClL will give identical absorption spect

energi es.

The absorption spectrum is evaluated fr
AW =4 (E -E)I(%|® )F W w(E E) (212)

Wheri)/g)i S btihpeol ar on ground st-aner gvwhi €eihg e s tt it

Eq. (2. 11) Eswi Theedépoy e memarity emp ébryat or

it ed @ (m )| mi( mf (213)
(v m)

wi dhdi,wheirnes the unit vector pointing in the

axi sdiandt he near estt miea pghhebroe d=st bp. adrpamtenncen(, N o t
anion contribution to Eq.(2.<]Y§|ﬁ)/j))§imrailtltyed

W(w) in Eq. (2.12) is the homogeneous | ine

standardGdevi ati on
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We begin the analysis with thléO09i npnldest
no disorder. -Rod bopd+@hé&Hswmgll e f odant he Dbi

amr 0, see@.HRiAgBbhed he

(a) i
592~ _ polaron (No Caulomb) resul ting pol ar on al
{ — = - two-polaron {No Coulomb)
, . .
=40 bipolaron _ absor pti ocar e s psehcotwna i |
8 r' \ A_ '—-—hlpolaron
= 1 increasin {no h-h repulsion) .
Ba{ b ropuiion ) Fi gur2e. The dashed s|
‘_‘2 ! l\ ." |.
] olaron .
<.l SR evaluated without an
i
': ‘||| 'l “'
! .
Ly P inter at=-Don3he spect |
f
iy AVER
0 T I.-.‘ 1 1 . .
0.0 0.2 0.4 0.6 0.8 1.0 provide a simple ch
photon energy (eV)
0.5 numeri cal procedur e;
(b

¥~ *{ —e—Dbipolaorn
—e—polaron

4 — > bipolaron
(no h-h repulsion)

t he -ptowar on peak abs

frequency has transi

p(m)

Eoaik, 2 B w6 1 whi ch, usi

Eq. (2. 8), I s i-dentic

pol ar on t ransTihtei on f

m spectra have not been

Figure 2.2. a) Calculated polaron (solid blue) and bipol:
(solid red) absorption spectrum fd¥=10 chains withoo t he numberih®fncpmpolt dreo

vibronic coupling (220). For the polaron the potoharge

anion is at 0.75 nm from the chain center while forthe bipc f act or of t wo increa
both anions are at 0.75 nm from the chain center @vith=0,
see Figure2.1B). For bipolarons (polarons) the Hamiltoni
Eq.(2.3)(Eqg.A.2)was used with the electronic coupling set,
=-0.4 eV. The dashlot spectrum is for bipolarons lacking .
the pp repulsion. The dashed spectra are evaluatedw C O mMpared to the sing
attractive and repulsive electrostatic interactions. b) Calc

polaron density as a function of site number.

i ntensity ot artome

Fi ga.r2 shows t h
activating the Coulomb coupling | eads to s
particles, however, the single polaron und
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| ocali zation. The bipolaron is more del ocal
two hol es. To better appreciate this, we
negl ecthionge hroelpeu tdsaisdn . ( rAesd ccomt b eh es elselmu d r o m
now exceepael a@arhen olmleue shift due to the gre
anion) . Figaerremhbws that the bip-bl aeponl spea))

resdhi fted relative to the siehgl €. 2oledr on sy

Fi gu.rsshowst hppewsd k equency i n the bipolaror
changes oJUWsarda)a phaosaa pace. |l mnt lhen Isiempiatr ao
the absorption specdaoluaar amp py peacthretsm;t hkee rsd et
frequency as the two anions appr esddif teaclth e
fi gur ehoswh otwbsse magnisthu dda a fcdndeemcsreesalsagkss, a n d

decreases.

To better appreciate the structure of t
the hole dems, twhifamcits otnhmt hp rtohbi aocbpi hl ei ntey utnhi:
hole. For a singlpémplollearany),t hemedreenrsd it yati ess

thet h thiophene ring hdostpsoltalhe nmsq s itthieveroh

function i s,

1 . 1 .
=_ > m — nm
p(m) 2<J/c;|n(?>.m)| mn nye) 2‘(‘ Jé|r(r§m| 7Y (2. 14)

*¥slImm > @ nys)
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I'n both cases, the dgngmetlFifgAncHBi osrh oiwss

the probability density functi ofRs gXnorA.espo
As I s i mmedi ately a |
O ez 05 nmm=06 8= 07 - 08 mm bi pol ar on I S del ocal
07 0.9 nm=m=1.0 nm 1.2 nm=m=1.6 nm
506 e greater number of si
m / g—1—i—1—i—1—1—0
Xo05{ M a7 the electron density
o |// g—a—1—E—E—E—E—0
o O
"50'4//./"'_""" t o t he hydrogen n
€ 03 |/./ _g—i—E—E—E—1—8~
o ] 1 . . ..
'ﬁoz-://. However, e-hi mepalk $ ngn
8 . | . .’.__l-—l—l—l—l—l
0l4—n—"" causes substanti al I
T . mainly the aemndt rsalxth

danan (nrn)

Figure 2.3. Calculated peakipolaronabsorption frequency
a function ofdanan for two anion pointharges symmetrica .
displaced about the chain center and held at various dic € X C € € d s the single
dan from the chain (see inset), based on the eigenvalues

Hamiltonian in Eq.(2.3) with the electronic couplingsetd s howiiri g A.r&&n Appendi x
- 0.4 eV. All electrostatic interactions are included.

thiophene units, to

A,separating daitake ani c

0.4 nm | eads to small meaoamnfycat sbnghof debe
val ue=sb aam@G, compensated by a slmagwaty ifnrcone a
the centr al regi on.

Enhanced polaron delocalization due to

terms of a nAflattendamgonofCotuhemiat webhtti Feo
geomefFi gurdeA, the diabatic bi=p0o)l aarroen pelnoetrtge

function of ekiggdB a |ITlhe idndadxatim energies d
el ectrostatVieVyi's Eg24)c.t i Widishroagulhsi on the en

out t he atamriaccnt i @@yl ohnobl ewekl il g24Abel a cHko we v ev e
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activatirrepuhsi on significantly r-28usésatehe

where the bandwidth is al most three ti mes
wel | dept h all ows for mu c h mor e efnf i ci en
Fi gama€ehi ch i1indicates the polaron pairs whi
state. For example, wi-eheugyrsepatesofO5t &g,

are triply degener at e Faisga#haen Bba ealppw etwis @ t €
connectivity betweethi sstadteisv avtha c.h (@adrn Isye so nve
shown) . The figure shows that the bipol ar.

polymer chain with reduced energy barriers
Vi br onpilc n@o u

We next recal cul ated the pbBl ga.pa, audt I
i ncluding vibronic coqupilnaigdalnvstlrva tnghitrmhg r
0.17 eV, and using the>=dfipsi ¢ &b opehdadeleivaome
and poFyglrs.shows the spectr-partviadls@é tda tue
Appenidi xBAth the pol ar on andenbeirpgoyl apreocank sAp e:
hi gobeer gy peak B which are al so o0°B(sseaeved

Section 2. 4).

Previous anal’ys'ésssffowe’'dot Ambnpeaks A an
sensitive to the hole |l ocalization, Bknoer al
shifts with increasing | ocalizati on, as ca
closer to the chain, whiBf-@d?PpeéXKkn At heal sroi gi
wor ks) di mi niasnhde ss liing hitrftyesrbsliateynver gi Ag t owa

aromatic frequency (0. 17 @ \EY F il g2BA, 8 ep el aikmi t
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A appears at approximately 0.15 eV for the

with its very |l ow intensity, Il ndi cates str
near by dopant i on.
For bi pol arons, peak B Fim2abAkbeead aktaoaubla))

correlates t &ighee envwahiinc hb ainsd -sihnl ¥t etdi gphohyat

(b)

—— with h-h repulsion
—— without h-h repulsion

Energy (eV)

T T

T
5 15 25 35 45

:
:
'
'
'
:
H
'
'
'
'
:
E
E 5] (C) with h-h repulsion o« o 88
; 57 o o 9 26 59210 4
’ 40l @ @ ) )
40106 57 36 °8 47
454

501 e o o o

without h-h repulsion 3,6 35

State Index
! S
< > L
> 58 6,8
>
[0}
[
[}

-5.54

°
604 45 46 57 67

-654 @

T T T
1 2 3 4 5 6 7 8 9 10 11
State Index

Figure 2.4. a) Bipolaron geometry for a chain with=10 thiophene units indicating the diabatic ¢
(5,7). Both anions are taken to be 0.75 fnom the chain center. b) Diabatic energits@, / *=0)
evaluated as a function of state index excluding (black) and including (redhatéerepulsion. c) .
closeup of (b) showing just 11 lowesnhergy states. The labels refer to the associated diabatic bij
state. Blue arrows indicate paths whizinnect sites-8 via hole hopping. (Other paths not shown)

of vi br onHicg2abfomhplwisng.hat peak-sBiifd edi dryi foive
eV compared to peak B in the polaron spect
bandFiigd2r,e and indicative of enhanced hol e
Mor eover, peaskhiA tssl iagnhdt | wndeerdgoes a | arge i

from the polaron to bipolaron, also indica
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removi nghoaolhee rheopuel si on

(a)
polaron “ da'gh)t Curve) t he b

——bipolaron |

— - —bipolaron

(no repulsion) |
f

becomes f ar mor e | oc a

strong-bhi fbtlsuewhi I e p

Absorption

strongly diminishes i

v

0.0 02 04 06 0.8 10 bl-sbi fti ng t o 0. 15 e

photon energy (eV)

® - - practically overlaps

—e— polaron
== bipolaron
— &— hipolaron

(no repulsion} S | n g | I aer q) .

0.4+

0.3

plm)

0.2+

The hole probabil:@

0.1

functi d&n gabBnedi rect | vy

/4
0.0 L4 L4 ¥ T T T ad v-\=
12345m6789]0 reveal s t he enhanc
Figure 2.5. a) Calculated polaron (blue) and bipolaron ( d e | ocal i zati on i n t

absorption spectrum fd¥=10 chains with vibronic couplin
For the polaron the point charge anion is at 0.75 nm frol
chain center while for the bipolaron both anions are at 0.1
from the chain center (see Figure2.1C). For bipol
(polarons) the Hamiltonian in Eq.(2.1@qg.A.1)was used wit t h e significant |
the electronic coupling set tia = -0.4 eV, and the vibron

coupling describedith /?=1, andi(,,=0.17 eV Thedashe ¢ |, ph 5 e quent to -remova

red spectrum is evaluated without thehhrepulsion. k

Calculated polaron density as a function of site number. hol e repul sion. | r
calculations the basis set includes 2 and 4 patrticle state

with a max of 5 vibrations.

compared to the pol a

addi ng vi bronic cou
(comp&r g2eB)e does not appear to seriously in
We have also analyzed the effect on the b
removal of just the attractive Coul ombic f
spectrum (not shown) which very much reser
|l i mi tholheolreepul si on forces the holes to opp

as single pmdolaaromnrss Vs ebitpvwl ar ons.
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w h

sp

i sorder

None of the spectra shown in previous SeE€
asured in P3HTR fsiilmpsl yi nb etchaeu snrei dpol ymer f i

sembl e off rreiegicch,ai thesf,e@ats assumed up until

herent to films | eads to disorder, which
to two maiimtrcadleagionr i e¢sf ect s, including t
ifts due to an i nhomogeneaeu<hdiint rdield letcit s
nerally includes diidroupteixoannsp|lien tghhrei or yb:
esence of amor phous regions etoc. Her e,

suming a Gaussian distrijgpueisomdestrithedp

mil toni an,
Hdis:HeI -leib a( mD n)-InDn><mr+ \/an—aﬁ| (215)

ebhes the site energy deviation corresponi

The probability of a ®igsegitwvieinoplgene si
P(D) = 1 exp( -> Dx?) (216)
J2p s

esées the standard deviation measuring t

i agonalization of21tbhe fdamial tgo rvieaan diirs oE @ e(

ives the eigenstates and energies with v

rticular to that disorder distribution.
nfigurations toualblfyaf) hOwe o mvbd rag enn cteh e( ufsi n

ectrum. For singl e pol arons, t he di sor
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guantitative repriloRluspeonhsa of ort hdopredd an:

fifFfmsé3 75 "®whe¥°¢ t he hole density is assumed
We note in passing, that i n<iltudi ea@gui@al egrags s
ofdfi agonal disorder, gi%es qualitatively si

Fi gabr s hows the effect of increasing si.l

for the pol arom\s18nd h b Hepasnlidavipoatrsa met er i zed
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Figure 2.6. Calculated polaron (blue) and bipolaron (red) absorption spectruii=fa® chains wit
vibronic coupling and site disorder. The disorder line wisithincreases from the left to right panels.
the polaron the point charge anion is at 0.75 nm from the chain center while for the bipolaron bo
are at 0.75 nm from the chain center (see Figures 2.1A and 2.1B). For bipolarons (polarons) thei&t
in Eq.(2.19 (Eq.A.4) was used with the electronic coupling settie -0.4 and the vibronic couplil

describedwith /2=1, and 1, =0.17 eV Each spectrum is the result of averaging over 1000 di
configurationsin all calculations the basiet includes 2 3- and 4 particle states with a max of 5 vibratic

Fi gabr.e We additionally assume spangal dysoamnd
as ref eerarreldi &fo®%dt KAs'5c®dn''be observed, the

pol aron and bipol Rirgabr driemeai shamesacfroml th
i ncreasisng!l yrhwi tth gure fushhéet Bhowsakh8t i
t he bipolaron and polaron spectra decrease.
foseE0. 1 eV to approxima3eey. 0GOBerad/l whent he
converges towards the polaron spectrum wit
since i n tnhge dliismirtd eorf, sptorlcar ons are energet
to form bipolarons.
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2.@omparison to Experi ment

From the analysis of the ©previous Sec
formati emmiifst alfR epheea kiniBd g loat iPve to that for
addition, Peak A i sshmofrteed nitre ntshee amidp arioareo
I f we assumedot hnaott tdhrea maantiiocnasl | y change t hei
chain as a function of concentration, t he

concentratioshidfeppeotieptakedB amnd eMmaswi tim a

i ntensity of peak A relative to peak B, wi
pol aron delocalization within the bipolaro
It turns out that such spectral change:

consistent with the 26bswédov amteiach R e dfwiBsy e mg Id
spectrum of P3HT upon el ectr ochkdmifdailofddphie
peak with increasing chain oxidation, as Wwt
A relati vEi ¢20A mpeeparko dBu.ces some of their spe

meV a sl isdhtfipedklPiess observed i;cetatbpentdong

the | owest doping |l evels (Il owest oxidati on
l i ne) . By contrast, t he speecsthriufm ealtt BlaGeE
additional EPR evidence t het osppealtaruam satwheiC
1100 meV assigned to bipolarons. As can al
i ncreases in intessdsifysawdtal oposl agbnl yor

resonances on top of t mfer gorcdodavde r v Ab p&taik o me

mo d®éwshi ch are not included in our model
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Figure 2.7. a) Representative mitR absorption spect
replotted from Ref.26 at two oxidation potentials. B
vertical line indicates the position of thepeak at very lo
doping levels. b) Calculated polaron and bipolaron sy
for disorderedN=10 chains § =0.2 eV) assuming ania
0 .75 nm from the chairf-or bipolarons (polarons) t
Hamiltonian in Eq.(2.15)(Eq.A.4) was used with tt

electronic coupling set ta=-0.4 eV and wittwith / 2=,
W, =0.17 e\ In all calculations the basis set include;
3- and 4 particle states with a max of 5 vibrations.

t he
presenceoroderhilgdhiend

hi gh dopant
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representative

pol aron/ bipol aron

concentrat.

theoretical s p
bi pol aron model - for a
pol ymer di stance of 0.
assumed di scscrfel wWVdtl

Not e, t e ppd lag loomh tr e(d
°©0.1eV) is slightly sma
measur ed val ue. Al t !

appr oxit3maftoel d2 i ncr ease

rel aitnitveensi ty of peak

from the polaron to b
fairly we | | wi t h e X [
absolute value of t he
small er i n our cal cu
Moreover, the measure

significantly broader.

attemptashemeer el y to re

t he gualitative feat

guantitative fit wi ||
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2. Bi.scussion/ Concl usi on

Il n this wor k, we extended the Holstein
successful i n delsRcr isbpiencgt r atlh e | inmied shap
pol &r A2 7375 7908% thicildde two interacting
bi pol aron formation is driven by the attr ac

and therefore differs from the -toappnhgon
However ,ytboe eheugmnomat@ilcvi brational mo d e
adi abatic approxi mation wapessatysfor the

The Hol stein model qualitatively reprod
Enengl?®etin glarticulahithe obséheran dsmdiwiB
i ncreasing electrochemical doping, as well
vs B peak, indicative of increasing polarotl
anions giving a bound-dis tsamhoen awh ihcyhd r roeggseenmbm o€
Fi gabB.e Hol e del ocali zation within the bour
repul sion between the two positivetlg oharg
the pahiaownbi ndi ng weRilg2draess| dembast dami edof r
an the bipolaron probability density agr e:¢
separ apeldamors .

