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conj ugat ed polyners, including for exanple pol ythi ophenes can be
conmbined with C60 fullerene to provide useful active materials in OPV
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June 13, 2006 to Laird et al., which is hereby incorporated by reference in its entirety.

BACKGROUND

A need exists to provide better materials and processes for organic photovoltaic (OPV)
devices. This is driven in part by ongoing high fuel prices and unstable fuel supply. OPV
devices can provide improvements over older silicon devices. See for example Perlin, John “The
Silicon Solar Cell Turns 50 NREL 2004; see also, Dennler et al., “Flexible Conjugated
Polymer-Based Plastic Solar Cells: From Basics to Applications,” Proceedings of the IEEE, vol.
93, no. 8, August 2005, 1429-1439. Global climate change is also a motivating factor. While it
is known that conducting polymers, or conjugated polymers, including for example
polythiophenes can be combined with C60 fullerene to provide useful active materials in OPV
devices, a need yet remains to improve device efficiency and other important PV parameters. In
particular, regioregular polythiophenes are of particular importance because of their nanoscale

morphology which can be applied to novel morphoiogies for solar cell applications.



and sol vates, salts, and m xtures thereof, wherein n is at |east one,
F* conprises a fullerene having a surface which conprises

si x-nmenbered and five-nenbered rings; and R conprises at | east
one optionally substituted, unsaturated or saturated, carbocyclic or
heterocyclic first ring, wherein the first ring directly bonds to the
full erene. Anot her enbodi nent provides a conposition conprising
a mxture conprising: (i) at |east one p-type material, (ii) at |east
one n-type material, wherein the n-type nmaterial conprises at |east
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derivative represented by: and solvates, salts, and m xtures thereof,
wherein n is at |east one, F* conprises a fullerene having a
surface wm%ggnconprises si x-menbered and five-nmenbered rings; and

and solvates, salts, and mixtures thereof,
wherein n is at least one,

F* comprises a fullerene having a surface which comprises six-membered and five-
membered rings; and

R comprises at least one optionally substituted, unsaturated or saturated, carbocyclic or
heterocyclic first ring, wherein the first ring directly bonds to the fullerene,

Another embodiment provides a composition comprising a mixture comprising: (i) at
least one p-type material, (ii) at least one n-type material, wherein the n-type material comprises
at least one fullerene derivative comprising at least one [6,6] fullerene bonding site wherein both
carbon atoms of the [6,6] bonding site are covalently bonded to a group R.

Another embodiment provides a composition comprising a mixture comprising: (i) at
least one p-type material, (ii) at least one n-type material, wherein the n-type material comprises

a fullerene derivative comprising at least one fullerene covalently bonded by [4+2] cycloaddition

to at least one derivative moiety.



R conprises at | east one optionally substituted, unsaturated or
saturated, carbocyclic or heterocyclic first ring, wherein the first
ring directly bonds to the fullerene. Anot her enbodi nent
conprises a nethod of making a composition conprising a m xture
conprising: (i) providing at | east one p-type material, (ii)
providing at | east one n-type material, wherein the n-type materi al
conprises a fiillerene derivative represented by: and sol vates,
salts, and mi xtures thereof, wherein n is at |east one
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vari ety of active la can be tune arti
applications, inproved device Ilfetlne, and i nproved naterlal and
devi ce processability. BRI EF DESCRI PTI ON OF DRAW NGS Figure | shows a
typi cal cogﬁﬂﬁtive pol ymer photovoltaic (solar cell).
- n
and solvates, salts, and mixtures thereof,
wherein n is at least one,
F* comprises a fullerene having a surface which comprises six-membered and five-
membered rings; and
R comprises at least one optionally substituted, unsaturated or saturated, carbocyclic or
heterocyclic first ring, wherein the first ring directly bonds to the fullerene.
Another embodiment comprises a method of making a composition comprising a mixture
comprising: (i) providing at least one p-type material, (ii) providing at least one n-type material,

wherein the n-type material comprises a fullerene derivative represented by:

F*-(R)q

and solvates, salts, and mixtures thereof,
wherein n is at least one,

F* comprises a fullerene having a surface which comprises six-membered and five-
membered rings; and

R comprises at least one optionally substituted, unsaturated or saturated, carbocyclic or

heterocyclic first ring, wherein the first ring directly bonds to the fullerene.



Figure 2 shows inproved performance with C7OPCBM ver sus C60OPCBM
Figure 3 provides AFM i mages for C60OPCBM P3HT versus C7OPCBM P3HT
prepared in dichl orobenzene. G rcles denote phase separation in
C60PCBM system - these domains are absent in C7OPCBM active | ayer.
Figure 4 provides photovoltaic data for devices conprising indene
derivatives conpared to a control. DETAILED DESCRI PTI ON | NTRODUCTI ON
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at an aromatic carbon atom "Aryl" refers to an aromatic carbocyclic
group of from®6 to 20 carbon atons having a single ring (e.g.,
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furan or tetrahydrofuran, pyrrole, tetrahydropyrrole, pyran, and the
| i ke. The tqfpn het erocyclic includes heteroaryl groups where
"heteroaryl"” refers to an aromatic group of from1l to 20 carbon atons
and 1 to 4 heteroatons selected fromthe group consisting of oxygen,
nitrogen, sulfur, --5(0)--, and --S(0)r- within the ring. Heteroaryls
i nclude pyridyl, pyrrolyl, indosrAJLEDESCRIRYION and fury!.
"Alkyl" refers to straight chain and branched al kyl groups havi ng
from1l to RORODUCTIONtSDEFINITIONSOM | to 15 carbon atons, or fromlto
10, or froml to 5, or fromlto 3 carbon

“Optionally substituted” groups refers to functional groups that may be substituted or

unsubstituted by additional functional groups. When a group is unsubstituted by an additional
group is may be referred to as a group name, for example alkyl or aryl. When a group is
substituted with additional functional groups it may more generically be referred to as substituted

alkyl or substituted aryl.



WD 2008/ 018931PCT/ US2007/ 010533 atons. This termis exenplified by
groups such as nethyl, ethyl, n-propyl, iso-propyl, n-butyl, t-butyl,
n- pentyl, ethyl hexyl, dodecyl, isopentyl, and the I|ike.

"Substituted al kyl" refers to an al kyl group having from1 to 3, and
preferably 1 to 2, substituents selected fromthe group consisting of
al koxy, substituted al koxy, acyl, acylam no, acyl oxy, am no,
substituted am no, am noacyl, aryl, substituted aryl, aryloxy,
substituted arylo cyano, halogen, hydr oxyl, nitro, carbox
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al kenyl groups haV|ng from1l fo 3 substituents, and preferably Tto 2

subst i t uenfeiected b GltRFer bRFL, BRfugl - RUD)-CRASEES)I- nﬂltlﬁ‘rfl the kK@ XShch heterocyclic
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aryl oxy, cyano, hal ogen, hydroxy nitro, carboxyl, carboxyl esters,
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heteroaryl, heterocyclic, and substituted heterocyclic with the
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tetrahydrofuran, pyrrole, tetrahydropyrrole, pyran, and the like. The term heterocyclic includes
heteroaryl groups where "heteroaryl" refers to an aromatic group of from 1 to 20 carbon atoms
and 1 to 4 heteroatoms selected from the group consisting of oxygen, nitrogen, sulfur, --8(0}--,
and --§(O);-- within the ring. Heteroaryls include pyridyl, pyrrolyl, indoiyl, thiophenyl, and
furyl.

"Alkyl" refers to straight chain and branched alkyl groups having from 1 to 20 carbon

atoms, or from 1 to 15 carbon atoms, or from 1 to 10, or from 1 to 5, or from | to 3 carbon



"Al koxy" refers to the group "al kyl-O" which includes, by way of
exanpl e, met hoxy, ethoxy, n-propoxy, iso-propoxy, n-butoxy, t-butoxy,
sec- but oxy, n-pentoxy and the like. "Substituted al koxy" refers to
the group "substituted al kyl-0-". "Acyl" refers to the groups
H C(0)-, alkyl-C(0)-, substituted al kyl-C(0)-, al kenyl-C(0)-,
substituted al kenyl -C(0)-, al kynyl-C(0)-, substituted al kynyl -C(0) -
cycloalkyI-C(O)- substituted cycloal kyl -C(0)-, aryl-C(0)-
substituted ar Cép[3 , heteroaryl - CXO) substituted
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hydr oxyl, nitro, carboxyl, carboxyl esters, cycloal kyl, substituted
cycIoaIkyImﬁhakaynamyhﬁogmb@imtﬁhed het eroaryl , heterocyclic, and
substltuted heterocyclic. "Am no" refers to t he roup - NH2.
"Substituted artBybstitutedplispy refert fadheggrannsubsiRa e al & R and R' are
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preferably 2 to 4 carbon atoms and having at least 1 and preferably from 1-2 sites of alkenyl

unsaturation. Such groups are exemplified by vinyl, allyl, but-3-en-1-yl, and the like.