The initi-ahifsmafl pbhlleB cwintche nitrrcarted aosni n ¢
observed byYiEnénglkl gt dual t o the increased ¢
having higher iibnorzexampl|l poteshdateri gihmaln
suggesDeuws sbeyn & hfdo rBacstsH eerAsp slhyomwenr sh.er e, t he

shift of spinless bipolaron for matglemre 1 s a
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With increasing spatially wuncoflRelspteed r sm
approaches the polaron spectrum, I ndi catin
a strongly disordered | andscape. it iroealiiss
strongly dependent on 1) the nature of doy
nature of the dopant and'%i tamdalBi)l itthye tfo | enf
especially the prepgnadkidoafdadg’rdifeacaepst oa n d
polymers bipolaron stability has also been
unt® swe further surmise that, wiolharwelrsy ami

hi gherporhalrtoins are created due to the smoc¢

potenti al. For exampl e, assuming periodic
will exert wuniform binding, ii'h®dependent of t
One i mportant assumption made througho

concentration td) bnetawe essrepanmiadnonarnfd the p
constant. For polarons, movingshihfet ainmome & |
and B as the pol ar®@naicsomdieaghltyghodtyicfato unc
observed by°wHEneéinglncateaaled oxidation poten
popul ation of more weakly bound single pol
di mini shing EPR signal. Generall-gryshall Rni
pol ymer efnisi mi ve 0 where the dopamnti crhesi d
| amell ar region between P3HT Chil@2t ns3 %6 1Pn?
address this iIimportant point, we plan to
del ocalized over mulptsitmlck .chainmsg | wit ailn ha u

by Enengl et . al ., the-0.08 maVYi ahsof appesdros
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with the greswthted tedatl Reepecthr time Tmhe s h
apparentsT@QNQ hdagmi fFrg | ev-pt scessasdqgR@HTI Bl I m
by Schwartz and coworkéfsMandoaetri-bhRpedkt:
spectrum at-p0l B p¥Il ymepaestwas al so attribut e
probe transient @bs®Wephiencmermrsnotbkmenhsgest
eV shoulder in P3HT-emmieghgty kbe prod laatoend atbos olrip
Thus far our theoretical approach-is | i
ener gy  biitproalnasriotnisons amongst t2hid ) st awahes hr a
responsi HIRe afbsrdlomied e n , by expanding the mt
include states witlithwosbot'db’teddtamoaderce
the naturd Rofpetatkes , n e afneds p BBalk st.o Aast rR on ca
approxi mately understood as an exciton on
el ectron and a hole and the oxidized chain
can csheapagreate gisiaphbEediialmén sequence whi
contributes to states with | ower en-eRgy (r
absorption band. Weg atrhei sc uhryrpeontt Htegsriimn g stthi gt
eventually accounting for the full spectru

mi-dR t o -vtihsee UV
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CHAPTERMBLTI POL ACOMP L E XIEIS
CONDUCTIPOGY MERSHEIMPORTANQCIHE
HOL EHOLERREPUL SITOMHARGE

DELOCALI ZATI ON

3.0lntroducti on

The i mpl ementation of organic conductin
ef fect 14548 n sligsgildtrts nY ¢ Y4BP'des!| & r?2 4 %inids
ther moel e ¢X?Pfi emaliervd cars raecsteiawec har eCf ouft mo st
t he naharrgee off mxcnoperdt pol ymeesyedhicohshaer at
over the years and H3S8%heenofeeqliepdl groasi
as charge <carriers was &established early
spectr alP®’a% alfyoshéesy e r there remains quest:i
treatment of polarons amaandbinRadbhsonpt iaod &
signatures should be int@rapr estteadde'!ansbdteth e

i ncreasi ngtyBeh394 Prged

|l ncr edacp aamgt cogeanataht yord eadxn duuoitniwictrye
conducting polymers, although®kheThe sipomasd
of Coul omb binding between the dopidmtr cour
exampl e, the dopadnotp eadn i$adyns tgenatks t h ccluB aasrsl ly@rr e |
and coWédhbees that charge molivieirdt Wpip&angtro

Coul omh wedé&cds Ito a smoothening of Thes po
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al Isdvor greater h alnead dc;alhanaleidzamolinl i ti es
concentidatieo eisnt i ngmeghe asesducsswpery!l ii mearela)
hi gh dopant <coinnagepbwati baw, dapenda'fTe on t
accountDémewjedndddn.t readdnu ce Wlempeyndent | ocaliza
invari abl e rmadg@&r dipprfitheeteladped a mohlel to
evolution of conductivity in semiconductir

chardgeensi ti elsi K ® metbalnldi ¢ regi me at high <cor

The i mpact of charge density on transpo
pol ymer mor phol ogy ,t hwitt ho cncwcrh ugtotne ndt o poinn gg
dopant resi decr wsittahlilni nelf&p’cslidymidt ‘hfath’g iR’ 108
mean distance between the dopant charge ¢
consideration, with | arger dopant radi i r e
bet ween the dopant anion andlomiong) .(ilnntdhaema

sthc as in P3HT films chemiadaluky doddeeabwir@ame

the conductivity is much | arger than in fi
FATCNQ, and equivalent to fil ms ndgomend ewietch rn
bi 8% ) However, i n sever al cases the I mpact

obselvet®t was recentrangdowhr udhtaur allondies

paracr y'shasd lanmarye dominant influence on ¢

The presence of polaron and bipolaron c
or electrochemical doping, i-IsR g(sRandi Rnteead w
(B absorption bands. Of particular relevan

ajd® wheoasur edl R hteo miJM$ o 1igspt eacathron g weiltelct r o @
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paramagnetic fesoeraecedddoEF®RNPB8EITI st hae f unc

oxi dati on Tphoet eanuttihaolr s i niibiaald| |l olesar véeéd @h

signal grows with increasing potential, [
pol arons. The observed Dbl ueshinfotr ei d pxasoai
possibly fromsboh@dwldoprebctwedfl s i né8lahanci n
I mportantly, idt wealh hhaester e/ etdhEeP Rvaasi gaa | st a

di mi,nianthd a sl i gdteéryt ihalghE@b@h dmeé\e)g,i nlSshea oPr e
observed redshift at high oxidation potent
A subseqbgniNestB8dy eltecatirochemi cally doped
boplol saamad bispwdxairtn a td otph en glAil geseladis tstbeadh d P

attributed to bipolaronBtVias &#BIAd Tabf ainced
of i ncreasing dRoepcaenntt | cyo n cween tsrbalotwieodn . Mm@ a ¢ u 1t d

Enengi%i #tcansi stent with hole delocd®izati

The enhanced hole delocalization is driven

pri mari I-tyolbey rheopluel sfiloant.t ehhengwelsl di stinct

attributed to the potential | and sé4pe smo
| n what f ogdnemsa |l icwe-goalirned f omodesli ngl e

pol &réh 'afdy 1vilfodmp beaxkspeidn j ppaltesiecd as

P3HT to I|-pobar omu.btUnmplkex etshe traditional
emphasi zes the Coulomb interactions betwee
The i mportance of such i nteractions has
treatmMéht S®HE'P mel , for ex anhpolee rheapsu |sshioown Ite

correct energetic ordering of the first a
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polymers, which is reveé¥Goeud oimbi the nteadict

dopant counterions are also <crucial, | ea
I nt er atchea ofnesr, mditi on of Dbipolarons in the t
Her e, we dpbl aewanmpd@wxbnhe caconteagiunailngnumber o

holes and fixed (stationary) dopant anions
boshdes of a model P3HT chai n widstihdibraitnlse | e
Compl exes containing up to four anions (an
the present work is -tR palrdriemabaavefsi Rgtait @
number of dopantpodmiroms ciomptlleex. mdint ior der 1

hole conductivity we also ¢aheulmatne muime e hk

required to | iberateod aginmg leme hasleley ,f rwen ft ih
the IR peak red shifts and the ionization e
of t hggomaton complex (i.e. number of ani ¢

pri mari thylkky rreelud si on.

3. MModel and Hamiltoni an

To mod4€¢R mbdorpti ool duensowiRimeir n P8 HI i n ¢
chai n, we consi dMetr hiao plhiemea ru nantasgg/h wdofr h ume
separated digoy . & chimgt. amoend-B Rc b a e ptelde pP | y mer
onlhye tl oc al hi ghest occupiodd emalhe ctuhliaorp hemh
retained, wi t h af ihloll ed die@®M®@.e dNaisg hab ohrailnfg H
el ectronically throut,h wthtiechh odlel chvosp pti meg hH o
along the chaiami obepante acsmutmerd t o resi de

region occespii-dekdaibnys )t.heThCe counterions are a
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charges, | ocked in position by stertc int
chaiFng3du.rle shows sc hseinoaptliitcthiee da s-p 0 mazdiogmwalgt i
geometry in which consecutive anions are p
wherdegae=nd(n=0, 1, 2, €) is the distance between

the chailhi gixrnlsB)(seeFinally, al | daanifaogman & rhe

Polaron - ’Tripolar’un =

H DA
]

: n

¥
)

dy,

\
v
N —

C

Bipolaron don-an Tetrapolaron 4 -

Figure 3.1. Simplified geomefes assumed foboundpolaron complexes involving modelP3HT chain
with each site(oval) corresponihg to a thiophene unitvith d =0.4 nm, the distance between neighbc
units Dashed lines represent the hexyl grouxsons are distributed about the chain center, \aitfon:

located orbothsides of the chain ithe lamellar regiorand at a distance af,, from the chairaxis The
distance between consecutive anions projected onto the polymerdixis is

chain axis.

The el ectronic Hamiltonian for t he mode
I-Ezé. éth(dnA,sdml,s +dnAﬂ, sdn, )s -H(Eul (3 1)
ns=® -

where the Fdé’snr(d;yi%) corpeeartaetso r( anni hi bhaotne sit)lhea h ol

t hi ophene unoiutn,daaryd comen ti ons are assumed

term Bh) Emjcdounts for hol e hopping betweel

6 3



through the hohWetempbdopgot hmdDeaegl ssbu,pported
DFT al cul?8Tthieonssecond 31)r mcaé¢ murnEtgs. (for all of
Il nteractionsh,olienclepadil g otmoi e m sa twterl d ¢ taiso rh,o |

.4 a4 a &V, mE + wa:‘%rEE awan ., 32)

n mEn s,=® -5, 7@ -

when’n‘;eld%dn the number operatorspnC®oumti ng t

holes on the N hst hhheophee hree pruilnsgi.on ener gy &

| ocat et onmamdheni t s

Vb= e 1

T 0 eodam (n, m (33)

wheweassume a sdidmmeinsi edabnehawheédndhiodter i bu
associ attheedh hvii a phmd reer eatae poads t i ve emaitmt tdhkar
posivieicorno e Q(ii s the unit vectHhor |al @adgithe nc |

permittivityeod tihhe er eslpatcievandli el ectric cor

As described i'HYhoaeuirgem)ri opulwoiydp energ
bet wieveon Wwolt @ds opposi t e hsepismsmeo ctc¢his poyidimegnee di nfi
t he Ohno potential, and is roughly 1.5 tin
neighboring thiophene uniet si swheAmiptewBel i Bh el

(sectBi &m gBit)e we show that when thee@)eltoctr

approxi mately reflect screeni nid? att hses man | ¢
repul sion becomes 2.7 times | arger than th
sites. Thi st me | Feaamngdere ceypsud si on bet ween ne
beyond) i's redueeedwhbeyr eaasfashdgteo rs bpfut 54 on i n
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potenti al only slightthe dEPPeasnes HuOdbms ids

conjugated pP&kymesochaghsct the smaller ex

V*in the | a82) t ealse dtmecEsghagty ween a hol e

nt h siatiMaamadns wit h,

2

Vh—an:_ € § 1
" 4p e, 1‘rn—rai

(34)

her epref erpsostid i on wtelct (egloafragred )are easn dt he posit

vector of t htehnthlolteh il opclagmeed wmi t of t he chai

Finally, tBEhg82() ast etpheee steefppall simbka gy bet we ¢

alNhmni ons wit h,

e2 Ngn-1 N?n. 1
Van-an = a a (35)
4p & -1 i ¥ k"ra,l “laj

We notVe,rtenpartesents an additive constant
a e assumed abtbe BmmMmbbi hg in the | ocal mi n

the polymeden &o,hwillelx not affect the transit

including the groWpnothteatse r uart emusetptof c@ad gb

wave fanction

We have omitted a term due t o-qwiimroa rdiad
vi bration, as in 'Qurdud ptod atrhoen ewnoorrkmo uns Roeaf s
accuratebhgdttettlanptoeiraerscbnisp.gl gsr onhéi ndi ng en

as the difference Iin energy between two si
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Il ncreased with vibroniTab8ddipéensp pleashdlide mBn
B.2ontains the binding energies of all/l mu | t
The i mpact of vibr-bRi epeotupblbmngso3d.i3shbhasmed

t h

po

ob

el

We have numerically di ag®ln)alri eprde stehnet eHda

i t e bddsijis.dsjead, whvagies the state with no po

il ophene units and the number of creation

|l arons, bi pol arons, tripolarons and tet

tained the mulpwndrotnaltgmpflit dixEenenygphg wi

cited state wavwd umaxvte oansnfaindmedemg@ginersi. c
ate is the state of | owest multiplicity:
trapolaron singlet. Further mor e, states

gener ate wtidthe tdhee @rfowmat ison-zafy cbanbefl e

I stributi ons wueakal gB2ien nfspi pdeenr@aitixi ogfr,ound st at

erefore differs ReRffwmi thesDppoapprmachl iyn
d triplet tetrapol aron ground states. |

l tiplicity is a strong function of <count

inglet bipolaron tbes tetagpeé¢menn wfoOhndh

so showed that without counterions the ¢

6, changing to the triplet ground state

The gsbanhd spin assignment i's most eas

ectrostaticjustetaetihohe, Jwipg@isa g ettearim eidn

se of noni nteracting pol arkgfncsm,ul-ptolhleareoingen
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mpl e x\Nelsolwe ¢ hare simply obtai ned-pmny aadoocupy
bitals, whichi#aebembivavehdhpopbheréeénsivbwl eha
the Pauli Exclusion Principle-pollararmis
mpl exes wNptalm ei mbt @ea iemdg i n a manner anal o
r -emhagtron atoms, Risgl3kAse dédmo resnterr ati eecs  iorf

| aron states are given by,

Q(:Ztncos%] k=1,...,N (36)

that the topalarcrorrgtiyatoéd ias mail mply t he
cupied orbitals. For example, for -tetrap
cupied | owes1l ke wik@rnl esvoe ltsha(t t he tot al

d the tsdataale @germeumgd i s,

E.(4P)=26, 2§, #hcosti) 4 cos€L @7)

We have vernunmeedoaalact oyrtreeorgordacred st at
cited state) -peonlearrgone sc comipl alxlesmulint it he | i

ter.actions

3. Bul-gal aron Absorption Spectrum

To si mul dtRe atblseormitdipe@abpapnidn (dbped® P3HT,
a cha¥h0otfhi ophene units wii gdha@me ommgpu.all st r i
wi thlkF 0. 75 damei® @On dd n m. The absorption spec!

expression:
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Figure 3.2. a) Occupancy diagrams representing the ground states of polarons, bipolarons, tripole
tetrapolarons in the limit of no electrostatic interactidn<Calculated multipolaron absorption spectra 1
chain ofN=20 thiophene units.fle Hamiltonian irEq.(3.1)was used with thelectronic coupling set ta £
1 0. 4c)GaNulate holeprobabilitydensityassociated with the ground state of each rpataron comple

as a function of site number

Am=8(E B Y& Y wew (s B

wher e

Ec,

mo me nt oper at

or wh i

c h

reads:

£=ed@d and.d,.

n s=® =

6 8

(3.