WO 2008/ 018931PCT/ US2007/ 010533 al kenyl , al kynyl, substituted

al kynyl, aryl, substituted aryl, cycloal kyl, substituted cycl oal kyl,
het eroaryl, substituted heteroaryl, heterocyclic, substituted

het erocyclic and where R and R' are joined, together with the
nitrogen bound thereto to forma heterocyclic or substituted

het erocylic group provided that R and R' are both not hydrogen. Wen
R is hydrogen and R' is alkyl, the substituted amno group is
sonetinmes referred to herein as al kylam no. Wien R and R' are al kyl,

the substitWee'H NSRS group is sonetines referred to HeYERN7/HE3S
di al kyl f to the -N 0) al kyl
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-C(0)0-al k L“Phééﬁléﬁﬁﬁgﬁ%ltu;ed al kyl , - C(Q)Oaryl and

-C(0) O- substi erein al kyl, substltuted aIkyI aryl and
substituted ar ykgﬂfog. l%fegqgfﬂl“ OQ,P 5| Rat in dcé gal kox%xmn;,fl‘ p{lesno)t(y(,)
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group -0- substltuted et eroary
ethoxy, n-propoxy, iso-propoxy, n-butoxy, £-butoxy, sec-butoxy, n-pentoxy and the like.

"Substituted alkoxy" refers to the group "substituted alkyl-O-".

"Acyl" refers to the groups H-C(O)-, alkyl-C(O)-, substituted alkyl-C(O)-, alkenyl-C(O)-,
substituted alkenyl-C(O)-, alkynyl-C(O)-, substituted alkynyl-C(0)- cycloalkyl-C(0)-,
substituted cycloalkyl-C(O)-, aryl-C(Q)-, substituted aryl-C(0)-, heteroaryl-C(O)-, substituted
heteroaryl-C(0O), heterocyclic-C(O)-, and substituted heterocyclic-C(O)- wherein alkyl,
substituted alkyl, alkenyl, substituted alkenyl, alkynyl, substituted alkynyl, cycloalkyt,
substituted cycloali;yl, aryl, substituted aryl, heteroaryl, substituted heteroaryl, heterocyclic and
substituted heterocyclic are as defined herein.

"Acylamino” refers to the group -C(O)NRR where each R is independently selected from
the group consisting of hydrogen, alkyl, substituted alkyl, alkenyl, substituted alkenyl, alkynyl,
substituted alkynyl, aryl, substituted aryl, cycloalkyl, substituted cycloalkyl, heteroaryl,

substituted heteroaryl, heterocyclic, substituted heterocyclic and where each R is joined to form



WO 2008/ 018931PCT/ US2007/ 010533 "Het erocycl yl oxy" refers to the
group -0-heterocyclic and "substituted heterocyclyloxy" refers to the
group -0-substituted heterocyclic. "Thiol" refers to the group -SH.
"Thioal kyl " or "al kylthioether” or "thioal koxy" refers to the group
-S-al kyl. "Substituted thioalkyl" or "substituted al kylthioether" or
"substituted thioalkoxy" refers to the group -S—substituted al kyl .
“Thi ocycl oal kyl " refers to the groups -S-cycloal kyl and "substituted
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wherein alkyl, substituted alkyl, alkenyl, substituted alkenyl, alkynyl, substituted alkynyl,
cycloalkyl, substituted cycloalkyl, aryl, substituted aryl, heteroaryl, substituted heteroaryl,
heterocyclic and substituted heterocyclic are as defined herein.

"Alkynyl" refers to alkynyl group preferably having from 2 to 6 carbon atoms and more
preferably 2 to 3 carbon atoms and having at least 1 and preferably from 1-2 sites of alkynyl
unsaturation.

"Substituted alkyny!" refers to alkynyl groups having from 1 to 3 substituents, and
preferably 1 to 2 substituents, selected from the group consisting of alkoxy, substituted alkoxy,
acyl, acylaming, acyloxy, amino, substituted amino, aminoacyl, aryl, substituted aryl, aryloxy,
substituted aryloxy, cyano, halogen, hydroxyl, nitro, carboxyl, carboxy! esters, cycloalkyi,
substituted cycloalkyl, heteroaryl, substituted heteroaryl, heterocyclic, and substituted
heterocyclic.

“Amino” refers to the group —NH;.

“Substituted amino” refers to the group -NR'R" where R’ and R" are independently

selected from the group consisting of hydrogen, alkyl, substituted alkyl, alkenyl, substituted



"Conj ugated polyner" refers to polyners conprising at | east sone

conj ugat ed unsaturation in the backbone. "A pol yt hi ophene" or
"pol yt hi ophene" refers to polyners conprising a thiophene in the
backbone i ncl udi ng pol yt hi ophene, derivatives thereof, and copol yners
and terpolynmers thereof. "Regi oregul ar pol yt hi ophene” refers to
pol yt hi ophene having high | evels of regioregularity including for
exanple at |east 80% or at |east 90% or at |least 95% or at |east
98% or at |east 99% It is understood that in all substituted
groups defi nEY2YHYFE! pol ymers arrived at by defi ni ng"SHBS %A s

e e M el SRSt R AR Bk,
SUbSL 1 1 S D UL o B ok B0 bR
bsti i Th i h h of ..th .
Ry SRR S T ER RN TR SRS

b tt t d : ¢ ] j t v’ b i t A b i d
Tt R e S
b d f it t. . H | . . . ' .
ubst 1 1 ut i DR bR Lo RS B REHAP AT BRI B R e s
hyd t : A eni & ti :
Such i nper ik PR TR PoR i SRR @RS Ly faklahin B O

skil| ed ar ti sany,Chhoh et Fndi38shaRkOl0JR) nHelo B gkl ove.

unl ess the cont ext es c erences cited herein

ar e i noor pRRYSH IR L RREMS LRt Gk BN MR Wpalkeny), S0l ar cel I's

are descri be or “exanp Hoppe an ariciftcr, "J. Mater. Res.

Vol . 19, Nerclo)sbislitieed Wyl LARECH Atbhy1, WoR G uBstiBLERYmINCOr por at ed by
Vot orence RGO g the fiyg’ures@ A D B D0, 30533

Figure 1 iNmmﬁaﬁ,%R@@b}ﬁb@tﬂﬂ@@mm@qg?}ﬁw%xmﬁt@ﬁbmméﬁ{etm,-_

See al so for exanple Dennler et al . exi bl'e Conj ugat ed
Pol yrer - Bagrd(dtha@sdyGlicofdanr Ead)bibstitite ORBtBaRghlfeSvHeR RBRYdréh b | and
Pr oceedi ngs ogﬂ%he FEEE, voléﬁ§3, no. 8, August 2005,§1%%9-14 9,

i ncl udi ng Fheddi 8%yl Aubutithtdl alkyR aIkenS sifsGilicl B1kEnyT, akydy0sutlshRited lkatyl,cel |
can be used, including inverted solar cells. Inportant el enents

i ncl ude t hgcREkyIVRbItANEY cycladikyded SubstitutAlA0 teteroaRy sibstRutBd hdtaddLyll O
support the larger structure. In addition, a hole injection |ayer can

be used, amgtrandicand substRutediRthrddyelitiarihs defied Beréian be used. The active
| ayer can conprise a PIN conposite including a P/ N bul k
het er oj unct i on.“Chivexil'otefegstb RQOOHIe Etta demf.descr i be photovol taic
mat eri al s and devi ces:
“Carboxyl esters™ refers to the groups —C(0)O-alkyl, —-C(O)O-substituted alkyl, —
C(0)Oaryl, and —~C(O)O-substituted aryl wherein alkyl, substituted alkyl, aryl and substituted
aryl are as defined herein.
"Cycloalkoxy" refers to -O-cycloalkyl groups.
"Substituted cycloalkoxy" refers to -O-substituted cycloalkyl groups.
"Halo" or "halogen" refers to fluoro, chloro, bromo and iodo.