(3.

8)

t tsd d¥ @8 5N d h e nlecwes te 0y en €gat 8. df

9)

Wi

t |

wthJ.)r epresents the jt Ik Hixscitthgd Instl adthe dwipto



wi tHhiQ FiW@a)l liys a Gaussian homogeneous | ine

Il n what foll ows, we al so etvhad upart ceb a bhiel ih
finding a hole at-ian gtihveenngheailt eed conf stthaet ec,h aii
correl ate t he a bsshoir fptt i ovm t-psopleéatrea mmuw atveed f u
del ocalAczraridomgl y, the probanbimd i mylofoidr dn nd

compl edhhwl €8 i s,

p(m =( Y| & ¥) (3.10)
wher e,
.1 N
h=—a d..d., (3.11)
N, s-o -

Summipmg ovenrgialels uBintty,p, i as. required

probability density.

Case | : Nol rettercdaactoistmg i c

Fi gur2e2B s howsR tahbes omipd i on spectra in thi
i nteractions -dolrardonf feeammite xreusiNtEi2®Ov d Ihv iormpd ea
wi thh-0. 4 Sewi | ar to4abbe, parnhgkéepol aron abso
by Katek2tr anS’Usi ogB6Egqwith the aforementi on
the transition energy of 0.027 eV, whi ch
Fi g3eB.e Bi pol aron absorption from the grou
transition as of that of the single polarol
holes in the ground state. |l nterestingly,

deri ved kfdfrtakn2 ttrlhmen si t i on and thek2e&®&nd der
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transition at a hi gkh®tr& 2tnreagsyi toifo n0 . eOx4pde cet\e |
for the singlet ket & Atprodmasiotni avihed @ewalsl ¢ hrei n
to the tripolaron band. -pdner crman (Cheysordert e
i n t hientreamcting hole | imit, with the gene
I ni thilasléligfst st he pol aron size grows, coincid
bet ween neighboring energy-idaboel ecbhratt a
s eFei g3kA.e As we will see, this opposes the Db

i nteracrndloncde d.r e i

Fi gdk€Eefhows the hole probability density
mu kptoil ar on cdEmpdBreeblotie t hat in al/l cases,
del ocalized over the enti riexbokaicrharastexp:e
occupied orbitals. The polaron and bipol a

t he -lnelkdddst ate. The tripolaron and tetrapol a
from the k=2 state which has &@aheentpal nnod
near the chain center. The dip is m&Er2e pr or

state hosts two hol es.

Caselnclluding Electrostatic I nteractions

We now analyze the absorpul bn Hamettoai
Eq31() with all of the electrostatic intera
i nduced by t haeni atnt rianctteirvaecth wlnes opposes th
hohele repul sion, all owing for an owms$er est
sectioaniamiopepul sion does not contribute

Il ncreases-palllartooime emelr gi es by a constant an
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enekEgli g3 BA®hows t he sliRnuabastoerdpt inoind spectrunm
N=20 thiophene wunits, I ncl ucdionge alelpuélse otnr
as all i nter act izoingsz aags sdoi csitarti ebdwdd v iotdh ©thh et mo,u |
aam0. 4 rFm,gllsyedet h no esd)eeABRglgBIEn iAppendi X

BN=20 is sufficient for theN spgeoct-pdratmun i e

compl exes. Ad$igaBhebien stelemepeeseasteabifc I nt e
P-band conrteidnsagh@ufsthye si pe® | @afr otnh € ompll teix i ncr e
t he behaviofFi gdetseheprd el actrostatic i nter a

Fi g3BB-Bshows that t he width -sotfatteh eh ocloer rpersoh

density function increases substantially i

The s preecdtsohb bfetr ViFie dg3BA® s associ ated with
del ocalizati on ot#fpoHalreosmn wiotmpil reFxit daéB-Bewlhti ib i
The effect is -Wolepremalrsigntandotl e result
exhibited by the '&rbfas phddsaaroinb ecdo mpd eges
foll owing Section. To better appreciate tF
hohele repul siFoingdBBdet hileovh oil r probability
eval uated wit hhoaned rwe puhlosuito,n -k olhe-padltla mroansse s
the width of the probability dist-mhobeti on
repulldi os. i nteresting to note,-hlndwevemp,ultsh
there remai mxxaddmethowlne ddueel entirely to the
exampl e, for thelBPeheabmol ar @m obmabi | ity der
spread over mainly three centrally |l ocated

with N=20 thiophéhbiophese whetertebhedés at
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Figure 3.3. Calculated polaron and mufiolaron absorption spectra for a chain of N=20 with the z
distribution of counterions as Figure31 (thn=0.75 nm, and ga= 0.4 nm) . The Hamiltonian in E§.0)

was used withht= 1 0. 4 eV

and with

al |

e | e=t. tnb)a)ssolid duive

correspond to grounstate hole probability density functions for b) bipolarons, c) tripolarons &
tetrapolarons. Hol@ole repulsion is omitted in the dashed curves.

ring hosting a hol em lIlinstdhue
since a given thiophene unit

B5in Appeaemadiwx t Bhatl ehaolegpul si on remai
resdhi ft and hole delocalization as
compl exdam@ Ul. 2 on m.
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Di el ectrian slkteg elepndinmded asi ng tehen &Eige l0esc t
33.35. Thee’Zawas suggested byl®*Bassicdamgand
Coul omb i nt€r amenwmotmhe df st ant i nteractions
dielectriappgronxsitmateloy 3si t dhodledv @rleupautles itohne |
the use of a screened AhmeorBdp efeieqBl.eaINoas d
surprisingly, we find thaptolwsrgact malr epesald |
r esdh iafst st he h ot{ceo mipdairgBa leaFedg 86, e wleedvas used
i n the | atter (with all ot heFi gRlryed met er s
approxi mat el ys hriefctosv earn dt hdee | roecla |1gB&Zr ael €902mg | e n ¢
requires reducdi mgmt el vgdBnmoee aoFpr oxi mat el y

showhi gl7ien Appendi x B

At this point, we pause to consider the
aromaui coi dal mode, which has hitherto beel
| arge t-cantdr egett rtapiol arons wusing thet faofl F
vi bronic coupling can at |l east be eMaluate

A compari solnR odpechterum dwi t h and without vi
Fi guB8e saBdi n Appefmdi x siBngl e pol aron and b
respecti vel yparFtoirc lbeost hv igburaosnii ¢ coupl Fng | ec:
energy peak with energy | ess itnh&me%%/)%2 8% V7
as wel l-shaisf @ 1ppd auke h(ea Pa 0 Bk Op e7bk )enl, Whaghdr e

B9s hotwlsat t he bispnolfarsom r® mp ®a RV3i bkerVornioc 0c Bup
i's activated. Holwietverof at eemBl peabkl|l er si n

slight di frfed ragesdefitn itnhegoi ng from a pol aro
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Vi bronic coupling; t he di fference IS 0. 21

Fi gaBA)e, and 0.16 eV with vibronic coupling.

CaseEffléct of Di sorder

The ability of disorder to trap holes i
di scussed i n det ai l Y§ Biasedder analn chevc
1.6 1.6
(a Polaron (b) —— Polaron
1.4 = Bipolaron 1.4 =—— Bipolaron
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Figure 3.4. Calculated polaron and mulpolaron absorption spectra for a chain with N=20 with the z
distribution of counterions (d=0.75 nm, and gla~ 0.4 nm) using the Hamiltonian in Eg12) , t= 1
eV and with all electrostatic interactions includedl). In a) and b) the Gaussian width is 0.2 eV ani
eV respectively. Each spectrum represents the average over 1000 configurations of disorder.

phenomenol ogically by assusmitneg hao | rea nednoem gd ie
for exampl e, from inhomogeneous el ectric
pol ymer chain, and structural disogsetrhe I
form,
I-%is:HEé a anA,sdn,s (312)
n s=® =
her e, t he enBufgy fal uccattui aotni s(nhcohl oes)e na tr asidtoanl

Gaussian Wi shr imewatnwozbehr os taanndg &rTdh e d eavbisaotripa i

spectrum for e{Bch. @Qamfni gbuer ae\ja)HEgﬂyandd t heopm
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averaged over many configurati o3dsan3dB obt ai |

show thes¥®.sa| a&x0 &3pdeV, respectively for th

usediighBr.e TihanB-sthlide s and broasdehewaveéeh, imn

r

esdhi ft i n going from the polaron to tetrapg

i n

he

ce in the sLiminhgbke petwrbasgare very ef

formati on-pofl atrlroen lcamgé re xmawsl t i

.@oul omb Well Flattening and lonization Er

el

ep

el

et

ep

Il n this Secti on wfacsthoorw ctohnattr i tblue i m@g i n
ocalization experienced by hol ebolia the
ulsion and its ability %“H&wefitshatweend heh
ocalization is enhanced in bipolaron vs
uated diametrically on thppdsi tdese des o

anal ypsoilsartoon smaMatgihg ¢ direa tglligees i n

As i'ehef Coulomb well is anal @zepdatuséng
ting the hadal etoraesdterTwotecas edo;haerlee c on
ul si on anhdoliei )r ewiuttlsi ool e The diabati c e

ating the positions of N=H&® hdbli@epheher ue:

ions situbkt g3lB,ast hseholwonweisnt enewigtylhmittat e f

e repul sion is fthkee sstadtee dwist y ntawe dh alse g

i ophene unit . FiAN8bAtdmo ol @atmdd biimdi ng ene

this state. The nexth)t vamndhi(gph eér) eamrer gdye (
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when -hhoelleepul si on is included the | owest en

Fi g3bB.e Her e, the next two higher energy sta

Fi gdBbAshows the state energies correspor
singlet bipolaronB=10G uwniptod,y mermrd cvhiatim twh & hc
as FiigdulBwi Wik 0. 75 dam@n=nd nm. The fi-lgaulre s hc

(a) without h-h repulsion Coul omb wel | pihotiel e v
55 repul si on i S negl ectec
i ncluded (top) an(iTome co
repul sion term is negl ¢

15 states since t hi s

number which allows fu
46 .
(bl ue arrotwsafnevi ambodg &
i 2 s 4 5 5 7 8 3 1
oA AR AR A A A ) all ten thiophene units

the cadserOwirtenporit®ed i n

Figure 3.5. Diabatic ground state for a bipolaronv h o-h e | e repul sion flatt
the anions situated as in Figure3\/Ben a) holehole

repulsion is neglected and b) when all electro: ¢ o nsiji der abl y, by mor e
interactions are retained. For a chain with N=1(
state in a) isabelled as 5,5 while the state in b) is -

three, thereby all owing
del ocalizatibBingd®®e observed in
The situation is even mor e FdrgafBaet itd f or

t he geomet Fyglll€pitHetreed wen need to consider t
i n order to obtain full connectivity among
hohele repulsion flattens the Coudlombstwel |

doubl ed c otnmpear ed n gloet bi pol aron, all owi ng
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del ocalizati on. Thi s

account s for the wav:

bi pol aron Falm3Brrevederad Il @ p hlod igomn fi cantl y f|
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AppermBdisx e B1 @tuhree

flattéwmirmngpersenhance

singlet tetrapolaron

doubl et tripolaron.
We finally consi
i oni zati on potenti al

pol aron-pwgbamohtcompl

Figure 3.6. Coulombwell profiles based on the diabatic s

energies of a) the lowest 15 states in a bipolaron and b) the
36 states in a tripolaron. The constant araoion repulsion ter

is neglected. with =1. Double arrows indicate sites connes

through hole transfer. Note that only a subset of such conne

are shown.

| PE(NaP) E¢NH- ENaP)
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required to | iberate
neNekPr abmpl ex cont a
Narani ons (which is e
number of hol es) .
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wheEMP) 8 he ggtoautned ener ghanpofl atrloen BEe&®umtpriselx h e
( gr esutnadt e ) energy HMNRF)a ifsr etehst @atger)cauedder gy

compl ex &Noaniao mMgndgnrhdo | es .

Fi g3ilr eshows how th

@ ' ' ' changesdantvdDt h a singl
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Figure 3.7. The calculated IP as a function ghcg) withou KL o-he| e r e pul sion is
and b) with holehole repulsionfor the single and mult
polaron complexes dfigure31 for N=20 and gha~0.4 nn .
= I P il hcreases substar
with -=1.
mu kptoil aron compl ex gets |l arger, since the C
i ncludiihoy ehole@ul si on not only | owers the |

with the-ploaragreorn ntuolnipil exes now mugh ee il @amr o
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The I P drops substantially, with a factor
tetrapol ar on, due to t As i hocAwepaesBHIi xhwd & d¢
B11l increasing the di elk=e2cttro cr ecfolnesctta nstc rteoe n
reduces the ionization energies by roughl
Fi gdilr ear e md&liemtc®i,ndch.e presence of | arger p
hol e mobility, an effect that may be respo

mobility as a functli®onid®8 f doping concentr a

3.Bi.scussion/ Concl usi on

Our finding that the i1 onization potent.i

i ncreases with the nApuonhbaerro noma ganleewse li ant ead

(7))
c

pleirnear i nccornedaused itivni tdyheeo b e ea@® pEii gly dopi ng
i sBomeonj ugat ¢8EpPl& yamlea sche | chaaas| inraa tniloon been a

tohe overl ap bet weegn whapan ta desudtroerhg eweld deasr ti

O
>

arge Y anspor mporduwamtmd dredf,§ trees! tildets t he e

o
—

overl apping Coulombtpet emtmi alasnit kewdwaai
del ocalwii # &t itohnep o mat o6 n @ @ m pHd ae=hxeel se repé@dbksi on
demonst rFatgaat,ei-mol e repul sion acts to smoo
| andscape, t hereby making it easier to del
spect-shi ftedfR tphapakmndPgoi ng from t {peo | maloaar or
compl exes, c o psshii sf it hatfe MRl @ ch i 3if eEarseerdbg | f wert ¢ tail
oxidation potential in the electrochemical
red shipfwig hofin®Preasing dobopanhwe dBEDBe@dt r at i

PBT¥H nt er estir egHiyf,t tihe iPndependent of the
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showAppemBdFiixgBt2 for exRamphe, fohea triplet
slighshiyfred rRbandvfeornr oa tdhiengl-ppdl &1 @m | raa town
of Ribhand is also supportRedf® bgl theudFTt a@yr

S|l i ghsthibfltuewi t h i ncreasing chain oxidation.