"Heteroaryloxy" refers to the group -O-heteroaryl and “substituted heteroaryloxy" refers

to the group -O-substituted heteroaryl,



US Pat ent Publication 2006/ 0076050 to Wllians et al., "Heteroatomc
Regi or egul ar Pol y( 3- Subst it ut edt hi ophenes) for Photovoltaic Cells,"
(Pl extronics) which is hereby incorporated by reference including
wor ki ng exanpl es and draw ngs. US Patent Publication

2006/ 0237695 (Pl extronics), "Copolynmers of Sol uble Pol y(thi ophenes)
with I nproved El ectronic Performance,” which is hereby incorporated
by reference including working exanples and draw ngs. US Patent No.
7,147,936 to Louwet et al. I n addition, US Patent Publication
2006/0175582”9ﬂBW@3$hjection/Transport Layer Canosit?Qﬁ%@m@H@°”3

De " descrihes h t Leshnpl ogy., (Plext )

Cov cos” S g e L5 o B 5SRO A e,
dd HER THAN THE ACTI VE LAYER

A oy et iR *?ffzfﬁ&f%’g B e AV

El ect r odes, are known in the art for
photovoltalc de S or anpl e, Hoppe et al. article cited
above. Known el )éfé'? & ersg%?‘ee?ouzfl gécan be used. WO

2008/ 016931 PCTL SRR g LR ARSPA Sk ORAOh e, G dggycan be

used. Transparency or a feurar Sap i on. For

exarpl e, the angge;sanys, uyﬂ%} hggssa hﬂed%géyglﬁa?d} Db ULl bR YRR LSS

on a substrate es-can be eX|b

desi red, hagl e ol e transport |ayers can be used. An H L
(RS0 -

| ayer can rexa PSS as known in the art. See, for

exanpl e, Hoppe "ﬁﬁm?glbalﬂgjlt’ ePdrEto Gl ;ﬁ&g%%g:ﬁ'aaalwq gul‘}sﬁxggzth%cy\/g)aﬁcg]"

MATERI AL tive ayer Ise at | east one p-
material, apgdhe ol 'égﬁaﬂamﬂakbm ive n-type materials can be used

in conblnatlon W t arious p-type aterials. The advantage of some

erbodi ment s of g AYRAL o dsup! 8ty LBCKDURGLE SIEDF SeiSBlhnd Boun -

derivatize the fullerene can n based on t cal cul at'ed LUMD
level or thgarateiliated electron affinity. The goal in these
enbodi nents can be to maxim ze the difference between the LUMO | evel

of the n-type Wl'ﬁ}bhetté?@ar}}'rlqy@ré S HR! 0% g-ﬁ\’.@er@dr}lw’su%ﬁfu{e@ tﬁ&ﬂeiel‘oaryl" refers

mai nt ai ni ng photo carri‘er generation within the active-l ayer.
to the group -S-substituted heteroaryl.

"Thioheterocyclic” refers to the group -S-heterocyclic and "substituted thioheterocyclic”
refers to the group -S-substituted heterocyclic.

“Salts” are derived from a variety of organic and inorganic counter ions well
known in the art and include, by way of example only, sodium, potassium, calcium,
magnesium, ammonium, tetraalkylammonium, and the like; and when the molecule
contains a basic functionality, salts of organic or inorganic acids, such as hydrochloride,
hydrobromide, tartrate, mesylate, acetate, maleate, oxalate and the like.

“Solvate™ refers to those forms of the compounds which form, in the solid or
liquid state, a complex by coordination with solvent-molecules. Hydrates are a specific

form of solvates in which the coordination takes place with water.
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The p-type material can be an organic material including a polyneric
material, although other types of p-type material are known in the
art. For exanple, the p-type material can conprise a conjugated

pol ymer or a conducting polyner, conprising a polynmer backbone havi ng
a series of conjugated double bonds. It can be a honopol yner or a
copol ynmer including a block copol yner or a random copol yner, or a
ter pol ymer. Exanpl es include pol ythi ophene, polypyrrole, polyaniline,
pol yfl uorene, pol yphenyl ene, pol yphenyl ene vi nyl ene, and derivati ves,
copol yners, ‘E%g’%%g?hres thereof. The p-type naterlaI”HEﬁﬂwaﬂﬁ??se a
conj ugat ed poly I, solﬁgle Qr |spe{5|ble i n,organi c sol vent or

wat er. Conj ugat ?PJ'}% referyioelymees qomprsing at lgsshipmegonusald

Skot hei m Handbook 8T gggductlng Pol ymers, Yd Ed. (two vol), 2007;

Mei jer et UBEFBERR BEEEERBET US2007/ 010533 al ., Material s Science and

53?1”3?22”9’2002 R A AR P@ﬁﬁe'r%wﬂf%aé %Eﬁgs&th%f

Z; earg". ffyelr SacRoo B kR Gpa T 4Dt iy @F&%&‘E@%"Eﬁ?ﬂ’%ﬁ%f%@ ; easgtﬁwqt%h
R, F

il shae or Lupgg%fﬁ%%gﬁwﬁi°ﬂw§yf%ﬁé% %@?ﬁgﬁs %%v'neawﬁie'y%? Eéﬁﬁ e

li k
Wlhl gh conp¥ F]oregul?nqucfuge n%%or ?xag}])aceong: g@ ﬁXt(';[E stSQ(SJ%n o gag eé% 53% lgas rs
non- conjugﬁﬁﬁgrgg%mggg segnents, or a conblnatlon of a first type of

conj ugat ed ségnen d a second type of conjugated segnent For

exarrp! e, these Itq?ﬁhdgrfs:toé(ﬁ@m %(u%g t&%d éﬁ)pg‘deﬁsﬁgﬁ ubdle ve, Jpo ém%re%[ng rEBaék and

wher ei n, for exa

Block. o B amHE] gﬁ&eﬁgé@ﬁ%ﬁ%ﬁ%%ﬁ%%ﬁ%s%ébﬁfbﬁgﬁed oLt N
hon- conj ugﬁaw@ga%bséiméu f%‘r&ﬂ) a@laQ%tnﬁ%\?wH%h s Ueel £ 0 te%dm [0r gani c

pol ymer bl oc an i1 norg c polyner or a

or gani c- i NGk AANECarAYPRk:.) %%&nkeﬂ&édqﬁhﬁmfo%e@eﬁagm& Q&i«g' thd ON

pol ynmer bl ock or cofidehsat’i on polynmer block inclu or exanpl e

t her mopl asthGmb RERLR bt daa{ WBRfunts I@s%ﬁé@' ﬁa‘at 0% samhtye%aﬂ R URIbove
pol yesters, PET, and the |ike. Block copolynmers are described in, for

exanpl e, USARAbRNE coraifd 602197 Atioh GalVesPuk fub&tatdd aryl Pat ent
PubllcatlonlNo 20%6/8%7Sgg7lt6 ﬁtcﬁl ouéﬁﬁgg al : a?l%ﬁ@%&%ecenber

14, 2006, mﬁ&@mL@ﬂﬁf@eﬂ&zﬁgmﬁﬁhéﬁawh¥mkﬁ&ﬁﬂﬁﬁ@e in ltS entirety.
In particular, polythiophenes and derivatives thereof are known in

the art. They Gahilahg, i iRRAlYIMEEHhOHOSORAYIGR 2fe not Mehaiditd@clioCk
copol yners. They can be sol uble or dispersible. They can be

r egi or egul ifpernlidibpasbstiGiibdpatte@plel g) MctHyysubsinaéd Witk £flrord deOupY or Froxyl
optionally substituted al kyl -substituted pol yt hi ophenes can be used.
| n parti cugraup alphe g alteagid @ bcepdnydunianpitpne Suctimpbeitdbrdubsintdessatthed
in for exanple US Patent No. 6,602,974 and 6, 166,172 WD
20081018934 &l xis20 0rthe 408 artisan. McCul | ough et al ., as well as
McCul l ough, R D.; TristramNagle, S.; Wllianms, S. P.; Lowe, R D ;
Jayaraman, M DtheArmmGheahherdSone dd@eBss fdllohs, uhB:iOthe ¢antekmlkikagelear otherwise.
honmopol ynmers and bl ock copol yners. See al so Pl extronics (Pittsburgh,
PA) commer ci al Aprefengudes cite§btraiblars indokpptated p cefabrco inythandnsteint ut ed

pol ymers and copol yners can be used including pol y(3-hexylthiophene).
O her exanpl es Selarcelieare gaseribed in fuSxRaple Hopreesd S&icifioi/ Ieraked., Hol 0L N8 37
to Kochemet al. US Patent Nos. 6,454,880 and 5,331, 183 further
descri be abvily@004alpas-4945, which isbercbinesrnpnatesbiy atferenne inglsiding dhedisores ed
materials can be used in the stack to facilitate processing.
Addi ti onal exanples of p-type materials and pol yt hi ophenes can be
found in WD 2007/011739 (CGaudi ana et al.) which describes polyners
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The active layer can conprise an n-type material conprising at | east
one fullerene structure. Fullerenes are known in the art. Fullerenes
can be descri bed as spheroi dal carbon conpounds. For exanple, the
full erene surface can present [6,6] bonding and [6,5] bonding as
known in the art. The fullerene can have a surface conprising

si x-nmenbered and five-nenbered rings. Fullerenes can be for exanple
C60, C70, or C84, and additional carbon atons can be added via
derivative groups. See for exanple H rsch, A ; Brettreich, M,

Ful | erenes: WRPEEPY and Reactions, WIey-VCH Ver| agtCHAEFRARIH
2005, which is hereby incorporated by reference including teachings
for fullerene rfea%bﬁ%raﬁe%soaﬁa%wm%fa§°n\t9&tﬂqnela%9¥a§°§ih 6?? alsp 4oy gran
reactions (Chapter , nucleophlllc addltlons Chapt er

cycl oaddi t awéer eichaj f‘éfb ezﬁomugm §e‘é§7¥femcﬁ3§38 to
hydr ogenati on ( Chapt e di cal ?dlt ons (Ch%ﬁ i transition
et al conpﬁeeéwft&nﬁatpf%ﬁpd(n@]%f&ee‘ﬁﬁ?)VO S%indah Ay 5’rlé§% 438 riaclyding,

el ectrophiles (Chapter 8), hal ogenation (Chapt regi ochem
(Chapt er 1Bguret dtder %ﬁ.ﬂfﬁbl&%tureéfpr&malﬁ{ @t 0%11*)8 “S‘Hi)e’t“é‘?"‘ilif‘%!“?’%'?eéﬁ‘z
(Chapter 12 and hlgher fiff|lerenes ( g&t é Met hods descri bed
herei n can‘¥e liweran gemsniyingudehe th‘lell‘é’F’é angds, p Gathqdg.and 2 SRpstAiRfQ sprport
In partlculaéllr the active | ayer can conprise at |east one

mat eri al 85T FUehEs- An adfpienrdile i Wention s ey dised, and oge pr %%%coyngﬂmmg
derivatized fifflerene_or fiillerene deri ive. .The der

conpound cgﬁerwnﬂvsime TR ey B GUTo R o R P DLl
fullerene,! "fullerene derivative" as used herein, can be used

|nterchang@§%99m§ﬂﬁ can be for exanple fullerenes conpr|5|ng, from
Ito 84, or Ito fromone to

ten, or from or?é‘olfod °‘§’l“§ i 3?“#?%?5“@1?131’0?0 01?*?/’8”6’%’} alnﬁ)g 'G¥ie to three
e e P I8RO B s B BT R P e
ot oast ohd eswiﬁ%éﬁd%ep%%".%ﬁaf&%%%l@%%%ﬁ%s%%%é&%%@?ﬁéﬁ%%% 010533
sol vatos, - ERPerAEplEg ed”a;‘iﬁéﬁfhﬁ?&a&ﬁ*sé%@Hﬁﬁ“%eit Voast oner
US Patent Publication 2006/0237695 (Plextronics), “Copolymers of Soluble
Poly(thiophenes) with Improved Electronic Performance,” which is hereby incorporated by
reference including working examples and drawings.
US Patent No. 7,147,936 to Louwet et al.
In addition, US Patent Publication 2006/0175582 “Hole Injection/Transport Layer

Compositions and Devices” describes hole injection layer technology, (Plextronics) which is

hereby incorporated by reference including working examples and drawings.
DEVICE ELEMENTS OTHER THAN THE ACTIVE LAYER

Electrodes, including anodes and cathodes, are known in the art for photovoltaic devices.

See, for example, Hoppe et al. article cited above. Known electrode materials can be used.
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F is a spheroidal fullerene having a surface which conprises

si x-menbered and five-nenbered rings; and R conpri ses at | east
one optionally substituted, unsaturated or saturated, carbocyclic or
het erocyclic first ring, wherein the first ring directly bonds to the

full erene. Forrmula (1) represents an enbodi ment wherein C60 is
bonded to n R groups, and the bonding is generically represented. (1)
WO 2008/ 018931PCT/ US2007/ 010533 The first ring can be

substituted. The first ring can be not substituted. The first ring
can be an uMéAi¥UR%Y ring. The first ring can be a s&TUFHEYY? ng.

The first ring can be a carbocyclic ring. The first ri can be a
het er ocyc|§ransparey conductive oxplgs ogrf beised, {Trag egn I;I?Iadtﬁth‘I @’ﬂ%{?ar@”u ar
substituted four-nenbered, five-nepbered,, or.. Si X- ed ring. It
can in par@Ppliqion FReexampisdhs A 9o bephium;tio oxide ‘?ﬁI‘g&%ﬂ"é{Iﬁ‘g’Pg’aﬁg%ﬁg.
The R group, can further conprise a.second ring which is bonded to or
fused wit IFupsyates F?bé?at?sicﬁbpe%éems%@aﬁd ring can be optionally

bsti d. in f I '
< Tused Lot nd deRpdmee igpion St ho o RGP oy et R Rt SR
the full : le, the R I I
Fur 1 or ene Bpoile PADOTFENE GRuit ot SHhao Rugin RSy BLerbab et Ry

bonded to the fullerene by one or two coval ent bonds, including two
coval ent bonds, including by two carbon-carbon bonds. The R group can

be bonded f by a coval ent bond to one atomin
the R gro&&T%%%F'aﬁ§@ﬁé%ﬁgroup can be bonded to the fullerene
surface by covalent. bonds to t ong i r - t Y
inthe Rgr oup%%?fhé%aﬁg “The™P IIII%IagIIBaeSggne gﬁﬁ%gatgﬁﬁ élrg&é'tﬁ? ﬁJIIII(IS“eaac va@%ﬁgf,
or can be separated by from -her QT Bial R
group. The' fa?t%‘hags c(%?a%e Sgglélg\g/'g ‘E%I%I;II’(‘;‘EB%’S%"'IY@*’ &ﬁtgﬁgﬁlﬁhg%enea%é}f%av&

bon- . CEE] e
carbon- car Pn%&d#n%ﬁ% 3f tg%mger{t:;?lfl {:s élﬁ)g)g ?ub%,tﬁrge@%su %Z(I) lideRBkize the fullerehlf Ean be

full erene can conpri n rene can conprise at

I east one &%gén%gsteh ¥t I&ﬁ&@atéﬁcﬂlﬁﬁé 18 of II[% cglI:I.IleItQI e@é@ﬁorpﬁﬁf-li@e S{'hI:?goal in these

embodiments can be to maximize the difference between the LUMO level of the n-type with the
HOMO level of the p-type, while still maintaining photo carrier generation within the active
layer.

The p-type material can be an organic material including a polymeric material, although
other types of p-type material are known in the art. For example, the p-type material can
comprise a conjugated polymer or a conducting polymer, comprising a polymer backbone having
a series of conjugated double bonds. It can be a homopolymer or a copolymer including a block
copolymer or a random copolymer, or a terpolymer. Examples include polythiophene,
polypyrrole, polyaniline, polyfluorene, polyphenylene, polyphenylene vinylene, and derivatives,
copolymers, and mixtures thereof. The p-type material can comprise a conjugated polymer
soluble or dispersible in organic solvent or water. Conjugated polymers are described in for

example T. A. Skotheim, Handbook of Conducting Polymers, 3™ Ed. (two vol), 2007; Meijer et
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For exanple, fullerenes can be derivatized with electron w thdraw ng
groups or electron rel easing groups. Electron w thdraw ng groups and
el ectron rel easing groups are known in the art and can be found in
Advanced Organic Chemistry, 5th Ed, by Smith, March, 2001. WO

2008/ 018931PCT/ US2007/ 010533 The el ectron w thdrawi ng group can
be attached directly to the fullerene cage or via nethano-bridges
simlar to the PCBM structure. The el ectron donating group can
be attached directly to the fullerene cage or via methano-bridges
simlar to tWe2s¥BRtructure. Ful | er enes can b@“ﬂ@??&%@:ﬁed to

ot oved: 2%2%@%?5@#3?%93 aberige s Qi i Kime B A P dbd
POt or one. 3051 3bed B0 e Suiafive plerd SE PR Re Toruhir et St caa,
oDt ol | PR i e & oo TR PORRINT Do SR Lt Grerr

opt Lonal | SSUBE Fer R o T embmefo S S A
ot i onal 1 yvEhRHsHEEE dbfﬁit'rdedﬁ%” o1 st Pt F%dﬁ%‘ﬂ?gs;é Lhaﬁﬁfte foreas ™
oy y'phenﬁne e*ay?qﬂa‘fnﬁyfrmpnaﬁ.ca%aimﬁ bnd B@elf o GResr SR é{}%n%%%gwt V"

The value n ca n. be from

Bhe oo 117 bR LS Rihgd o Eiiensl n°5~?°wgsi%5'e iRt F pshfibaion g
I'n one enbg Ifﬂ?tn{pc%f conjulgat(e)cigegmgnt anid se ﬁgﬁ? QP c%n;ué%e% SF%nen§ l‘for (r)%gi]mlail:e,(r)reﬁt

In one ermbodi one e

nis 3 C}]nese cjf] s%m? }:@ Ba x& Qle IKB 'ré])fs ens W&efnsfo?&g{ﬁlﬁl?agnk Xlogkuspt)lch

substitute eas one SU Stl

consi sti ng,of 1s®{:g%9%%¥e’d bR hnd aﬂ&ﬁér%‘c%‘% ls% on-?olnj}%ét%fi b'i{xl{g i,;f ut ed

al kyl, al koxy Ituted al koxy, stlt

al kynyl , sm&ﬁ&in@ufo@@ cﬁ#éﬁxaytkly, A HGk Asm%taaﬁ ué c%q gma*%eﬂa} LRGN or

aryl, substltuted ary yl Oxy, substituted ary
insulating block can be for example an organic polymer block, an inorganic polymer block, or a

hybrid organic-inorganic polymer block including for example addition pelymer block or
condensation polymer block including for example thermoplastic types of polymers, polyolefins,
polysilanes, polyesters, PET, and the like. Block copolymers are described in, for example, US
Patent No. 6,602,974 to McCullough et al., and US Patent Publication No. 2006/0278867 to
McCullough et al. published December 14, 2006, each incorporated herein by reference in its
entirety.