As s holing3drne tihesdhR f t with potraeani g zm
mitigated by the presencad noft hienHanmuodge noefo uv
di sorder when every site-stawvanpabenheadl got
prevents f or matpiodnarofi nbsdtudridssmudgstikd ewre- onl y
range GaussiansdteoHOMO Enetheed®n As we ar
chaindo weot consirdieyr whama&c rdyisstoarlderp- i s ma
stacdk/inRgcent wor k by Si rtfsihnognwheaguast haannhdy ysctoamolr i
i's more I mporiteamts itziea ni rc oaufriftreead 0o mayu htoil g M &
We are currently expandi ngp-sotuac k endv epsd li ygradri
to investigate paracrystaWéialisg phangeoer

t hebaPnd which requires expanding the basis

|l nterestingly, based ohnWweufipdi 6hawoi kc

vi bronic coupling in the Holstein model wil
current paper. For exampl e, i ncluding vibr
smal | change in the tiedrAipzetnBdbaxoBénetr g . | Rs

i ncreases from 0.937 eV without vi broni c
coupling when the two dopantdieamOesl)ar eTle 7
is a similarly smal IMoirreowvease aisn meinndiomg de

bi podp@aid @mesdh iof t p edaekc rRs & $ @fdrtdny , 0. 2 eWhéeo 0.1
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Vi bronic coufsleFen gB9 & daeetniceat ek expect such
through tripolarons and tetrapolarons. Espc¢
array of dopant &ngdne wvEidtsbt.rdi bnum,e dw haesr ei ne a
the chain is equivalent (with the same Dbi

del ocalizati onl iaknel trragpn dpornte.t al | i c

Finally, an importapol gunestcomplrexyxas di o
Because the H&a3miIl toaomitasn tihre EBdg.e(ri c i nterac
anions aaldaitrhse iCh the | amell ar regi ons, 0 |
stability by commMapoingr o m EBL.@m@iwgx hoft h&n ene
Nags i nmdlear on &NaEMP) exe3li)n.g TEgi.s( i s because it
aniam on repul sion to be compensated in par
act to Ahol do the complex together in a
demonstrates sttabiilci tiyt iE(aRENLER)Ntsh e@Hs wsi ng
Eq31() , then stability wil!/ al most certainl
| AppenBdiaxbB2we repopadl amuolnt ibi nding energi e
geomet Fi gHlrre@efwher e it i's shown Fi gaBabepol a
uni formly stabl &.pndeary atlhuee se nitnivrees triagnagtee d, W
and tetrapolron complexes daw@quitr eavosuld df bei a
endeavor to invespolgatenstcampl eéxgs owi tmul at
MD cal cul ati ons. Such an investigation may

si-dkains for accommodating dopant anions.
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CHAPTERBI4P.OL ARNDIND SPECTRAL
S GNATEHR N-STACKSP 3 HTHAI NHE
REDSHI FYEED UESHI FPRRBIDPOL ARONI C

BANDS

4 . 1lntroducti on

Quanaltyhsuiss facudadi-dR sphectrassescigaedr wi
bi polarons and multipol arom3 KT mihaixre® af e em
graemodedscri bed inr€haphera 28i agbeB bipol at
P3HT chain is chanhcpefrarzedi dyband, nghiec
relative to that soifgrdi hgeod samr oend HWdliwsi tfheildasda l

bi pol arons, p rhionhaer irleyp udlusei otho. hol e

The observed redshift al iBmenglloestehal wi
al so correlatedband aedbhght ogfdabheo® | eve
singl et aspelpobryd rasd,i r EPR measwste hdrhtosu.ghTh
chal | ttlm@cermsv e nmii-gganm | st atvelsi cthheprbeydes hiw ft ed
bi pol ardrni ci sbainodaesw oturteetay® dtshhiai ttf i si ncr easi ng
poteatbalbeshifted shoulder peak al so emerg
at higherScphomagnntzi aabddh?cwevor eeestly argued
observed mpedkhiaftt dnd gah @dwlpd nlge | &tvted isbut ed t
rather than bipolarons, while the blueshif

1.1 reyYresiemg! et s biTphoel aa wtnhor s define coup
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Il ndependent polarons that are not spin pai:

their transition dipol es.

Given t hese ainalc bnewhk theagacareggss e ono dtel u s
faornly afceouinhe redshifted band, this chapt
"stacks of a3 B eclagipmosvg atf i otehnec elsi po-l Rr ons
spectral.Osfirigmditnndgiscsat e t hat the concurrent
bl ueshbhdnes &t hi gh ioxiidmdded tplod esnp e catl rsa l
bi polTdhreoncr i ti c-abl eorepofsihohei s emphasi zect
t hat onslhyi fat ebd ubeand appeamse® gWwleFeutr & thhedrsmoirnet, e r
anal ysishatvehéesbinding exntagks odf bPPHT ac
significantly higher, nearly threefol d, t

i nfluencangf lbowngr and chsdiom mat a okii ng on b

4 . Model and Hamiltoni an

In what follows,we extend the coarggained model for singlet bipolarons that we
introduced inchapter 2t o enesdmpg&ss of .R3IKMHypsbakks
configuration of sH3XXHT ed h(@Gomppsng teonwbiie holegg a
and two fixedanion)c an be motdvedieme nads o@ & lat,t i wheehree
pol ymer's backbanxe sal iagmns twiet sttalt&ki g dir e
a X,iasdepicted in FigudelA.

As further detailed ifriguret.1B, each thiophene unit within the lattice is identified
byt he cooomiwmiad le i(tnhoéi't cha toepsh e nf & h aTihathibpbene

units on the same chain are separated by a disigncavhereas two neighboring chains
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are spaced apart at a distagge >both taken to bepproximatelyd=0.4 nm Ah ol e

| ocat@idvem ftahi(ospihteen\ei atwaidf lhlsecda | .THOMOt r ansf e
of holes along the polymer backbone ,is fac

t"*,whi ch quantifies the el echtirogpided®esc oounp | ti hneg
(b)

(n,m)

1,1 @2
O

<

=

(n,m ~< /é' g

25
<

(1,m) —

© @

(2, m) o1
dan

(3’m) GJ“——D

(4, m) ——

dinter
(5,m) ¥ | x(m-stack direction)

z

Figure 4.1. Geometryof a twadimensional 5x6 lattice df-stacks of P3HT chains, where th#tice host
a singlet bipolaron (comprising two hole/anion paid®noted aszk. (b) Sideview of the lattice as se¢
through the zaxis, with each site (represented as an oval) corresponding to a thiophene ibs&
sectional view through the-gxis emphasizing the position of dopant anigsisown aggreen spherg
situated in the lamellar regiaf the central chaialong the zaxis, at a distance df,=0.5 nm.(d) Sideviev

of the lattice as seen through thaxis illustrating the hole transfer process throutﬂﬁra betweemeares
neighbor thiophene units dhe samd”3HT chainDashed linegn part (d)represent thalkyl (R) groups

same .MMbmaeoverstamkedhearrangement, there is
functions between HOMOs ofadpeaicgmleadiagogtsth o

an appieteabhain holl'¢vdtransfer integral

The model also incanponstgegsl dopaanat edua

Fi gddr)e whi ch are treated as st aaniomms y a rpeo
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p osi tiiteelamellar regio on oppositesidesf t he central Z3HT ct

axi s, a td_ fram tte cbatn axigsee Figure4.1C)'he counterions remain fixed,
a consequence of steric interactions with both the polymer backbone and its side chains.

The position vector describing a given site therefore reads:

én=123,...N
Mom=Nd X 4Md, .y i * (41)
nmoome f im=12,3..N,

whexaenyhre the unit vectors along hbhewameer c

function for hor @ngxwiitthat iionsexapgr esded as,

e 0hr a2 A Fraar) A0 b D @2

whelva)is the state with no polarohe Bar miny

oper(bf\’,{ﬂ()dgf\mgcreates a hole with spiat upi t(eown
.Open boundary condi ti onsWharne pasos tence de di no natlc

spanned by the cootrrdéuma:’t[nvdp,,@p%a)tftdniorhsast He amalr

1
rn,m’r I,p> - ﬁ{r n,m(lb ! p(z)..: nm(z) lp(l} (4 3)
Here@i ndi cates that hole fAlo r(ers,imd)es i
thi ophene ring. PPacrcutphe dcassd eoft he dockally wa
A A ~ 1
d:,m,—'dnémibvac}: rn,m’rnm> Aﬁ(l_' ® |' ® ( 4)4
r-n.m’rn,m>_ r nm(lb nn(z) (49)
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With the basis f uhnec teiloencst rdoenfiicn epda manb oovfe ,t

be wriintttéehre subspaceaspntaining two hol es

E=HE #H,_E H

Intra Inter Coul (4 6)
wherel-ll_:,mraanli,me,read as foll ows:
I-Elntra _tlmraan. - rﬁl ma {anm Ip>< nm+1r Ip‘ I{' r(v ;>’< m Ip+]‘ ) }
+t|ntraa a. a{ nm’ n, >< n,n’rlr nJ I*- F’I n>< A’m n h‘C}
+\/§tlmraa a{ n,m? nm nml rrl 11- n[;n ;;< Fm nnaJ H-'C}
(47)
I-Einter :ti'?teré. | a.ﬂ1 a. %nm’“,p><r r&l,mr I,p‘ I*- n,r{'.l’ Ip>r< n,rm |+1,J h‘C}
nil=ntmpm
+t;1ntera Iz.a; d r.n,m1r |,m> <r n+1,mr I,m‘ I*- nFt ln)< mrm Hl,rl‘w h_C}
+\/§tri1mera a{ rn,m’r n,m><r nl,nF nrrl 1*- m[;n n%< ,Fm 1, ‘m h‘.C}
(48)

Wherel-li_:,me,accounts for hole hopping between nearest neighbor thiophene aings

adjacentP3HT chainsthrough the hole transfer integrét, Whllel-llE describeghe

Intra
hole hoppingoetweemearest neighbor thiophene rings the sam@®3HT chainthrough

t"*. Thfei asd steesomd(€lq amfdB)Eqepresent hole ho

the initial wiatnldh dflheesmibngetpatreas ed odhi@ssti nc

particularly hi ghlbiyghtheed fiiHne nmedhced csuentt asn d&f otre r

m>,t|h\wretatwe holes are |l ocated v

transport

r i .Wg employ thevalues of ™ = 0.4eV andt™* = 0.15€eV.
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Thethird term in Eqg.4.6) accounts foall the electrostatic interactions, including

hole-hole repulsion, as well as hed@ion attraction, with

ol ok

SNROT S

I-ECouI = a a. a { ) h,;:,I,p -R/nhrznlp}

n I=nt m p

+a a \/ A/ }

n,mn, p nmn
n m pm

(49)
)

p Van-ar

wherv,é':,’prepresenthsolehe( epaoal si on energy bet wee

positive spef nt Weairrerdgeeaneed on twoanmgifferer

VMora&ds

n,m,l,p

i e’ 1
Vnr,]ml,ql,p = (rn,m 5 r |,p) (4 1 D
410 & #n,m -r, p‘

wheaies the permittievist yhef riet aé i sNecatdee ethheadtt |
the first term in Eq. (4.9) accounts for t

while the second term accounts for . Atshe <cas

out | icnheadp tietrls@ ten r e p W/ s,jboert weereenr gywo hol es w
spins occupying theisaherthedpheonen thiet Ohn

approximately 1.5 times the repulsion ener
units when theUjds elimictAp.pendend@mans(rate tt
the dielectric constant to account for scr
resul tssitmnethepwlnsi on becoming 2.7 times |
hol es on neighbori ntgo stih-easghe hti esp ulssiaotnt riin
potenti al remai ni ng wmngree erneepdu,| swioinl eb ett hvee

units (and beyond) Us reduced by a factor
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Thel ecter castttaraieM,§iyis given by:

r

Ip | a,i

L } 411)

1
+
Fom =T o] |F

Vh—an _ eZ
n,ml,p 4p eo ;2

Hervgr efers to posithi bloaregd)o rairmiaadn tyhet he |

Eq49()r epr & heen tr Cowll ssimbe gy bet ween the anions

e’ 1

V =
m 4p & #a,l_ra,Z

al

412)

Wee mp h atshidztgr epresents an additive const a

anions are assumed to be i mmobile after s e

region of the pol Wwpewi Iclompbdtexaf Thetr ef loe et r

all states, including/,thenagmowinldl sittat &f f e@ct

bi pol aron Wwaivgd rufnu:l-ﬁ)ct.toinons of

When the el el-%m]; iro sAB@ .t (i s triedrgah,eed tgeedh,f unct i

energiEaseoSimpIy obtained by @odapwyinngrithe
whi ch r esembliae btohxe waavretfiucnicet i o RPauwWhi Eacabisc

Prindhpl ener gi-ppsl afon het aothnees are given by,

k,p ek, =1,2,3,..N,

_ oiinter kxp intra 1 41
€k =2t, COS#iX_Fl) +47" co , 4 :,ky 21,2,3,...,Ny ( P

Hence, thodiepodragmyw rofi sa si mpl y eodfhenmweulmarodn t h

orbitals that are Theolegioet®,Bt0atkh eh @ vga ohuonlde ¢
energy of a singlet bipolaron reads:
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=2 _ ﬂ'nter cos p _‘q'ntra co p 414
Ee =26y 1 2 (I\T+1) ncost (414)

y

whi ch corr es poocndwspited lgs kdagtueb | wi t h
4 . Bi.polAdrsoonr pt i on -sStpaeccktsr aolianPBHT

Our goabk her expltaarc&k hagwr egati on influe
spectra of pol ar ons camda nbdi, psaul basreognosy mviri | tyhp enc t
signatures which alnltewaacn ef mgmnppbd febrirworss twea t
have rcenlayi Neodc at heHOW® leacédl t hi oopuhre nfeo cwnsi tc e
exclusivellyBRpeaect haH omiod gairaom.s ( b-l Rot amoamlss )t | C
are exclusevel pat #o(oig)eo pol ar.onT hetsaet eisransi t
associ attheed fwiecguempepkopbsetvad-@e®7 weVhiangéd
pol ymer s .Tloi kkd uR3I HTat e #pheea khs egrhveertd heeR enrgegayw n P
(aroubd51eQ i nr PPRUHID) eidnictoripoor ate, at the ver

| evel for each thiophene unit.

The bipolaron unpolarized absorption sp
AW =8 (E, -E)I( %[/ Y)F Wi wtE, B)] (415)
g1

WhefY§>represents the ground state efnetrlgegy bi |

eigenstate a(#6) vweintenfEg.pTnheE di pol e miB ime n t 0 [

expressed as,
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El ea a. é.rn,m fnp)rﬂ"r ”Q( o b “}L

n mpgm

+eé a a @:,m fl,p)r n,mr I,p>< nr¥1 lp‘

nl=ntm p

(4 16)

Nottehtabhe -ani on rceopnutlrsiibondi6o ni ¢ oo Mmiqt {ed s

doescomttr i(B ) t o F Wupilsl yt,he homogeneous |in

taken to bes tGandasridGnd ewiitaht i on

We begin owirt haoamp § ®if solmow aggregation
absorption spectra .¢&fi gpRoMApaeseat and Bi mpl ar
where we bustdclkupsttrhiect ursa ngt areihjpg @ wid tNh
progressively i ncoropnoreaatcihnTgh eadddda pta notn ad n icohnas
static poliinet wihtahrignest he | amel | ar region an
mi dpoinntaddi ti onateaclh i areibnmfi st mantclee od e Ot. r a
ax.Fs gderBedepi ct s how tihmg keinpalgar cerv'od vieisn as
number of PWTt cih-at tMdé.e bi pol aron binding
as, RE(RPP) , wher e E( 2gPr)osatnddt eE (ePn) e ragriee st hoef
complex (2anions/ 2 holes) and a single pol e
It becomes evident that as the nusnbreoanggdr c
binding energy, sigipegingcagt égt et het @bndi

when the structure expands from a single c

The correspondipagl eavod ud i paob saofropttdas® N s p ¢
during the stepwitsarked ud Hrldlwgpu riderf 2 € hdrmod 4. 2D.
pol araomiinmgl e chain, the absaa)pteixohn bsiptesc tar u
i nchain polarized basnhi fwtha & hwh esn nood mpd rye b |
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of a fry)de Eleglue eCh 1 i).n TAhpipse nbdliuxe schi ft i s i n

of the hole's |l ocalizati on, a direct conse
the anion. As the numbehgiod achaiens piermakr s d s ¢
25 T
(a) N, =1 Ny=3 (c) — N1
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Figure 4.2. (a) cartoon illustratiodepicting the gradudluildup of a %10 lattice of -stacksof P3HT chain
wherethe dopant anias)represented ageen spheresemain consistently positioned in the lamellar re
of the central chaitbetween the'Sand the & thiophene units). The anions aituated along the-axis a
a distance of g= from the polymer backbone axis. (b)l | ustrates the vari

energy as a function of the number of P3etlains (N) wi t h i rstackshcenfiglratian(c) and (d
illustrate he correspondingvolutionin theabsorption speatm ofa polaron(labeled a$uwa; in part ¢) an
abipolaron (labeled aga inpartd)ddur i ng t he st e p-stacklireb) dnd d)dy,~0.6 pn

andall the electrosatic interactions aréincluded with-=2. t™™ and t™*" are set t60.4 eV and0.15 eV
respectively with open boundary conditions.

which also exhibits a blugshilftt sreéempoirveant
alongside thiscémemgeontaryitzikeed pewakaunder go:
of chains increases. This shift is directl

as a result ‘esft alakgmreoa uacfi nfgr ¢ dvceo m, resembl ir
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I n a -par tbhioxl,e where enl arging the box size

reducing the energy differences between th

As i Il usRirgakrBedd . binpol ar ons wi t hin a S i

charactesi zigideta(iyol ar i zed ibraontdrbddyhi néd

S raon,
(@) o4—— (b) o ( mo.soo
o) 1y o] h2az L
0.250
74 t 74
o L 6 | 0.200
< 54 . r < 54 ‘ r 0.150
“1 [ 41 [ 0.100
3 t 34
0.050
2 t 24
— I 0.000
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m m
rm,
o o o a,m
© o] (@)’ | (d) 8,("2“2)* | (e) o) (h2a2)" | 0.180
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m

Figure 4.3. Panels (a) and (b) display the hpk®bability density distributions for the ground state
the polaronlébeled a$nwa;) and bipolaronlébeled a$nay), respectively. The hole density for the exc
state of the polaron, corresponding to Hgofarized banaccurring at0.406 eV, is depicted in part (
Similarly, the hole densities for the bipolaron's-ghifted and blueshifted bands, occurring at 0.32
and 0.681 eV, are illustrated in parts (d) and (e), respectivebll cases a0 lattice of -stacksof
P3HT chaings assumed witlthe dopant aniaspositioned in the lamellar region of the central ¢
(between the Band the B thiophene units). The anions asiuated along the-axis at a distance

da=0.5 nmfrom the polymer backbone axis. All tledectrostatidnteractions aréncluded with-=2.