In particular, polythiophenes and derivatives thereof are known in the art. They
can be homopolymers or copolymers, including block copolymers. They can be soluble or
dispersible. They can be regioregular. In particular, optionally substituted-alkoxy- and
optionally substituted alkyl-substituted polythiophenes can be used. In particular, regioregular

polythiophenes can be used as described in for example US Patent No. 6,602,974 and 6,166,172
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WO 2008/ 018931PCTAI S2007/ 010533 cycl oal koxy, substituted cycl oal koxy,
car boxyl, carboxyl esters, cyano, thiol, thioal kyl, substituted

t hi oal kyl, thioaryl, substituted thioaryl, thioheteroaryl,
substituted thioheteroaryl, thiocycloal kyl, substituted

t hi ocycl oal kyl, thioheterocyclic, substituted thioheterocyclic,
cycl oal kyl, substituted cycloal kyl, halo, nitro, heteroaryl,
substituted heteroaryl, heterocyclic, substituted heterocyclic,

het er oaryl oxy, substituted heteroaryl oxy, heterocyclyl oxy, or

substi t ut ed We8YHEYEI yl oxy, or conbination thereof. PCT S2007/40%5

?ﬁé’ﬁ'e.”e”ttoﬁﬁ?awﬁﬁd%iﬁl‘%ﬂ'a?@elm”&"{3 R i Sl sahi e

is 4 and d di d R d
one enbod TR EshATRCh e rdagn 1131910, R SuleRalRRERR o o,

b I | y bond d
aFt F?xgés\?‘%’? YIE’%PI eﬁagio fﬁf’ﬂﬂmcé cﬁ%’ du®°£ﬁn )é FX ‘:{él(:t?n%j Iubcf’ ffl aﬁ‘-::Z]
Al
T the. ar (IR RRRMISAAT AS A B dut’ et FAE kR Re ﬁ5*§<3%g§ﬁé%'eﬁe>‘e> o
produce a gl AEAREIGHLL Lo in BRGalAINEXOIRLE A142E o6t DA, o

Chenlstry eac |ons an|sns

(o0, ”°'*“*'én"ﬂa%?%“‘*sﬁ@%a?mq%bFﬁ‘f@&eﬂ% A" Chem ha Edb°”ds

Engl . 1993, 32 sn@ '
o- qU|nodlnethaﬁ8$8%é%§§%égto ph S%ﬁ%%%hggﬁ%%hggﬁcgﬁégggf§§ﬂ¥%%
&Benne ang%£g§; erivative noiety); and Puplovskis et al., Tetrahedron
Letters 5- 288, 1997 285- 288 (showi ng reaction of C60 with
C9 indene to foy Bl %ﬁ&%ﬁgaﬁa aytmaawhwcmeefe&m% he

derivative nD|ety tion rea t|0n can result in reaction

at the [6, ﬁimfovHs@t@ﬁ@aal%oeﬂgl)%mraés%nseaw%e& hmg[n@onébe@%i%@wb@nds

Cycl oaddition reactions are ‘described in"detail 1n Chapter 4, pages

101- 183, Oéxaingl% Subdiiffedd, 55;%&&1%@%&%:%&%'v@ﬁ&n%eb%ﬁmpssa{eubﬁnd
Reacti ons WO 20 8/°018931PCT1US2007/ 010533 One exanpl e

of a fiillgfpMmee Hok bMRd MBlubifg AAmiIRIene derivative. In addition,

i ndene itself can be derivatized. Fullerene can be derivatized by
met hods described in for exanple Belik et al., Angew. Chem Int. Ed.
Engl ., 1993, 32, No. 1, pages 78-80, which is hereby incorporated by
r ef er ence. AGHIVE DepEX Ndeg@E MBgERRGdI tion to el ectron poor
super al kene, C60, which can add radicals such as o-quinodi net hane. It
can be prepar edht ictisé lavler@@dodipHsa g ndifefneatedial cobpfigiig 20 feadt oy RI@eneand
formvery reactive dienes that can form[4 + 2] cycl oadducts even
with the | eastrer Ealtdrdn¢earekenaphihk es.. Fullbdeses vt Yeckdscibaivas eighsroglalodrbon
selectivity and stability. The fullerene can conprise at |east
two deri vatdmpeunisi Ebi easmplR thd folldremre surfhics saaghchuot (5,60 boralinglaedifsts] bbrdeg as
derivative noieties, R to formtris-adducts. These substituents can
be added tknowinén thebit.cFrerfeletope fap-bate opdhamaodprisingsix-rrarbesst amdofive; Bel i k
et al. showin Schene 1, formula 3, a fullerene conpound conpri sing
two deri vampmkergdpings. i ndlerenas caduifer eormple GEY, £, loeE&h el additiotabearbon atoms
coval ently |inked by one derivative noiety as shown in Scheme 2 of
Bel i k et atanbe added vigigrivativergmoupsr $eo di cxavindrofiliraeints; BretreiplotM.| Fifferanes: by
theory, it is believed that the derivatization may disrupt the

conj ugat i ofherfisiised RedclierNBeyc¥gR Vet Mepheing2Q0havhidnif hﬂjﬁ’bf iitsArperRted gy s
the ionization potential and electron affinity of the derivatized

f ul | er ene. reference inglydipgfeacaifgol@r frblsrene nopencladire ¢l synflesis. deryptizlioprrpdugtiont
| east one pol yt hi ophene and at | east one fiillerene derivative
conpri sin greacﬁw@q Ehiptg R). Aregeah 59\1?45‘5“’6?‘55??‘“ 3), cycloadditions (Chapter 4),



DEVI CE FABRI CATI ON Devi ces using the presently clai ned

i nventions can be nade using for exanple I TO as an anode material on
a substrate. Ot her anode materials can include for exanple netals,
such as Au, carbon nanotubes, single or nmultiwalled, and ot her
transparent conducting oxides. The WD 2008/ 018931PCT/ US2007/ 010533
resistivity of the anode can be maintai ned bel ow for exanple 15 My or
| ess, 25 or less, 50 or less, or 100 or less, or 200 or less, or 250
or |l ess. The substrate can be for exanple glass, plastics (PTFE,

pol ysi | oxan&¥0 200488%bpl asti cs, PET, PEN and the |ike)PCTHRRTYOPA |

Au, Ag), netal foils, netal oxides, (TiOx, ZnOx) and sem conductors,
such as SihydWigenatifiiCheptertsd rulinskadditions (Ehapten ), rinsine tretakdomglex &smpfiogues
known in the art prior to device |ayer deposition. An optional hole

i nj ecti on (Chymer 7)lKkidyticnand tsectiguicth alpstrendilesd £hapten A hadosspitian (Geptery,
ink jetting, doctor bl adi{gl)g, spray casti ng, di p coating, v&gor

deposi t i ngregioshemisyry GEtapter I oltetraprbiqationghantar i bgheterofaliqugnes Ehpptesd 25 or
exanpl e PEDOT, PEDOT/ PSS or TBD, or NPB, or Plexcore H L _

(Pl ext r oni @ highprfulidmesy(Chanten)l3). Methods fipssribediheneinsansbegped th &yrthepize ayer
can be for exanple fromabout 10 nmto about 300 nmthick, or from 30
nmto 60 nfdlcreolenyptives and@duets- or 100 nmto 200 nm The filmthen
can be optionally dried/annealed at 110 to 200-C for 1 min to an
hour, opti onal I5Pdriiculen thepstive layersa gpraprise at least one mtype gateriglewhesginthe gy
be fornmulated froma m xture of n-type and p-t 1|oe materials. The nand
p-type mat &P§ Biteria sompsisesp leasgone dervatizad; fpiegne be% lsps dpmative: dihe dBiatve
0.1to 4.0 (3)-type) to about 1 (n-type) bhased on wei ght, or from
about 1.1 Wpa%kymﬂé@:@r xgmple gp pddirg. Theigmsy deriyakizgd, fylergpe, ??H!ﬁeaﬁout 1.1

to about 1.5 (p-type) to about 1 (n-type). The a nt of h type of
material ofertvpder %f’t‘isﬁjitlﬁ@f‘\néaé‘r?eflffgg‘ltﬁwxag%@§ %Caﬁg%f)?féﬁ‘?@%@%ﬁ“ e
varied for the particul gr appljcatio n- d. p-type

ot er 1 al o EPEBEOTCHO T T Soit Bt o gp. fom Lio2by ahi i S p o
exanpl e from about, 0. Q1 to about Q. 1% volune solids. The solvents
usef ul forg‘?’ﬁ@“eptf’é?e?{t oI CF g‘]fﬁ'&]‘“i Wegr‘i'f g’&ﬁrge %’gﬁwﬁ'eﬁ%leﬁc &oVa CB!r]y gofg?‘rjpt ‘e,
hal ogenat ed benzenes | kyl, benzenes, .hal ogenat ed t )

t hi ophenesg’ﬁé’faf’\?g‘t P(}éecg?“’%gadb"f‘ﬁ’é‘%% SR%%“”R?@ aergosnﬁé’rél??ul“gsgl yfh%g‘(’)al%\glée%n legeng
be for exanple WO 8/01893 / A . I ot

i ch or onorBEREE i tiees VAT Thndee Ry PP Saidh ey S REREEEave
propyl t hi phe}réﬁl, R3" hexyl t hi phene, and m xtures thereof. At |east two
sol vents can Be used. Particul arly useful solvent systens can

be used as described in co-pending US patent application entitled
"Sol vent System for Conjugated Polyners," serial no.filed
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on May 2, 2007, to Sheina et al., which is hereby incorporated by
reference inits entirety. The active | ayer can be then
deposited by spin casting, ink jetting, doctor blading, spray
casting, dip coating, vapor depositing, or any other known deposition
met hod, on top of the HIL film The filmis then optionally anneal ed
at for exanple about 40 to about 250 C, or from about 150 to 180 C
for about 10 mMmto an hour in an inert atnosphere. Next, a

cat hode | ayer can be added to the device, generally using for exanple
t her mal evap¥? #0¥Y#P3bf one or nore netals. For exanpﬂgF“§”&WF$”15 nm
Ca layer is thermally evaporated onto the active |ayer through a
shadow mask, f otrewediopthe admssaterighrambe raprassnteddy300 rim Al | ayer.

In some enbodi ments and optional interlayer may be included between
the active layer and the cathode, and/or between the HTL and the
active layprrylhis interlayer can be for exanple fromO0.5 rimto
about 100 nm or fromabout 1 to 3 nm thick. The interlayer can
conprise an electron conditioning, a hole blocking, or an extraction
mat eri al  saf@RolRGed, bafits, aRORixehatthosgpri ne, full erenes or full erene
derivatives, such as C60 and other fullerenes and fullerene

derivati veshdtiscussed herein. The devi ces can be then

encapsul ated using a glass cover slip sealed with a curable glue, or
i n other epoxy nd$atpdagtwhé;C coatings. Cavity glass with a
getter/dessicant may al so be used. In addition, the active

| ayer can conprrisespheididhl folieadne hngwgecbueitt Svhich ebrgH sexgsi f-memigexainpd Bve-
surfactants, dispersants, and oxygen and water scavengers. The active
| ayer can mewmpirdédyingmahd i ple | ayers or be multi-layered. WO

2008/ 018931PCT/ US2007/ 010533 The active | ayer conposition can

conpri se a m xtRuosrprises bitteast aye wptaihally sibdtited A@Tatvhied ¢x SRR aldDRRIHOLYCIERY0r
The active layer can be a p-n conposite and for exanple can forma
het er oj unchéteecyclichirsiding,gvtarebuthkfifsigingdopatdn dbonds m. thSellertrer  exanpl e

di scussi on of nanoscal e phase separation in bulk heterojunctions in
Dennl er et al . Fotrmilefl) dopreseflo i engadimuinPolicyareC6Babmded?b adt groupSahdthe
Cells: FromBasics to Applications,” Proceedings of the | EEE, vol.
93, no. 8, boxdpasteer@H!y rameOntddi39. Conditions and nmaterials can be
selected to provide for good filmformation, |ow roughness (e.g., 1
nrn RVS), and dDscrete, observable, phase separation characteristics
can be achi eved. The present invention can have phase separated
dormains on a scale of a about 5 to 50 nn1as‘%@asured by AFM AFM
anal ysis can be used to neasure surface roughness and phase behavi or.
In general, phase separated domains are_not desirable so that both
donor and acceptor are uniformy andsG0 Muysly distributed in the
active | ayer.
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DEVI CE PERFORMANCE Known sol ar cell paraneters can be neasured
i ncluding for exanple Jsc (m¥ cn2) and Voc (V) and fill factor (FF)
and power conversion efficiency (% PCE) by nmethods known in the art.
See for exanple Hoppe article cited above and references cited

t herein. For exanple, the efficiency can be at |east about 2%
or at | east about 3% or at |east about 3.5% or at |east about 4%
or at |east about 4.5% or at |east about 5.0% or at |east about
5.5% or at |east about 6.0% or at |east about 7.0% or at |east
about 8.0% WP 2048018%Bhst about 9.0% or at | east aboutPCIUSEEFHOS33 sun
(AML. 5G 100 mWcnR). An effjcjiency range can be for. \g(l) _

2008/ 018931 PCT/Tlishits %mk%%b%%%&e BISGINg campangt %:'BS{WC g9 figst ringfawt
2% to about 10% or about 2% to about 7% These efficiencies can he
verified bYeaumpsaturated ring. Fhgfipt ring cpferagpturated ring, Higfiret ringcaq bpya catbocyeligs ¢
about 0.60, or_at |east about 0.63,. or at |east about 0.67, at |east
about 0. 7, "2g Thegst nngsranpe phefsocygic g | east about 0.8, at |east about
0. 85. The Vg exa

at | east about ¢ ?Cs“f 'g’E\Qrc’a‘é{’é)ﬁ‘r“é’zRQ‘E“a %g‘ﬂ?t&glg@g‘?r"g%mlﬁleegiwg%o %’egzoggk"a? r
oot 1o erbared g I Satin pREAGHATEF a1 dnsprally St ned B itbek Hogner nbout
SRR S Y RN
vl e ot dnR S e toror talbs B The SRR ik 2an bg fsapilen
o et ve BRI Bt B R A Y D et ares oo M

f , in.effici i i sed 3% h th 2% f
A N TR LRV A
o SRR M S LS SRS SRl Lo,
bl end wth.p- i i

b e 4 DRSO, B S RATRRSCAL e Rl RERCTARBA G L LB,

fil h | i et i
I1'm norp 94rl909:.360n 8. g}'xen%gég?mbgfmﬁgd@ 118 fgﬁe?engglﬂfap@b c%dal%n?bgﬁtt@&{@ ne

PV properties inclu exanp F, Jsc, Voc, dnd efficiencies.

The si mu! algh it APRIFEAIGEANGY % SBRRAMR. RGN, ihd ilibRnALHadeby! Ui N
nple calibration wth a”1(05-S" reference cell.
covalent bonds to two atoms in the R group. The two atoms in the R group bonded to the
fullerene can be adjacent to each other, or can be separated by from each other by 1 to 3 other
atoms in the R group. The R group can be covalently bonded to the fullerene by two carbon-
carbon bonds at a fullerene [6,6] position.
The fullerene can comprise only carbon. The fullerene can comprise at least one
derivative group bonded to the fullerene besides R.
For example, fullerenes can be derivatized with electron withdrawing groups or electron

releasing groups. Electron withdrawing groups and electron releasing groups are known in the

art and can be found in Advanced Organic Chemistry, 5th Ed, by Smith, March, 2001,
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WD 2008/ 018931PCT/ US2007/ 010533 LI TERATURE The foll ow ng
references can be al so used as needed to practice the various

enbodi nents descri bed herein and are incorporated herein by
reference: References Cited Anvar, et alL, Hi gh Efficiency P3HT/ PCBM
Solar Cell Mater. Res. Synp. Proc., 2005, 836, 69-80 Birkett, P. R
Avent, A. G; Darwish, A D.; 1Croto, H W; Taylor, R; Walton, D

R M Preparation and ' 3C NVR Spectroscopi ¢ Characterization of

C6006. J. Chem Soc., Chem Conmun. 1993, 1230-1232. Carroll, etal.,
App. Pl oys. Wesni33ps5, 87, 083506; Organic Letters, PJ5007010574
Coslowslci, J.; Rao, N.; Moncrieff, D. Standard Enthal pies of |
Formation of FJiht dpaivawithirawimegiopr (8 Be pitrebed dirertly & the,Rilerpan cagpgy vies . J.
Am Chem Soc. 2000, 122, 8265-8270. Diener, M D., Nichelson, N and
Al ford, J.mghangypidgsssimilagyp thePRBMestipgiiteed Car bon Nanot ubes in Fl ames.
J. Ploys. Chem_B 2000, 104, 9615-9620. Dressel haus, M S., ,

Dr essel haus, GThasieeten fepating goupsan begitached direstly o thq fullassne Sags 98 viear bon
Nanot ubes. Acadenic Press, 1996 p. 870-917. Height, M.1.; Howard,
J. B; Vanﬁgﬁmﬂéﬁﬂg?mﬂmmg?ﬂﬁﬁ?ﬁ%ﬁgﬁﬁﬂmﬁpparatus for Synthesi zing

Filamentary Strugctures. Paten | i cation 10/ 389 2 . S. rial
No. ) 2003?/ Fullerenes can be derivattize@%pimprove their absorpt?on int % visx(b e rgnge,srglativae to

C60-PCBM. Improved absorption in the visible range may increase or improve the photocurrent
of a photovoltaic device comprising the derivatized fullerene.

In one embodiment, F* is selected from C60, C70 and C84, and combinations thereof,

In one embodiment, R is selected from optionally substituted aryl and optionally
substituted heteroaryl.

In one embodiment, R is selected from optionally substituted indene, optionally
substituted naphthyl, optionally substituted phenyl, optionally substituted pyridinyl, optionally
substituted quinolinyl, optionally substituted cyclohexyl, and optionally substituted cyclopentyl.

In one embodiment R is selected from indene, naphthyl, phenyl, pyridinyl, quinolinyl,
cyclohexyl and cyclopentyl.