" and t™* are set to0.4 eV and0.15 eV, respectively with open boundary conditions.

comparison to the @mblsaddagpwii todni ssipnegclteld bcirhsaoi fne d
shift, as ext emsdptedrys aZeahwdeB8as na cl ear
considerably greater del ocaltihagtoibdnmr olnesn g tTh
underlying reason for this enh#&mwmnded Choall @b
repul sion, which effectively flatt-ansohhe ¢

Coul omb interaction
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With the introductionsbovachkhddt heoabhbocpai
of Dbipolarons develops two prominent featu
t wo peaks polaxi szemde adrehdigtihtitise at he ot her de
a si gnblfuesameint comparsedigbéartgpredar yzed pe.
Addi ti onallléyai nt hpeol ari zed peaks salasodsr éads e

relative to that of the polaron.

To further eluci dat-ehitfddirfetdls speed r alu als
characteristiwead$stdiep ohloareo npsr ¢ haleit (niokpy dens
whi cthhe sprobabiliaty rgpieégehad nrgesaphrde t o gr
ang>lrefers to all excited hedlag egr ob ahoirl ia vy
f uncit s}g(ﬁ,,ﬁ:K YJrn,m>|2' Wﬂrnem>ri endi cates ther hbsophehe

positive char ghbheolFeo rp rboibpaablti a s,atye,dEe n fhiet ypr ob e
of finding one hole there, independent of

summatThtemwml. e probafoundttiyordetnlsenegby reads,

om =38 Yl 48 A Yo
=1 p A *+p

1mt 1 ..
+Ea < Yg rn,p'rn,m>‘2 45 aK Ynmr mr>2 K+ r‘gYmFm nr>
p=1 p

417)

2

By integrating over plrbbabt esumwdted s tfy«
botplo | aaamobni pol Rirgou3eAs a4B8@B i | |l ustratehalhe gr
probadtemydiitgt r f but ipooh arons and bipol arons,
bi polhatoenn ssist more extensively spread over &

"-s't ascokme wleanti ni scent of the el ectron density
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Fi g4B8rCe pr esemptrobtathendoterfi dutt mem pol aron' s

whiacdhciun stplod ay i zed basretehat bDadRBs@COHr,um o

i ntriguingly resembl imygdrtthiede haragrebidti st r i b

Fi guB®s aiBE further deptobadarigsitithet hiobet i

associated wit hs htihfet eldisgaaniida rdadnu lesaonrdesds pome i n

excited states), occurrespeati DelRYw me¥ awd d

t

e

hbel egci t edhestlenejtyhextends mestachrdadkygt

o

a

a

X

ntrastirregixwi taddtéodeat e, where 1t appears
ckbohéeé asi smportant to hieghl ipoh &rhtdhfattse dbh e

nd is directly attribistadptle do®grtehee dfn cfo

ntrast, bi pol arons confined-sthofaesde bahne.
te Iin phaesimgntihatde of the observed red
rrmat i ’‘esnt aocfk tahrer amgaeuwmemitdn Méactsl y | i nked to

‘tshteack degree of freedom, hlodlaedisndg yt d oavas

‘estack direttipoomoTbkbssHwler diztay i @lhomd t he

ckbone, consi stent whollebhbtiet w.on€Genvadque

trachain | ocalization is reflected. as a |

The origins of t he bi pol aron's red ar

mprehensively understood by analyzing th

at es. Il n this c¢bactheaxitn, cwoer rienﬁgéﬂtlbi,doum/ lefi utricet |

presses the probabilinanmdoft hkeawvitlh@r dibae It

bi ponliecr peng. t altheéess function reads,
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(a) hya, (5] (65)]

b (hzaz)‘ = )
(b) Weg =0.320eV  fy =2.415 (c Weg = 0.681eV  f,=0.727

[(5.4)](6,5) [64)]
g jmussi [ oL

Figure 4.4. Wavefunction admixture analydisr (a)the bipolaronic ground statp) the red excited sta
and (c) the blue excited stata.all cases a»a0 lattice of -stacksof P3HT chaings assumed witlthe
dopant anioapositioned in the lamellar region of the central cihigtween the Sand the & thiophen
units). The anions amdtuated along the-axis at a distance of,¢0.5 nmfrom the polymer backbone a

All the electrostatidnteractions arencluded with-=2. " and t" are set t00.4 eV and-0.15 eV
respectively with open boundary conditions.

C,(n=(@ - aj( Yron o) \a ok 0ol 418)
probability distribution is normalized, i
a an(n, =1 419)
n en
For inGltZinsethe probability that within

hole is inwhheéef ititsgti omt htahren ,s®icrothf@a)iclhya,i he

probability tploasti tbhotntedhalneg hardi fth chain
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Figaudd | ustrates the wavefoamctihen bagmi s
ground statki qddrde shawio rog pwil talh o@ehe@and red e
st aftceespi ct ed44iBn aFdid,ur reeass)pfeicgduirtes r gtvieat st he
bi pol aronic ground state is predominantly

constituting approximately 70% of 1ts stru:

| ocal states where the two hol e(45pared spac

C(56). This arrangement is energetically fav

el ectrostatic interachobaes,owhadjeatéet pcbai
bal ance between repulhsioamhard fatctt i ahatl iyo m efd

repulAdidon.i onally, a significant portion of

with both holes locat e@b5%.Mkesmalchatthbahaiom

C/(55)i n comparhiasCihd)fa d56lunder scores the | ess

stabitthe yl omdvdnler €t dtoedh hol es occupy the sam

spread across adjacent chains. Finally, th
of | ocal states where the hol e€@®r e positi
Figuidds Ad4C€i | |l ustrate the waveffumrrctti hbe

bi pol aronic bl ue and red excited states,

wavefunction admixture of the r €g4®¥®xcited
Ce(5,6), aGd55), while the blue excited state

predominantly Cg@®)r awheriezedebyhol es are spa

This difsuritnhcetri pbthiag hliing htthse b Ihuoed eenxsciittye di ss tna
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extensively di’ssttra cbku t deidnpehcht st nogeai, hsgpeat i a l var

charge distribution between the two excite

Fi natl liyss edssenttimdt ttoh ee ntprhaamss iztei om, di pol

cruci al for cal cul aalcdtasgomwmalicli y | advdormr rcdscttrseptight
same type DfomothéE& gtdeetssa dgensatteetde dt stadtcerl at e
oscillator strength .ofGit\hen ctomatesploeadbingo It
predominantly compr i siets ifsoupr itmggreisl yoft Heosea
| ocal states within the excited stat.e wave

As a result, t he osesdhi Faedr bandermpgtimaf oty

contributiond<£,@b),ClL®6)al aGifs5sd}), e swher esatsatleoc al

Cuc(406)artehe sole contributor t oshihfet eods chadndat c
4 Bipolsasiomnt eracting Pol arons

Buildingli ondpmé®ent ed i n our wor k thus
emer genecsehidft erdsdainfdt éd ulrbpoldar dimisc bRen i de
hall mark of singlet (spinless) bipolaron f
al . ' %% s8tuldlgR nEpdect r al evolution in doped P3
oxi ddthieom observat i ogonasndi nidniictaitael |tyh aetx htihbei tF
i ncrease in oxidation potentiabandtumdeghe@o e
a redshi f surpassng enret upad Lilaya redl ' osngR i de t he appea

additional shoul der at approxi mately 0.8 e

To accurately simulate the dynamic spec

worf%wef ocus onwé&recednveor iaoni ons are initial]l\

97



possible within the | amel | alrhirse gairanasn gefmetnw

the anions significantly separated,

shoul

1

absorption spectr-umtieg@aiccmdheppéeanaddnbive aminor

(@ .
Non-interacting Polarons Interacting Polarons Bipolaron
Angpion = 8 Angpion =3 A gnion = 0
( b) 6 T T 20 T T ( C) 1.2 T T -} - T -
AN 0n=16 N —e— Without anion-anion repulsion
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Figure 4.5. (a) cartoon representation of the scenario wheiens, initially placed 16 chains apart,
progressively mov edackwes (axisy wtimately positioming ghent dm eppos
sides of the central chairf b ) Il lTustrates the <correspond
spectrum, and (c) shows the corr es plmoalchsesa28@
lattice of " -stacksof P3HT chaings assumed. The anions aituated along the-axis at a distance

da—=0.5 nmfrom the polymer backbone axis. All tetectrostatiénteractions arincluded with-=2. t:]mra

and t:]mer are set te0.4 eV and0.15 eV, respectively with open boundary conditions. In all paeig,
signifies the number of chains by which the two anions are separated

are gradual bpgmbhaedd direction and ttheewar ds

previously independent pol arons wil |l start
observable in théis ppeocttss|l csiogradtyumes r or
increasing oxidation | evellseviedhsd®l3edsT dri d misi
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form on distant chains, whil e higheobnl evel

adjacent chains or the same chain

Fi g4brAe provi des a visualization of t he
positioned ((6a czhbaxi In)sa daaptagrite@r essi vely movec
t hest ack-axxuslgt,iimately positioning them on o0}
Figub8s atb € i1 |l lustrate the subsequent chan

spectrum and binding he oe&gdyp,ulny édmedothinedlsyt

number ofwhcihcah ntsh ebyt wo alnniotnisalalrye, sweiptahr aa rei
apart, the bipolaron spectriamtercdotsiehy pel
essentially mirroring a single po.lTder on' s
pol ar ons -irnetnearuancttnionngt he ani oAs the 8nicbhmas nc
to approach each ot her eQobubl ecanbyctam cheod b e g i
experiencing the Coul omB aher @domiomantr emeb
(rteilae -hol aot epuhereb)pot¢mahamcilTgal dyattmoo
mar ked by an initial bl ueshi ft i n the spec
depi cRieglbrBen 1 nd o ¢ pptoeldag ons t hat are Coul omb
have not yet wundergiomigel pstplifr ghaser ri envge d los f tolr a

to this point, the bipolaron's kTiantdirngomne

t empeysatgyreesst i migpdlhanton h®trattuouoemi semper Ao

|l nterestingly, when the anions come wi't
transition: t-hlei fptreedvi paoalsdayorbl m&nd begins
pol agmwminke pairing and the fTormatrenstydsesnngt
a notable increase i nroligphdlyae¥nwheéendithg eal
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merely two chains apart. W th the anions s
f or matai dnbgddtndy bi pol aron witappr 6 xXBdMang! ¢n
observed. At t hHisgrBeadgehe aspsbowami heatur e
blesbaifteldhdeodraemesrceooncl ude t hat the emergence
shifted bandsnenlyde®aevte kallbyat ed oxi dtahbd on |
f or mati onsionflyisgpdilnal vedsise ei ni tavll oweesbtxifdati

i ndicates Coulombically interacting polaro

4. Spectral Signatureandf |l bonzeddTBi pol aron:c

Thus far, the fiodapmgerpessabi edhied t ha
of simul tsdanddedstantit &d upol aroni c bands at
typically signals the Nfeoremdthiadm ey faniced et
a singheftredhoftleldudand under simil &r cond
What does the pfoersateddé t@efd pasntd s ulglgest abo
carrier formations &tanedtidned taeednen getheteedn |
shiftedshinfdt é&d upold ea ratntirci thuatneddsi oo i zlee fot M
such as an i1 onized bipolaron, in addition
addr essi ng tthhiess es eqgcuteisotni oinss ,dedi cated to un
of i onized charge carriers, such as i1ionize

the variety of charge cawshidntedstlaftae dd an .

An ionized bi pmabariosn,c hdaernaoctteedr iazsed as a
bound by two dopant anions. The energy re

bi pol aron comphag x, sr efedri med tae avhe bipolar
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Similarly, anh&xonvbédetsriapel agbet pair of |

by three dbbpglbtAe lalnu tnrsat es a particul ar a
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Figure 4.6. (a) lllustrates the gecific geometry of an ionized tripolardin.as), with two dopant aniol
positioned within the lamellaegion of the central chain, while the third anion resides within the lai
region of a neighboring chairfb) Displays the first ionization energy for bound pola(bge;) anc
bipolaron fra) complexes across two scenarios: one véithl and d_ =0.75 nm, and the other wi

€=2 andd_=0.5nm, plotted as a function of the numbefo8 HT ¢ h a i -stagk arramgemeh

For the polaron, a single dopant anion is situated within the lamellar region of the central chair
bipolaron, two anions are placed within the lamellar region of¢éim¢ralchain but on opposite sides.
Presents the absorption spectra of a polaron confpiay, an ionized bipolaroith;ay), and a free ho
(h1) (d) Showcases the absorption spectra of a neutral bipolaron cofiyaig»and an ionized tripolar:
(h23s) corresponding to the dopant anions configuration depicted in part (a). Across al @ellattic

o f -stacks of P3HT chains is assumith all electrostatic interactioriacluded. .t"™ and t™* are
set t0-0.4 eV and0.15 eV, respectivelwith open boundary conditions

tripolaron, with two dopant anions positic
chain, while the third anion resides withi

configuraatesn a significant el ectrostatic
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species being considerably mor e I|Foocralhb oztehd
i oni zed bipolarons and tripolaronsthehirs e
neutr al ciomanfeaparkses tthmacecdani mi-dRRpect dalst

signatures
Fi gd6rBe presents the first I onmag atanodn er
bi polha) onoMmpl exes acr os se=fawad,s&78nnna,r tadboned: o n

ot here=@abd,=05nm plotted as a function of t

t hestack arFamgemenpol adopaocoasaniansisgleca

| amel | ar r egi onl noft hteh ec acseen torfa It hceh aiinmp.ol ar on
within the | amell ar region of Adhecasmmee cé
increasing the number of P3HT chains | eads |

energy and a slight decreadNetiabl yhet pel bBr
complex exhibits a first i onidnatairddy emmd 1fg

compared to thapl .@tii g hies pod masgiontcahmtmowirt B r «

a single P3HT <chain, which detailed how t
complex |l eads to a marked decrease FRor t he
example, it was found that the first ioni zée
than that of a tripolaron, indicating that
becomes progressively .easier to |iberate a

Fi gdbrCe showcases theaapsloampd(leoad mplgesx da
an ioni ze(lamingo laa rf(kyefeh epogl ari zed band of t}

signifi-slantt gedredmpared to that epfolarnezuwetdr
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band of the i1ionized Dbipolaron exhibits a

pol aromwWhenbandeutr al bi pol ar ontt € ®iumptl & xf ruened
hol e and an i oni zed