The value n can be an integer. In one embodiment, n can be from 1 to 84, or from 1 to
70, or from 1 to 60, or from 1 to 30, or from 1 to 10. In one embodiment n is from | to 6. Inone
embodiment n is from 1 to 3.

In one embodiment n is 1. In one embodiment n is 2. In one embodiment n is 3.

In one embodiment, the first ring is optionally substituted with at least one substituent
selected from the group consisting of hydroxy, acyl, acylamino, acyloxy, alkyl, substituted
alkyl, alkoxy, substituted alkoxy, alkenyl, substituted alkenyl, alkynyl, substituted alkynyl,

amino, substituted amino, aminoacyl, aryl, substituted aryl, aryloxy, substituted aryloxy,
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Height, M J., Howard, J. B., Tester, J. W, and Vander Sande, J. B.
Fl ame Synthesis of Single-Walled Carbon Nanotubes. Carbon 42 (2004)
2295-2307. Height, M J., Howard, J. B., and Tester, J. W, Flane
Synt hesi s of Single-walled Carbon Nanotubes. Proc. Conbust. Inst.
2005, 30, 2537-2543. Hirsch, A ; Brettreich, M Fullerenes: Chemstry
and Reactions. WIley-VCH Verlag, Winheim 2005. Howard, J. B.;

McKi nnon, J. T.; Makarovslcy, Y.; Lafleur, A L.; Johnson, M E.

Ful | erenes C60 and C70 in Flames. Nature 1991, 352, 139-141. Howard,
J. B.; MKi ni¥@msssT - Johnson, M E.; Makarovsky, YECT/USZROFRIGHS A

L. Producti %{E')I f Cs%banqe C70l 51;1 | | erar nes i nc‘)l(:)y Qs er:g)—(%xx en Eola 911,35. _

Pl oys. Chefclo3§ysubgiitedyaloalkoxy s Toxy} estss. cyangipigh fhioalkyl, |
MVak I Y. tra,.S.;, P \ . J.: Yadav, T. .. Ful.l
Synthosr s e disiaionkd ey BENTebbisivh gt ] sutine RS,
" Sl R L ol e SRS b B et o
Howar d, . A4 ' ; ; 4 >

D ana el sERiet 5 ol e sk Pesrpl SR Ak RS
370, 603. 008/ 018931PCT/ US2007 3. Ho d, J. B : Vand
Somde s oot R el s RRBR R R meroeyytony R T
NanOSt ruct HE 68 | held ATSions 5 b EMonhefGE: 232 (1999).

In one embodiment n is | and R is indene. In one embodiment n is 2 and R is indene. In

one embodiment n is 3 and R is indene. In one embodiment n is 4 and R is indene. In one
embodiment n is 5 and R is indene. In one embodiment n is 6 and R is indene.

In one embodiment, R can be covalently bonded to the fullerene by [4+2] cycloaddition,
alternatively called a [4+2] cycloadduct. Reactions including [4+2] cycloaddition reactions and
Diels-Alder reactions are generally known in the art. A dienophile double bond can react with a
diene to produce a six membered ring. See for example Advanced Organic Chemistry,
Reactions, Mechanisms, and Structure, 2™ Ed, J. March, 1977, including chapters on addition to
carbon-carbon multiple bonds (e.g., Chapter 15). See also, Belik et al., Angew. Chem. Int. Ed.
Engl. 1993, 32, 1, 78-80 (showing reaction of C60 with a C8 o-quinodimethane compound to
form a C68 compound comprising the fullerene and the derivative moiety); and Puplovskis et al,,
Tetrahedron Letters, 38, 2, 285-288, 1997, 285-288 (showing reaction of C60 with C9 indene to
form a2 C69 compound comprising the fullerene and the derivative moiety). The cycloaddition
reaction can result in reaction at the {6,6] fullerene double bonds rather than [6,5] double bonds.
Cycloaddition reactions are described in detail in Chapter 4, pages 101-183, of the Hirsch,

Brettreich text, Fullerenes, Chemistry and Reactions, 2005.
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Howard, J. B.; Vander Sande, J. B.; Chowdhury, K. Das Production of
fullerenic soot in flanmes. US Patent 6,162,411 (2000). Howard, J. B.;
| Cronholm D. F.; Mdestino, A J.; Rchter, H Mthod for Conbustion
Synt hesis of Full erenes. Patent Application PCT/US02/ 27838, submtted
on August 31" 2002. Hummelen, J. C.; Knight, B. W; LePeq, F.; Wdl,
F. Preparation and Characterization of Fulleroid and Methanoful | erene
Derivatives. Org. Chem 1995, 60,532-538. Kadish, K M; Ruoff, R S
(ed.) Fullerenes: Chem stry, Physics and

Technol ogy. WP @8 11p8er sci ence, New York, 2000 Kitagawt;T/¥P2007 88383 npt o,

Tl S e TR B ol e e e Lo, 0
Bllom P VERE Sk IR 8&5%%%?2243‘& s Pt P Satng etk s
K at Schnor - APEey G 4 B pEndlEne OB B 1690 3R lpeRocomre by
0 rsere R R P ﬁﬁ;%ﬁ?f’ dickotirmerpeabect, ey R,
succoss ul %a’géugl?:?%’r@?@éc b eE b e By SR B} B 35 pnctonal
McCul | ough

‘é a?/ ar amag %IR)II ps :&M f:'oajﬁ Xy reée}w'e': %Jageé;gl'lat iafgoﬁg %B?gpclora\(%uct?swﬁ ht}ﬁﬁ%elgst |
| hrecon S0 arﬁ\%odziewg ?eé 155 91 t&%ﬁl eggélodp 5 J:tR/Yt !mcﬁ's ar:nh@a Kacens, J.;

Nei | ands, 5oty ene unc I'ona tion in [4+2]

Cycl oaddi tion Rea m'egyf% wrgpdspgmé d SRR R Gy torh ot or o

285-288. Richter, er son

B. Nagy, J. l sﬂlﬁéﬂ'@éenf tlyé&metg@'ﬁj H'Brm 5&5138&1%& a?hesé% ce ! y?%! &%Béﬁg% 1%

Ful | erenes IT'n Benzene ygen/ Argon- an enzene ene/

Oxygen/ Ar g %G£A?Hﬁ§+2] %dlhdz? 4N %0118{%%918, HAk etl? §RowliaSeheme 1, formula 3, a

fullerene compound comprising two derivative moieties. In addition, two fullerenes can be’

covalently linked by one derivative moiety as shown in Scheme 2 of Belik et al.

While the various embodiments are not limited by theory, it is believed that the
derivatization may disrupt the conjugation of the fullerene cage. Disrupting the conjugation
effects the ionization potential and electron affinity of the derivatized fullerene.

In one embodiment, the active layer can comprise at least one polythiophene and at least

one fullerene derivative comprising an electron withdrawing group.

DEVICE FABRICATION
Devices using the presently claimed inventions can be made using for example [TO as an
anode material on a substrate. Other anode materials can include for example metals, such as

Au, carbon nanotubes, single or multiwalled, and other transparent conducting oxides. The
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Richter, H ; Fonseca; A ; Thiry, P. A; Glles, J.-M; B.Nagy, J.;
Lucas, A. A Conbustion Synthesis of Fullerenes. Mat. Res, Soc. Synp.
Proc. 1995b, 359, 17-22. Richter, H; Hernadi, K ; Caudano, R
Fonseca, A.; Mgeon, H -N.; B.Nagy, J.; Schneider, S.; Vandooren, J.;
Van Tiggelen, P. J. Formation of Nanotubes in Low pressure

Hydr ocarbon Fl anes. Carbon 1996a, 34, 427-429. Richter, H.; Fonseca,
A; Glles, J.-M; B.Nagy, J.; Thiry, P. A ; Lucas, A A ; de
Hof f mann, E. Addition of HCI, Cl2, CoCl 2 and KI to Fullerene form ng
Benzene/ oxyemeaseesil Fl anes. Synthetic N@tals 19966, HGWUSE@WNBﬂQZl
WO 2008/018931PCT/U82007/010533 Ri chter ; Labrocca, A._J G eco,
W J.: TagFesddtent thkamdtaamb@mmamedlzelow f%me 1§ g o Jgsa 25 & 1bser 00K

Higher Ful | erenes in Fl anes s. Chem B 1997, 101, 1556- 1560,
Richter, Hess @‘08861633\/9’ 240 °”F¥§\ﬁé? or Jess. glhe gfsirate FaBr‘?e ﬁ?é&*?é‘}?il“sﬂhsbﬂ"asms

P! oS ETS bG5S et HE 1D e R 5 R
Ma Ho J P
Aot | ¢ Hg?a%oe‘gff@ﬂ?%@@ g SFrVQﬁﬂézﬂiP@afﬁ’swwsgr- @éﬁﬁ@ 0B fssHes éatéﬁa@'rh%xed

B FI P .. ) , . 2609-2618. Ri cht .
Howar d. J. %ﬁeﬁﬁﬁmﬂueﬁh@ﬂ@mﬁwwb dceiag P‘ﬁ“ﬁ& ARG pole

L RN A B SR,
H: G S.

e et atF%ﬂ”%“}ﬂ?%ﬁ’ i i, vt eSS o oy s %avélﬁex%*aﬁmtﬁ@%%%f

Low- P F T

R o e e SUER vk Wi Ano T RER pss o Tho, SONPR o Plssofel (pedfiics,

Research t aI Synt hesi s of Single-walled Carbon Nanot ubes.
Al CHE FaIIPWé?ggﬁﬁg G ncinnati, Novenber 2005a.