)l = =h = =ha
3.751 = = h@;=—h; withh-hrepulsion 4 (e f f ect i velox,al iazedupleo
| = h,a, == h,a,, without h-h repulsion

Eis.oo- 1 bound by twocoampbsenseg.

s

g 225 { spectrum, assuming no

%]

3

S 150+ iinteraction between t
0.751 1 the i1 onized bipolaron
0.00 T i
oo 0o 04 A g Ssumming the spectra o

Energy (eV)

and the ionized bipol:
Figure 4.7. lllustrates they-polarized absorption spectra
yarious pqlaron complexésnamelyhl, hia, andhlag, eacl t ¢ recogni ze t hat C «
incorporating a single habeas well as for bipolarc
complexes, includindy, h.a, andhxa in the absence
holehole repulsion, with each species accommodating S Pect ra of theedree F
holes Forallcasea 9 x 1 0 |stackd of R3HT cloaf

is assumedt"™ and t™*" are sette0.4eVand0.15ev SPeci es results in th

respectivelywith open boundary conditionBopant aions ) )
are placed within the lamellar region of tentraichainbu mar ke d4isyhwi bt ees harfd erded
on opposite sideswith d,=05 nm Electrostati

interactions are included with=2. bands, potentially

confusion wit henelrg eqiogreasdiotf & it ehabs @infdt éod ugol ar
bands typical of né&bhtsabnapvhabsess her gpbimat o
emergemed abmhedltbeamsiear ved by°®mAiyerngli géthaale.
both the formatiasa wtEhgi pgkesesenbepobhbhongsze
wi tthh ee Fwrltelser mor e, the significant reduct
oxidati,onad evepserted wiof%i Bmpdn els eathaal .s'isngl

bi pol arons predominantl!| y c¢onsNointeutheel ebBe, c
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presence of free holes and i1onized bipolar

contributisdn ftteds menfdt éd ulrands, respectivel

Tof urt her tehmep haaisgrmreief i cance of the spectr
Il oni zedFisgdlerbe eBpwcases the absorption spect
comp(hemxandiami zed (ha)icpoorlraerspprondi ng t o t he
configurati ofmi gdbrAdNcttamltyy d | tabne zed band of
tripolaron shows a subsdatalmdg i maé utbrl aule Isihpdlta
and the neutr a(ls peogdrceo nWheompcloenxp 26 Cngn&i gu
46 D, it becomes ev-pdénantirbdtbahd pPpor mhoyhy:
and the ionized tripolaron occurs at appr o
i oni zedsspeaveari abdlyi fitneddi cpeo laavibolhuieec t Ih@n pr e s

free hole contri leudhiesard a pronounced

Finally, a cruci al g uesthwmlne troe paud dsri eosns
simultaneous e mersgheinfctee do fb irpdod aamodnd bcls sbeadh di n
i n ChaptetrldeoheobeppuB i @ansi ngsetvds ppbaehon
attract-awvieomraCowlnorals uwe li Irng |ien der loaYsd & kziant | a
singl e P3HT frcebcatd @ mobhyk ttshaet eado pear ance of exc
Prband for bipolaron®i snegamdihmd et tTeplpodlsao
emphasi zed in Figurea. 3ighifChapher bRueslist
spec,t rhuimg htl h g hdrriontgi cbabll @ ot epul si on in the o

singipolarons

FigurseBowctalsepsol ari zed absorption spectr

c 0 mp |0 exaenghi, hias, dwad each i ncor podraast i mgyl la assi nf
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bi pol aroni nommpbheasrg shpaed n t he abdeodnece refpuhasl
with each species akAsoomsednmnvedg twopbbaees
addition of more dopant ani onibalnelgds ntda ca't
i ncreased hdhnde&@bipobhbarenatcompl ex, wkhthitacl
an absorption smpesdmhime sshthialo h &crl ofs et ympl e x,

doubled intensity. This resemblance sugges
bi pol arons remain urslpndwend epwd stim ne x terfed mec th

holes to avoid each omhposandl| emaseparattiae

Th dvaocc o mphewedies pl ays ibnveon ddsi :s ta niee tdesdPhii fbti t
and the other sbhlowess banp pr e chawipocieedhn en ¢ o mp |
Il ntriguitnhhpdodhel wherepul s,i olpdpe pse mntergd macttaeildg al s
blsesbéaifted bpndci mééwmti pygmebkmaut oWwi t h doubl ed
This obmekeafsBenasi dering t hahtolien rtehpeul ash o
band str uchtaaamd@cohsbephlodr omeovri biht alhe gr ou
accommodat i nhgpammde thwvolhe, oil eefsf eicnt i vel y .doubl i
Ths furthehehhnghekshgohltey roefp unloslieon f or t he si
of red -sahnidf tkelduebi pol ar oni ¢ b arhd o jtheasn dPhio s t

observed

4 . Bi.scuGoemnolndsi on

Il n this chapter, weé-s tex@akmi agegdr ¢ hatRedf eat
absorption spectra of pol ar gnsutadal dczdvanrgsod a |

grained wsodredtyaibhnast aalheHOMO | ev el otfh edaedhy t |
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centexchgemvteheg commoupleyakolws ¢ fiv éid eRTelr 8n §e
model i's particularly adept at identi fyin
Il nteracting polarons andeweéengpecthiilpvogh @atr mmo
for matni croont casvenbdi bhaWwhelmiepolparedrmatfiommat i
fromtsesapping, our findings indicate that it
i nteractions with dopant anions. Wi thout t
singl et bi polaronepel netaedd,otthkey weekdng
separ\Vdet inoont e i nt lpeasesnerggy hgadti n dhied alr owmialb i &t i
i oo high to justify the adiabati c-gappr oxi

states

Thmodel gualitatively reproduces the bi
et 2%wehletrreebaPnd initially exhibits a blueshif
At higher oxidbanodnuheeefisesther dshi ft, e
band, with the emergence of an additional
suggests that the initial bl ueshi ft at | ow
i nteracting polarons becomi ng mopreea rlaonccael iozf

redshifted and blueshifted bandsfatr mateovat

of spinless singlet bipolarons. This inter
frEmengl?® éehig.t Bel .EPR signal is nearly zero
mV), indicating that the population of chart

bi polLAroempti ng to associate the observed
specnamecloyupl ed pol arons (or triplet bi pol

simultamseoarsjwyed Scbhbwant ry ablgt?0ontvpaddiectss th
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red
abs
bip

del

WAl tss gni ficant popul ation of a&@woupl edapec

I dat iwonullde vbeel sexpecorsli EPRplsivddmeabd as not a

ent , reinf.orcing our findings

Further mbee expher astpiecan ratfonszgudatcihrae gef
hi oansibziepdo I(mas) amidoni zed Ipag)ihpacsl ayrioenl d(fed si g
ights into the diverse al e agxtiediatcihoanr g eev
ulting i n eipbkbabah@efr ionmdiimeyicheattfet edni z e

cies invatsabfy ewhnethreecees, aa free hol-e | ead

i ft eldmpboarntdant | vy, the concursénftagpbands

r Eeenigynmeaty. ianl .part be attributed to th

(0]

free holes. This combi nesdhisfptegesthrduand sf e
carefully tdhsa tmun deameerogoetn dreeadmsahn o tleldu e a n

ociated with singlet bipolarons.

The criticlaol ¢ ol epwlf sihmh ei n enabling th.
anrschibltweal bi polalrmng ltl ibgahntdesd ,wadse mon st r
ence, -sohnilfytoeath oM iuse observed. Wi thin a si|
ol aron is charactenbaed, byna&i wat igwe |l gf r
ocalizati on pr+fhiorhar irley dtrsaiodasn difyn FhdH T c h
rodutchienvoer ohain degree of fhroe eed ornme pnuol tsaik
owing the holes to be closer to dopant

angement | eads to a mor edilnoecnasliiozneadl bli gtotl

compar ed-di me ms iomrea | chain ( 1liDogn ofbhsee revnehda nic

bip

olarons relative to 1D bipolarons is 1in
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whi ch near |’ys ttarcikp lceosn faisg utrhaet i on expands fro
nNi ne WWeaiamngue tshhaitf ttehde bbilpuoel strhoen i ecnhhioadnecde dr e
| ocalization in 2D bipolaronshvétedsbilpoba

bamd ghlights the enhanced hole del.ocali zat

Final lagl drtehses i mpact of vi bronic <oupl i
guinoi dal ma dh el ,sb efedair crhe ghlaeschti e@li vleap tt dhre. subst

size of the bastcalsetanaégsi ba)d fwidtDf btli heo | caor nt

Hol stein Hamiltonian is not ffeasi lxlaem. bMonNne
assessedomprexesgst ems, shiasd h aas songlkzedpoi
(ha). As demonstrated in FigureC.2 of Appendi

resul ts i n t heeneemegryg epnecaek( obieflammr add 2t evas t h
re¥’s8® N2afddl'éauses a pédlakahii B\botpasbakyhe FA gur
reveal snatgmaaotfutdielei s bl ue shi ft decreases f ol
i n 2D compared t obddccemirnddglciogmiRiPie ppdirdast e s
t hat i ncorporating vibronic coprlaikm@aw@dl d
| at,i mpéyhagpootshebf onleidf t ed-slainfdt éd ulei pol ar oni
predicted in our current model which exclu
nearly upen stame i ncl usi oRutamMroeewki bt orfio@C us o ¥
comprehensive analysis of 2D bipolarons by

represented in a l.ocal mul tiparticle basis
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CHAPTERFUSTTURBESEAROHRECT! ON
TR1 ONS

The theoretical model presented in this
bet ween the bipolaronic (polaronic) 1ground
mi-dR absorption band fre@uzanéeVyfobsepVgdert
P3HT. Given that the model exclusively ret
uni t, it does not achawmdhtthatr &ampeRdon gdiean fe
approxi mately bet weencrlud3 mancd ilenbr feegMe afrne hRI3r
hi ghlighted by this chapter, inwpbVasoexte
band. As discussepoifircdhqlpwet dlrammghe oxi di

P3HT ¢thaeatirPRansi ti on begins tacs exheedgbt ant anbu

i ncr,eaisretsensi fying up to 900 mV before its
The accurate repbaemsennade dDNi todt eshet Pe it
LUMO | evel for each thiophene unit. By e

encompass states with a hbbéeapdian,erntiong
comprising two hbotlhes sudddlmtesd ecanoaddr ess
nat ur e dfRdRhred . n&EAam be very approxi mately u
on an oxidized chain, as the exciton consi
chain already contains a hoépar dtoeveveirvi nd
Coul-embbil ied edhtdloegnesequence which 1ikely ¢

| ower energy (relative t ol Rasex pit.tiom) braadg

Figure 5.1 highligbtutebbageedwdelcdmomporaest

P3HT cchmaeh. A depicts a neutral P3HT chai n,
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occupi ed, i ndicating a state with
undergoes oxidation: an electron 1is
(@)
Neutral P3HT N -
(b) I Trion Band
(e)
2
= ky=2
o
Q
= —l—\
B E?@® kr=1
Q\\ P,~13-15ev
©) =r—
| e——| ] -'— —||=—| LUMO :
| | vowe =
P,=~03[0.7eV
th ) th./te ) @ k=1
LIS A Y
fd/%&@—,{*\/—Q—k)— Polaron Band
dun i
<)

Exciton Charge Separation
5

th

v
-+
.H_
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LUMO
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4

-+
@ e @,

Trion

®

Figure 5.1. lllustrating the core components & coarsegrained modelthat accounts for both;Rnd B
polaronic bands in doped P3HT films. Paned@icts a neutral P3HT chain, with all local HOMO le
doubly occupiedin Panelb), the chain undergoes oxidation: an electron is removed by the dgp=m
point chargy creating a hole within the chaiRanel(c) illustrates the formation of an exciton on
P3HT chain that already hosts a hdtanel(d) visualizes the exciton's charge separation progeds,
leading to a Coulomistabilized holeslectronhole sequence. Panel (dgmonstrates thaictivating th
hole and electron transfer integrals yields two distinct baedisired toas the polaron and trion bar
with the former acting as the ground state for thérdhsition In panels (b) and (c), each oval in
depicted simplified geometries of the P3HT chain represents a thiophenaitiihearest neighb
separatiord of approximately 0.4 nmdan is the distance between the pedtiarge anion and the ch
center Dashed line# these mnplified geometriesepresent the alkyl (Ryroups
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Panel C further i1llustrates the formation
a hdohes is indicated by the presence of a
the LUMO | evel of the thidpksdane ,urPiatneh o Dt i
the exciton's <chiamgthtslerpanagled aochi npg otcce stsh e f

a Coudtoanthi | ez edhtdnlodnest at e

It i s noteworthy to mention that the mo
(i) the polaron subspace, where the P3HT
Ssubspace, which encompasses states with bc
comining two holes and an electron. Upon
i ntegrals, this model yields two distinct
as illustrateditirmnBiiguroea5.i BEdeTihm etldh ea sp otl haer
band, starting from the polaron'"s ground

Conversetlrygndihtei n i s identified as the tr:e

to the | owest eigenstate within the trion

Asf ur thhgml i ghted in Panel E, the | owes
consists ofi alhdreoHd echsotleeh essequence. This confi
due to its enhanced Coul ombic stability co
exciton. I nitially, these trion states are

operatessential for calculat amgiotde@mmesct $ | -
the grosnhnat et awiajhteolneras didilemr on band groun
states featuring a hole and a bound excito
charges. However, by activating t hewielllect r

becoonpet i crail ¢yt and gain osnmiixhwiatthort hse r tngtt ¢
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have a hol e anWe aarbeo ucnudr reexnctiltyoni nvestigati
| omg@rm goal of eventwually accounting for t

P3HT, fr enR tthoe-vtinmsed UV
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APPENDI X A: SUPPORTI NG | NFORMATI ON F

A.3ingobleaHaomi | t oni an

For thpolsamghecal cul ations we empl oy t hi

Hy, =H,, H

vib,1p (A. 1)

1p ~ lellp

which i s the 2zloOurctheargpgvaeotr tba ped.a(r ons. Her e,

term i s given by,

Hasp =t 8 {{n)(n | hc} - ; a ———|m(n A. 2)

with tire intddatcat|i ngt m tchmito pme men urhiet (whil e
their neutral gr onusd t hteatpeors)ht clami addicthipon n
assumed tontewlieswetnheéoyunit vector ¢@=o0.nd i ng
nm i s the near estthimngihegmkeorditshiamgleene The \

Hamil tonian i s,

Hvib,lp:thibé bnAbn # g, 1Al bnA B, )'}/I r><dCD (A. 3)

whemwmes0. 174 eV i-guithei dalomaith calk?i enalhef rHRq

factor, which is set to unity irmamdd d«iad ccrud
we employ the Hamiltonian,
Hdis,lp =H ellp +H vib,1p a n|><n| (A 4 )

whebiies a random energy offset ¢ hosgcehna pitreorm a

t wo.
128



A.Bul-garticle basis set

As is mentioned ichhaijpheremdkaomt exodni an ex
210) is repremaemttieadl @ nbasinsulgdt , and numer
al |l ei genvectors and energies through whi c
spectrum. Each basis vector cont aibmrsatiinofnoarl
excitations aséoopaeed wni h W chddresipddry merl
ar r atyhioofp h ewnhei cuhniatrse coval entPI3yHoTobypthed ahdi
ThlodHOMO for each thiophene uwnitto iist sr e tmamen

neighbors via theshode toaonséatrei nhegdal oc:

Her ei n, the di abataird i st ap &rstPi)cnlcelt-wd2P )o,n
particle {paRP}t,cdmrd (4Y)r states. A fAparticle
unit, involving eifihAecdaanonl pot mbbpiexich r eit ti
on a neutral thiophene -paiticiHémMmskasépbot h ¢
hol essi dghlieophene vuinbirtatwiotnhal quanta in the ¢
nucl ar har monic wellm Alrle et lkenr rent eal I(Ype
unexcited. Her e, the bar overstrike indic
potenti ajpaweli k] eTwosalE® g &, d e rhoatveed ahsol es | o«
mt dnmtthhi ophene wmrindqgy, mwaivbmati onal guant a,

within their cationic harmonic nucl ear pot

Threaerticle stat@gham B dvehfeerrer(@sdiEtpo as
i's now purely vi bir gptqgiu@amd lal ¥ ne X chiet eudn swii tf i e ¢
wel | corresponding to a neutral thiophene
foparticle stad@dhR hafhem einm tverdi atslafng@g ment s
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ANdy ark) are purely vibr@aguanabhl ynexbiet edswi

wel |l s, and the two mhahasdsfthraargemelndisa tvdidt hon t
vi brational quanta within their ionic nucl
grosna@ates with no vibrational qgwpamta.cllet am

foparticle states -pwirltldieFod b @ao dmarhtriew e,

Gha MM st ates, respectively, for the ca

‘N

thiophene unit.

I n order to reduce the size of the Dbas
nei ghbmpar tfiowlre states, in which two purely
neighbor of either of t hpearholcd £. b3eisn se ste
exponentially with the number of -ptahret isciltee s
| evel . Additionally, owe baveéehal sotahf ouméée

suchvuot watB v V)

The eigenvectHarns ldfoni an can be expresse

al | di abatic states:

s a 6, i & 6 pi 5 SRR M G
A

8 B haf M

h i
8 hp hop SRERMD P D8
h h h hiB
8 & e RO PO M
hi8 h hi8
8 vk f oqrnr G PR R IO M ' &
h h h hiB hh hiB



I n whiseshthe ground stateOpf &hileen dti @0 | talr eo ne x
states. I n t hEgASWoO rwke reael Ic asptpeetde sati ma t ot al (

Q) L.

A.Bonvergence of the Absorption Spectrum
Once the githeneedbtemscal cul ated by nume

Hami |l tonian, one can consusuag:the absorpt

0] O O [ 'HU w7 0 © I 8p

i n whichk jtheesdiatteed ei genfunction of t he

Eq21(0) with,'Hesetrhyg di pole nmMdm@nit ‘Bupeirator,

the oscillator strength fog dame tamamrxict it @ml
[ . is a |line shape function, t aken her e
ADb. with stand@ard deviati on

We now show that the bipol aroanabglr pt
wi t hi n-ptalrd ifcower appr coxamicht i @Ri QAltAh shows t he
simul ated absoriptejlonp p €artt raunnab ivet h onl y t |

i nclusion of electronic degr esehidft sf rse egdna nfi.i
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as we N-lgabrd,® howeverNfridh@ 8 &axuisregs a r-at her

4
(A) 35 =i
—_ —N=10
g 3 —N=20
pet: ---N=30
)
s 2 C .
&15 ( )1.4a Vb o = 4
§ | = vib,, =5
< A (5'1'24 Vlbmax=6
0.5 S’ vib . =7
1.04 max
c
B 2 2P3P4P
0 02 04 06 08 1 8081 ( N=10 )
|- =
Energy (eV) Sos.
(B) : —yvibmax=4 2
= (2P3P4P) ——vibmax=5 0.4 4
1.6 —_—i -
N:G vibmax=6
3 14 ==-vibmax=7 0.2+
)
=4 0.0 . . : :
2 0.0 0.2 0.4 0.6 0.8 1.
o
S os Energy (eV)
2
< 0.6
0.4
0.2
0
0 0.2 0.4 0.6 0.8 1

Energy (eV)

Figure A. 1. Bipolaron simulated absorption spectrdh with only the inclusion of electronic degree
freedom for0 @ (blacksolid), 0  p rfred solid),0 ¢ tfgreen solid), andi o m(black dashe)l as

well as with the inclusion of vibronic couplirg) for 0 ¢ with 0 T (black solid),0 U (rec
solid), 0 o (green solid), and X (black dashedf) for 6 p Twith 0 T (black solid)
0 v (blue solid),0 o (red solid),and 0 X (green solid). In all cases, we havetset 0.£

eV, anions are at 0.75 nm from the chain center (see Figure 2.1C). In parts (B) and (C) the vibronic
is describedvith / ?=1, u;, =0.17 eV, and the basis set includes®and 4 particle states.

shi fr8tqc@d . FurtheNgiweseasesniinally the sam

Fi gAirBe shows the si mul aN=®wli tath sroaw tti hoen isnp

of wvibronic coupaitigclwe tdp mr ¢ >hiemdtoiuan whi |

cap up txo Withi-pathecfFeuapproxi mation, incr
fram 1Tt o xXcauses both peaks A and B to s
small decreaseFi gAIlp@ askh cAws nttheen ssiange r esul t s

trend bNINHLOAewchar be -paenictadeappuoxi mati on
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by . I n order to keep the size of the ba
with regard to the disoN=dledmwac alud wlr ataildnst,h

cal cul ations pr ecsfendreaptienr ttheo mai n t ext

A.@hno potenti-sajlteanrdeptuhl-@.igloonn energy,
The-some repudysifonr etnvea glyogl es doubl e f il
given thiophene unit can b'é® eHearleuatweed euvsaln
Coul omb interactions between two electrons
occupying the HOMO. ;eobitwdseloécthensairmotin

rranrdt he Ohno potenti al I s,

w »h» I &

wheW=ell. anidggM s the distance between the two
energy for two elecmoohst aln olhteajsmenkei cyar tb

EqA.(7) Fi 9z Be. When the two electronk7)are | «

takes on theowihi mit——ngwliiocem, is the usual C
h

bet ween two | i ke charges | ocated at the di
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We next consider a di mer of -gihtieo prhemel wi

©)
6
-e-Coulomb potential
5 -e-0Ohno potential, U=11.5 eV

nearest neighbor (n.n)

18 ——Coulomb potential 4 /

g [ 2mdp n
]
16 — =0Ohno potential, U=11.5 eV 3
S
14 S ’
S 12
< 1
10
N
Q
S 0
0.4 0.8 1.2 1.6 2

Inter-ring distance (nm)

o N B O 0o

0 0.4 0.8 1.2 1.6 2
distance (nm)

Figure A. 2. A) The molecular structure of bithiophene having been optimized B8&g PBE function:
and 631+G(d) basis sePurple dots indicate the center of each thiophene Bhthe repulsive ener;
between two positive point charges based on Coulomb as well as Ohno poteptlasiepulsive enert
between two holes located on different thiophene sites as a function efrigtelistance calculated ba:
on Coulomb as well as Ohno potentials. Note that in case of Coulomb potential, two holes are
point charges located at the center of the rings.

by assuming atomic orbital coefficients col
pot eRt paxA shows the structure of the di mer
using GaWsseimpnlodyi ng t he PBEMREBHB+ G(udn)ct bh & ia
sé%2.18As can be seen, the distance between

is the value we have used for t he nearest

in our cal cul ati ons.
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Having two electrons in the HOMO gives
[ ih roir7 i 1 8p

i n whiishthe wave functiomubbdditdmre HOMOf @olr Ibod

with coetbrcesepbading to thhieUsanboH;akemic
t heory, one can easily calculate the HOMO
i T TUY, | ™™ X g | T X IR | T TR | I 1

giving the cA@Y¥ficients in Eq.(

| nser tA9n)g iEW& 8] ,Eqgi(ves,

T iR R 1 61 | I g p

One can readily calcwlihAtesthe ekRpsecwaveohu

foll ows:

6N 1 61 wih 67/ 1 6ni QQ 1'® ¢

i n which the Coulomb and Exchange contri bu

6EOADEDOT QOO 0 QE &

sNi swih 6 1 aAQ QEN BQ a ' o
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Ow@e dE ¢ 01 Q060 QE ¢

N1 61 wih 61 61 QQ "QEN hQ Q ' T
The small exchange coupling term has been

model s for conjdf*ated polymer chains

Finally,A7u)s, i Algd )H4 1. (and t he mol ecul ar
I A1 gAIZPe, we have esdlteulast eveltitheason he near ec
5.6 eV and 3.8 eV, respsctievelkpulwhioaohii me at
greater than the nearest neighborougehpudlsli o
t he calcul ati ons porfe scehnatpetdeloir ré ovghez G mah awgd e x
the repulsive energy betweenndhwohholpbdenkoc

and beyond' mu,pn dal ctuhlea tSeuds ubad s e@o udno mbheas we

potential s. Note that in case of Ohno pote
G @ was used, while for Coul omb potenti al
| ocated at the center of the rings. As is a
are al most i1identical when two hoflers meyondd
n.nAccordingly, the repulsive energy betwe
rings i s appraol may edi mml yuusimomg the usual
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A.BHole probability denW®ity for fferent v
Fi gAl eshows probability density f
0.5
—e~dan-an=0.0 nm
0.45 ~e~-dan-an= 0.4 nm
0.4 —eo~dan-an=1.2 nm
0.35
03
-
Eozs
-y
0.2
0.15
0.1
0.05
0
0 1 2 3 4 5 6 7 8 9 10 11
m
Figure A. 3. Calculated bipolaron density as a function of site number for different valdgs,ofor N=1C
chains with the exclusion of vibronic coupling. We haverset0.4 eV, and anions are at 0.75 nm fror
chain center.
o fQ foNE10 chains with only the inclusion ¢
apparent, sepaiati m@e¢ dlheea dasn itoon ss niaol | modi f
wave f-womdtyi can sl i ght demn=rbe aasnedl, i compe ngat ed
sl ight i ncr easanafwary dtrloer twvhal wesnt ofal regi
Q causes a more pronounced separation of

A.Bipolaron biYgding energy,

The bipol ar owObs ndéefhignedeagy,

Y ¢O p0 © (A15
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wheHEces the bipol aron Eg(rloPun d gsdtalteeo oenngerr gwn da
energy, evaluated as the | owest energy eig
Eq23) a&Enga. 1) , respectively. I n order to wund
18 0.3
(A) 16 —e=0.5nm (B) ——0.5nm
) . —e—0.75nm 0.25 -
1.4 4 —o—1.0nm
=+s1++0.5 nm, anion-anion repulsion
12 + ) ) ) 0.2 -
=+&++0,75 nm, anion-anion repulsion
-S‘ 14 ++[J++1.0 nm, anion-anion repulsion 'S‘
<L L 015
g 0.8 '< "'q"'
0.6 0.1
0.4 -
0.05
02 + ' "“‘A"'-!‘.l—.‘,_‘-__
0 } ; i i t ; 0 i
0 16 32 48 64 8 96 0 16 32 48 64 8 96

dan-an (ﬂ m)

dan-an {n m)

Figure A. 4. Calculated bipolaron binding energy as a function of iatéon distanc@anan for N=4C
chain with(A) the exclusion of anicanion repulsion, ) the inclusion of aniomnion repulsion. Tt
anions are located dfn, T ¢ a(blacksolid), & & a(redsolid), andpgte a(bluesolid) away from th
chain. The dottetines in part (A) show the aniesnion repulsion (point charges) associated
eachQ, . The vibronic coupling is omitted. For bipolarons (polarons) the Hamiltonian in Eq.(2.3) (E
was used with the electronic coupling setite 0.4 eV. For bipolarons the geometry in Figure2.1
assumed.

er gy

ppressing

nct

0

Nowe Frapoet her e

cal cul ati ons i nvol

t heFiwgikreemioavs c @ lh@!l ibn gp.calsaraon b

ocaniodnidterantbefani led0|l wcahad at 0

nm away FirgAnkAd sdoawlsaitme bi ndi nagniemrer gi

repul sion (point c FagAdkBR) stbopowd t ede wher gh

i n

clusi ocamniodn arme pwl si on. One can retrieve

btracti-amgi adrher eapulomni on from the energies

138



As can be seen, the binding-aenengyigéna

Il ncreases, convergimnfKg to Therso meam sl 4 rhgd wal
are | ocated relatively away from each ot h
energy obepwopatwed | pol arons. Thaenifoing ureep ud tsa

makes the convergence csel odietrhh s Moor®eveapi do
anions are at cl oser proxiQmi iy atvaQ t he <cha
p&ie d . For a QOixedthel bendfng energy unifor
moves further aQa yn cfrrecans etshy e acsha aioonng( raesp utl hsei
negl ected. Il n t-d&arei opr ersemucles ioofn atnhheonbi ndi ng
i ncredamisnd og Bs smaller than approxi mat el
beyond 1.5 nm, diie deawpendemrdc emeammompal $ih@en

decreases fastidgrhawi ttthei mdrtaasitigre Coul ombi
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APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 3

B. Bi polaron Binding Energy and 1l onization

coupling

The bipolaron bindEN(gE)DR)Y,gywher @ ek (i 2
E(P) are-stlae egrememadyi es of a bipolaron comp
pol aron complex (one anion/one hol e), rescfg
E(29P +)EH(h2,P)wlEd’lhei s theéagreoemergy of )a free
i's t hestgatoeunedner gy of a complex consisting
bound hole. The Table below |ists binding

compl exes with and wiitbhroounti ct hceo uipnlcilnugs.i on o

A1 "B "HITAT IT"HT @ T H
u.-0 Al 1 "HAT H1HY eT 11 oWl HITHY
0.5 1.73699 (0.29619) 1.56646
0.6 1.35881(0.15815 1.21732
0.75 1.05662 (0.09609) 0.95166
AL LT BIHITAT MTHT 0 7T H
m.-0 Al T "HAT H1HY g1 171 oWl iHl THO
0.5 1.65729 (0.21649) 1.46509
0.6 1.33203 (0.13137) 1.17509
0.75 1.05076 (0.09023) 0.93728

Table B. 1. Calculatedipolaronbindingenergiesand ionization energidsr the dopant anion geometry
Figure3.1B withdana=0 for a chain containingy=10 thiophene units. In this geometrytib anions ai
positioned on opposite sides of the chain center, at a digdarfcem the chainThe electronic coupling
set tot, = -0.4 eV, and all electrostatic interactianare unshielded, p. When vibronic couplingis
excluded we utilize the Hamiltonian in Eq.(3.1). Vibronic coupling is included using a Hedsybi
Hamiltonian as described in chapter two with Hufys factor) =1, and vibrational energyi,=0.17
eV. The Hamiltonian is represented in a multipartlwdsis set includg 2-, 3- and 4 particle statesvith
V] v. Binding energies iside (outsideparenthesis include (exclude) anianion repulsions
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B. Mul-gol aron bindifag energies with

The bindiDgg cefnemoglyain dn complMstadnDinat iy
anions and an equal number of mobile holes,

| nWag@ ndependent single polaron compl exes,

DE e E( PENaP) B1)
wheE@&P) and E(P) are the gr-pohdrehnatemglhex
single polaron compl ex, respead¢i ywolywr oBi n
compl exes3lofar Ei gureskEnh.t eRlosint iDAeb i walli cas eofst

compl exes relative to separated pol arons.

dan= 0.5 nm
-=|=- +- " g >vﬁ'AsAi 1T ﬁh"ﬁT yTAﬁ T Mrr. i yTAﬁ THLUHL T i’HﬁwT i
0.4 1.51337(0.17563) 4.14220 ( 0.33428) 7.71860 ( 0.81899)
0.8 1.22487 (0.09980) 3.20835 (0.05772) 5.74255 (0.01219)
1.2 0.98453 (0.06216) 2.52868 (0.08360) 4.46021 (0.10681)
1.6 0.80513 (0.04151) 2.04646 (0.06898) 3.58398 (0.09877)
dan=0.75 nm
-=|=- +- " g yTAAi 17 ‘ﬁH'ﬁT S‘FA‘] T #*rrl i yTAﬁ CHUH T i"Hﬁ‘|T i
0.4 1.01770 (0.08960) 2.89599 ( 0.76119) 5.51685 ( 1.61947)
0.8 0.92297 (0.07545) 2.49457 ( 0.10098) 4.56394 ( 0.28871)
1.2 0.81264(0.06260) 2.13267 (0.03224) 3.81591 ( 0.00433)
1.6 0.70769 (0.05074) 1.82826 (0.06412) 3.23599 (0.07815)

Table B. 2. Calculatedmulti-polaronbinding energies DE, based on the Hamiltonian in Eq.(3fa) the
zigzag distribution of counterior{see Figure3.1 of chapter three) wétbveral values of.dand dnan. The
P3HT chain containsN=20 thiophene unitsThe electronic coupling is set tp £ -0.4 eV, and for all
electrostatic interactian are unshielded; p. Binding energies iside (outside)parenthesisinclude
(exclude) anioranion repulsions
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(neglect-anitbe m@pwihsi on energy-aniTae fTapluési
I's neglected all compl exes are bound in th
hol es and counterions exceeds hat trthRreud as wl
hol e wave functionansohocalkezradti Wmenaaei 0!
mai ntain po®Bk,tiivredivadtuiersg otfhat the repul si v
formation of bipolarontshérhbimmdiwog pehanr @iness
and tetrapol ar odasani 8r esmaddat iTvhe swhenrdi cat es
complexes to exist as stable or metastable
the polgmarnsidee required to hold the ani
out that oheedaloesheepable are most | i kel

since the «c¢hid=12n0 ctohnitoapihnesn eo nulnyi t s .

Stability can also be mMeaswhiedhobiysthleel
required t osirmgddeae ojnusstomp |l ex (ani ond hol e)

pol aron compl ex,

DE; = E( PNan':'I!') EﬂE(\'arP) (B)2
For a bi polD&awriosn ecqoDEapll dboowever and ot etar atproil a

compl|DExgeesner al | yDH,i fdred si § rgpinven by,

DE:=DE( 3-FDE( 2 P) tripol dB.ad
DE:=DE ( 4-FDE( 3 P) tetrapdB.bB3 on
Usibg.B3sa,(b) DEi tvlal tuke®2 isnshdwdlteh-ani wimenepui &1

I's included, tripolaron -sempl eaxed kirgolmor e
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pol aron compldexiess sausf fliocnigenatsl' y | arge. The

compl exes vs tripolaron and single polaron
B. ®Lhno potenti-sailteanrdeptuhl-ﬂ?.igloonn energy,

The-some repudsifonr etnvea glyogl es doubl e f il

(A)
6 T T T
©) _
—&— Coulomb potential
6 51 —e— Ohno potential (U=11.5 eV) b
(B) —— Coulomb potential 44 €= 2 i
54 —e— Ohno potential (U=11.5 eV) h

1%t nearest neighbor (n.n)

/ 2Mpn

e=1

<+~—— 1t nearest neighbor (n.n)

Energy (eV)
w

Energy (eV)
w

/ 0.4 0.8 1.2 1.6 2.0
4" nn Inter-ring distance (nm)

0.4 0.8 1.2 16 2.0
Inter-ring distance (nm)

Figure B. 1. A) The molecular structure of bithiophene having been optimized using PBE1PBE ful
and 631+G(d) basis set. Purple dots indicate the center of each thiophen®)rihg.repulsive energ
between two holes located on different thiophene sites as a function afrigteistance calculated ba:
on Coulomb as well as Ohno potentials with p andC) with - ¢ . Note that in case of Coulol
potential, two holes are treated as point charges located at the center of the rings.

given thiophene wunit can b'é3 eHearleu atwed euvsailn
Coul omb interactions between two electrons
occupyi ng Ftore tH®ME.| ecrt biotnasl 3 noft htehe@ car bon

rranrdt he Ohno potential i s,
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- Y

Y

P QIT Ty
wheW=ell. anidgM s the distance bleitsvetelme t@@u It ovmo
energy for two el epgotrrbointsali no bttihger BsesdnBeb4ggqat r@bkoi n

When the two electrons B4)e tlaokead ean otnhailsit

~

wih : which is the wusual Coul omb repu

| ocated aip.the distance

We next consider a dimer of -gihtieo prhemel wi
by assuming atomic orbital coefficients col
potent iBRIA sFhiogwusr et he structure of the di mer
usi@agussli’Aneémpl oying the 'PBEMREBHB+ G(ud)ct b @sia
seé%2.'8As can be seen, the distance between
is the value we have used for the nearest

i n our cal cul ati ons.

Finally A uisiPRgL2EGEI( 6ee Appmerrdditxh eA)mol e c
geometry FSs hghlwAe, iwe have cailtcal asedeltheasnt
nei ghbor réiplas sbobseWiahd 3.8 eV, respecti
site repulsion is almost 1.5 times greater
the ratio we have used through al/l t he cal
cal culvat:rhmesw t h-sait ehandnthe neasedécneagéhb

4.8 eV and 1.8 eV, respectively resulting |
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MoreoverBlEFi@#m€eshow the replhlanidve ener
respectively between two mo)lnetsh iloopchaetneed roinn
beyond Up.nacatllcaul5ated based on the usual C

Note thate ioh Ohno potential the mol@cul ar

was used, while for Coulomb potential two
the center of the rings. As is apparent, 1
al most identical when two hol esoar breyroodt e
Accordingly, the repulsive energy between
i's approximated in our model by simply usi
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0.4 eV, anions are atFdall15 edmcdwass tithite lne & e

is sep to

Il n this section we evaluate the conver
tripolaron and a tetrapolaron and show th
N=20. BFighows the absorption speicint rFa dgurre t
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arrangement on opposite sides of t he chai
configuration with anions at 6.5, 7.5, and
6andsSi7tes, the second afindBitespl anddthet w
is locatedamedlBWees (lsee8t he s Camploef sFci hgeumaet |
B3)As canflhe d®em tripol,apemasdBdtsedtsni gmolfarc
we ncrease t heN=bh4 bRl Nnadf idi tcOonvEerges faster
case of a, tiennokdepaosbBimwo20 causes -sahidgash(élhasmeé

0. 02f ev)both configurations.
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Figure B. 5. Calculated polaron and multiolaron absorption spectra for a chairNef20 with the zigza
distribution of counterion&da, =0.75 nmanddaa~ 1.2 nm, see Figurel in the main tgxb (A) with the
inclusion of holehole repulsion andd) with the exclusion of holaole repulsion. The polaron and mt
polaron groundtate holelensitesas a function of site humbeorrespondingvith (A) and C) are show
in (B) and D), respectivelyThe electronic coupling is set ot-0.4 eV, andfor all electrostatic interactic
thedielectric constant setto  p.
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Figure B. 6. Calculated polaron and multiolaron absorption spectra for a chain of N=20 with the z
distribution of counterion&da,=0.75 nm, and gla= 0.4 nm see Figure3.1 in chapter thre€he electroni
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Figure B. 8. Calculated A) polaronand(C) bipolaronabsorptiorspectrum for N=10 chaingithout vibronic
coupling (blacksolid) and with the inclusion of vibronic coupling (biselid). For the polaron theoint
charge anion is at 0.5 nm from the chain cewtgite for the bipolaron both anions are at 0.5 nm fron
chain centefwith daa=0). Calculatedhole density as a function of site numbaarrespondingwith the
ground state of polaron and bipolaron are showB)raqd D), respectively. e electronic couplings se

to t, = -0.4 eV, and the vibronic couptins describedvith / 2=, W, =0.17 e\ When vibronic coupling
included, the basis set includes 2 and 4 particle states with v.
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Figure B. 9. Calculated A) polaron and €) bipolaron absorption spectrum for N=10 chains wit
vibronic coupling (blacksolid) and with the inclusion of vibronic coupling (biselid). For the polarc
the pointcharge anion is at T6 nm from the chain center while for the bipolaron both anions aré5
nm from the chain center (witha@+=0). Calculatedhole density as a function of site num
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Figure B. 11. The calculated IP asfanction of d\, for the single and multipolaron complexes
Figure31 (see chapter thre&r N=20with da, =0.75 nmand dna=0.4 nmin (A) with the inclusion ¢
hole-hole repulsion and®) with the exclusion of holaole repulsionThe electronic coupling is set
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Figure B. 12. Simulated absorption spectrum f&inglet vs Triplet bipolaron(d) and (C)) anc
tetrapolaron(B) and(D)) for N=14when anions arpositionedn a zigzag arrangement on opposite ¢
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el ectric

(C) and(D) anions are 0.5 nm away from the chain center.
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B. E5.genveJ¢1f(mrrstcb11’Fhacel spiMTrimpPel ay on with

Il n what foll ows, Weé hcopbederwhaiicths aa(reei t
covalently bonE@&iFoadnydmefror nkatciha slidecalr elpO MG
coupled to its i mmediate neitgh@dres | wical t H
functions for a tripolaron can be divided i
hol es | ocated on three de fef eer,enandsi (tieis) &
represemtwveidt hwia hsi ngle site hosting two ho
dication, and the other hole | ocated on a

descri bedsltadeeregmi mant to account for ferr

ansymmetric wavefunction. Fab aewidtnpdbe, | abe
Q the lewoecgl anddaetedef i ned as foll ows:
o ©pl P Gpl p Gpl p
. ——= Wq| ¢ Wwq| ¢ (PCT q
WA o 0 Go| o GOt o (B.12)
o @plp Opl p Qpl p
. — WC| ¢ @CT ¢ wCl ¢
WA o1 0 (ol o Go| o (B.13)
o @pl P opl p Qpl p
. — WCT ¢ WwCl ¢ wql ¢
WOA st ¢ (ol o Go| o (B.14)

Assumi ngahohsatts sa tssi ngl e hol e anbd the di
| ocale isgt adescri bed as:
o ©pl p Gplp Gplp

—— ©OG¢| ¢ WC|l ¢ WGl g
WA 6| 0 &o| o &of o (B.15)
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't must be ement iacnaled hbateigenfunctions
angul ar moment um, and our goal in this sec

states hawvifngea weliin quantum number .
The total spin angWrleadsnomentum operato

(B.16)
oy oy oYY Y'Y VY

i n whNarmthare t he t ozcaolmpsopnienn ta nodpietrtaivemrmnsd f or
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with their associated eigenfunctions as fo
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As can be seen, there are two doubl et

showne t Batal ready anYwliitghe ntfhuen cetiigeetmiveal ulea soifc

means s a doubl et state.

One can readily sh
e Do o (B.22)
e O T (824)

The matriexOeliesnenero since the spin of

si masdi m changes in ecompmadi ado@t® mgl yt i s
worth menthenHagmi t hani an-oddest ncootu pilnicnlgu d ea n
Pt owi | not couple a doublet state to a qu
° "O T (B.25)
O L1 (B.26)
O L1 (B.27)
Mor eover, t he Hamil tonian awidl,| nmeatni migx
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n whi ch
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B. 1E6i.genve-#1f«»|rsf«»—throlse|csi N Tetr@apoharon with

The same strategy can be'Yooedataeftirago
wi th min which we have four spin half hol es
are divided into three types of states: (I
sites presept,ede wi(tihi) states with a singl e
and two other holes | ocated on two other s
| ocated on two different¢ t®idrese addetrkremitrhan tp:
and do notdedfawesda swealnl quantum number. For
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APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER 4
C.1Bi polsAb®aoar pti on Spectra in the Absence

When the el el-%m;irmsE@.tQad;. Gehensengeghkonedi

energill:-aseo‘simply obtained by @podwapyyinngrith e
whi ch r esembliae btohxe waavretfiucnicet i ons whil e abi c

Prindhepl ener gi-psl arfon het athees are given by,

Y ek, =1,2,3,...N,

_ inter S kxp intra C 1
q<><’k)’ _2fh COS )(+l) +2h C y -H- :’ ky :1’2’3,“.’Ny ( ).

and so thatstoaft ea ibsi psoilnaprioyn t hoeng® U rorrabfm ttahles e
that are occupiTehderbey otritee Ott, vadk iheglgersound st a

singlet bipolaron reads:

- inter P intra 1%
Ee =26, 1 At COS{W) 4" Cosl\h (C. 2)

y

which corr es pomadawspited kas kdadtueb | wi t h

Figures C. 1A and C. 1B showcase occupanc

pol arons and bipoma-dBnabsaltpngsndesp-eber a,

di mensional -dilmdnswiotnhal t wo2 D) |l attices in
i nteractions. dmtidbDhaldaittt | gpeagll absdaitzhed y or ir
pol arized bands. Bi pol aron absorption from

a singl dupowat dn do,ubrl eefdl g anteiemeds wie hyda ml & sh e
bi pol aron' sWigrho utnhde sitradteaddke (higea o f Dbfortehe do
entitiegpotams msawedl|laraiszBllepmdmds zed band co
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to transi kifrtps st akrekt?et avthee,r e gpoltdarei zed ba
results from tk=darsls tt atoals2k=1 © tmaTtled-go | ar i zed
bandi n tohcicsurcsasaet, aektawee e€hergwterchain hc
smal |l er than it so i=ft. rledbc wd8Bi. M Sedu ntaer par t he
in the 2D xaaypaoliaor,i zbeodt hbands i n bipol ar on:

as tpataoget with doubled intensity

Figures C.1C and Cprbbhbdghtitityitr fomei oo

! ~ ~
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Figure C. 1. (a) Occupancy diagrams representing the ground states of pokardbgolonansn one
dimensional vs twalimensional latticem the limit of no electrostatic interactions. b) Calculgtethror

and bipolarorabsorption spectra far N=9 by N=10 latticeof thiophene unitst"™ and t™*" are set t

-0.4 eV and-0.15 eV, respectivelwith open boundary condition€alculated holgrobability density
distributionsassociated with the ground statepolaron and bipolaroas a function of site numbare
shown in parts (c) and (d) for oiémensional and twdimensional lattices, respectively.

pol aron and bipwoitBhount gebeodr ¢dtae teisicati nit @r
casedpopteheity is delocalized over t-he enti
abox character of the occupied orbitals. M c

charge distributions -melersslg-$ hat eéensities o
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C.2The Effect of Vibronic Coupling

This section delves intonvbevenhfethse af
guinoidal hmdseden wkigtelect@idvem tchheapdwhstdant i

basis set -segueradal ws if $d)d f wi2tDh bti lp® | ao mmlise t

Hamiltonian is not feasi bl e. Nonet hel ess,
coupling on |l ess complex hmuysanthsj osuzbdabi
(may) , within a 2D |l attice.

To il theteédfect ofweviprreosnanct cao uogpdchiRnagr i s o
spectra for single polarons, i oni neca HiDp ol
| attice, both with and without vibronic co
respectivel y. I n the 2D scenalriint,beadael arscres
and ionized bipol ar gmo wdiet hteo btahsd se xsped n esni

bi pol m®onsFi(gure C. 2C shows tohuep Isigndgd tfriodlrm ewi
species in 2D, and Figure C. 2D feexatl wrsd sv etlly

for pahdr oon®i zdad .RiDpol ar on

For al |l -pahrrteieclqgeusa,sivi broni-eneogpl ppgki be
0.2(e®¥ferred toi mstY affse)?atirdd?! tpacuaske s a bl ue s
pedlaka 0 BAs piesaks)ed mtuhnea § n Rotfudtehi s bl ue shi f
for polarons and ionized bipolarons in 2D ¢
in 2D becomes al momdti cae@li gihlamlte.i nTchirp or at
would minimally pddlkecBat B mpatyhinapeoshdfi ons

of -gheidf t e ds hainfdt é&d ukei pol aroni ¢c bands, as pre
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excludes vibronic coumpéamligy ugimoen sahyee ctnecd uts

vi bronic coupling.
@ ©
(b) ipeakBi (d)
perisz
peak A
peak A

Figure C. 2. (a) The ypolarized absorption spectra of polaromaf)y ionized bipolaron (fa), anc
bipolaron (k&) in a single chain (1D withy& 1 0 ) a s -stacksloflP3HT £hains (2D with &7
for ha; andhia, andwith Ny=9 for hap), when the vibronic coupling is neglected (a and ¢) as w
with the inclusion of vibronic coupling (b and &or the polaron the point charge anion is at 0.!
along the zaxisfrom thecentral chainwhile for the bipolaroranions are located on opposite side
the central chain @.5 nmalong the zaxis.When vibronic coupling is included, the basisag tc
2-particles with wa=4 for ha; andhia , and up to 4articles with wa=5 for hhae areincluded. The

electronic coplingsareset tot,"" = -0.4 eVandt"* = -0.15eVwith =2, and the vibronic couplit

is describeavith /2=1, 1, =0.17 eV
Further mor e, a comparison bet wteleen A/iBjur
peak irsatgsiogni ficantly higher feonrh a mheod ter a |
del ocalization in singlet bipolarehsgboimpga
| ower f or i otnh azne df dori ppod | aanrooenssh, a #i anetidh Ichad [adnig o n

hhandue to the presence of two dopant anions.
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