The thickness of the HIL layer can be for example from about 10 nm to about 300 nm
thick, or from 30 nm to 60 nm , 60 nm to 100 nm , or 100 nm fo 200 nm. The film then can be
optionally dried/annealed at 110 to 200 °C for 1 min to an hour, optionally in an inert
atmosphere.

The active layer can be formulated from a mixture of n-type and p-type materials. The n-
and p-type materials can be mixed in a ratio of for example from about 0.1 to 4.0 (p-type) to
about 1 (n-type) based on a weight, or from about 1.1 to about 3.0 (p-type) to about 1 (n-type) or
from about 1.1 to about 1.5 (p-type) to about 1 (n-type). The amount of each type of material or
the ratio between the two types of components can be varied for the particular application.

The n- and p-type materials can be mixed in a solvent or in a solvent blend at for example
from about 0.01 to about 0.1% volume solids. The solvents useful for the presently claimed
inventions can include, for example, halogenated benzenes, alkyl benzenes, halogenated

methane, and thiophenes derivatives, and the like. More specifically, solvent can be for example
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Richter, H; Howard, J. B.; Vander Sande, J. B., Industrial
Production of Fullerenic Materials. Prepr. Pap. -Am Chem Soc., Div.
Fuel Chem 2006, 51(1), 92. Ruoff, R S.; Tse, D. S.; Malhotra, R
Lorents, D. C. Solubility of Co in a Variety of Solvents. Phys. Chem
1993, 97, 3379-3383. Tebbe, F. N.; Harlow, R L.; Chase, D. B.; Thom
D. L.; Canpbell, Jr., G C.; Calabrese, J. C; Herron, N ; Young,
Jr., R J.; Wasserman, E. Synthesis and Single-Crystal X-ray
Structure of a Highly Symmetrical Coo Derivative, C60Br24. Science
1992, 256, 8‘2(2208@5393W enk, M M; Kr oon J. M; Ver he‘E?fUS‘?IW/?JIWH ;
Knol, J.; Hummelen, J. C.; van HaI P. Janssen ;

Ef fi ci ent mqham[emwwbee#éﬁéﬁmww C@lﬂ’?@fﬁe@@%ﬂﬁ]}fﬁhéﬂhe@m 3
Photovoltaic Cells. Angew. Chem Int. Ed. 2003, 41, 3371-3375. Yang,
etal ., NatprPeyIGphos Lhexpithiphens i miytures fgtepls gANgpst tyo solugntpeopmbe used.

G een, W H Accurate and Efficient Method for Predictin

Ther nocheni st r fawuiw& ve@*bﬁo\venwwtcaftbwﬂwé%wﬁén cosz?ﬁfgnxjé%t)@%d
Goup Additivity. J. Am Soc. 2004, 126, 12685-12700. WO
2008/ 0189 3HPtAtiEE e @2@93?‘9?%?%%@%%@?%’@5% " E5713080- ments—are filed
provi ded as described in rovi sional application serial no.

60/ 812, 961°%F Mpwt) 2§Q7n & Shgina 2‘@86”}1‘ o ip brgby incprpgrated by rferenes i ifs ﬁ%tﬁ?%or ated

by reference in its entirety Enbodlnﬁpt 1. Ap H'gtovol alc EVICG
conprising: a fif §°c“"%laé‘6t°f“b‘%?éh°“éle%°é'é‘25‘ o SBIP Extipey i Jetting, doctor blading, spray

casting, dip coating, vapor depositing, or any other known deposition method, on top of the HIL
film. The film is then optionally annealed at for example about 40 to about 250 °C, or from about
150 to 180 °C, for about 10 min to an hour in an inert atmosphere.

Next, a cathode layer can be added to the device, generally using for example thermal
evaporation of one or more metals. For example, a 1 to 15 nm Ca layer is thermally evaporated
onto the active layer through a shadow mask, followed by deposition of 2 10 to 300 nm Al layer.

In some embodiments and optional interlayer may be included between the active layer
and the cathode, and/or between the HTL and the active layer . This interlayer can be for
example from 0.5 nm to about 100 nm, or from about 1 to 3 nm, thick. The interlayer can
comprise an electron conditioning, a hole blocking, or an extraction material such as LiF, BCP,
bathocuprine, fullerenes or fullerene derivatives, such as C60 and other fullerenes and fullerene
derivatives discussed herein.

The devices can be then encapsulated using a glass cover slip sealed with a curable glue,
or in other epoxy or plastic coatings. Cavity glass with a getter/dessicant may also be used.

In addition, the active layer can comprise additional ingredients including for example
surfactants, dispersants, and oxygen and water scavengers.

The active layer can comprise multiple layers or be multi-layered.
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an | east one active |layer disposed between the first and second

el ectrodes, wherein the active |layer conprises at |east one

pol yt hi ophene and at | east one fullerene derivative conprising an

el ectron withdrawi ng group. 2. The device according to enbodi nent 1,
wherein the fullerene derivative is a C60 fullerene. 3. The device
according to enbodi nent 1, wherein the fullerene derivative is a C70
fullerene. 4. The device according to enbodinent 1, wherein the
fullerene derivative is a C84 fifflerene. 5. The device according to
enbodi nent WO MEN&I3h t he full erene derivative conpriBaUSEBOOLE;

C60( COH8) , C60Br24, C60CI (CH2C1ChC12) 6. The device according to
embodi nent 1, Whestivelayen eomuebifioth¢an geremise b mixdure sghefomeoff afflm.

pol yt hi ophene. 7. The device according to enbodi nent 1, wherein the
pol yt hi ophene is a copolyner, 8. The device according to enbodi ment
1, further conprising an HIL or HTL layer. 9. The device according

t o enbodi bATIVE LAYERR MORPHRRGSH] vt hi ophene is a sol ubl e regi oregul ar
pol yt hi ophene. 10. The device according to enbodi nent 1, wherein the
el ectron wi t hdmhewdtive \§yes ain belaor wemesits eeklongxawpls candprm phatgsiungtien bl e

spectrum 11. A photoval taic device conprising: o
including a bulk heterojunction. See for example discussion of nanoscale phase separation in

bulk heterojunctions in Dennler et al., “Flexible Conjugated Polymer-Based Plastic Solar Cells:
From Basics to Applications,” Proceedings of the [EEE, vol. 93, no. 8, August 2003, 1429-1439,
Conditions and materials can be selected to provide for good film formation, low roughness (e.g.,
1 rin RMBS), and discrete, observable, phase separation characteristics can be achieved. The
present invention can have phase separated domains on a scale of a about 5 to 50 nm as
measured by AFM. AFM analysis can be used to measure surface roughness and phase behavior.
In general, phase separated domains are not desirable so that both donor and acceptor are

uniformly and continuously distributed in the active layer.

DEVICE PERFORMANCE

Known solar cell parameters can be measured including for example Jsc {mAscm®) and
Voc (V) and fill factor (FF) and power conversion efficiency (%, PCE) by methods known in the
art. See for example Hoppe article cited above and references cited therein.

For example, the efficiency can be at least about 2%, or at least about 3%, or at least
about 3.5%, or at least about 4%, or at least about 4.5%, or at least about 5.0%, or at least about
5.5%, or at least about 6.0%, or at least about 7.0%, or at least about 8.0%, or at least about

9.0%, or at least about 10.0% at 1 sun (AM1.5G, 100 mW/cm?). An efficiency range can be for
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WO 2008/ 018931PCT/ US2007/ 010533 a first electrode, a second

el ectrode, an | east one active |layer disposed between the first
and second el ectrodes, wherein the active |ayer conprises at | east
one pol yt hi ophene and at | east one fullerene derivative, wherein the
fullerene derivative is a C70 or C84 fullerene. 12. A photovoltaic
device conprising: a first electrode, a second el ectrode, an

| east one active |ayer disposed between the first and second

el ectrodes, wherein the active |layer conprises at |east one

pol yt hi opher¥0 #R#018%1 | east one fuIIerene derivative, REHESEIOHIPHE
fullerene derivativ ere 3. ot Qqyol t ce
conpri si ngt*egpeEpy f’ 9@%@9?‘5&4’ or %‘ﬁ@ ﬂa@FEMBE"QO“&Y“ toa %7? ¢ one
active Iayg¥,d|s 0S d be gg F&ge first and second el ectrodes,
wherei n t hEUEEH &miays?e H& es at | east one polythiophene and at

| east one ful l ghepg detivative, WHerell LG dafl Lol BNSudeld 42l WBak 2
about 0.67, at least about 0.7, at least about 0.75, or at least about 0.8, at least about 0.85.

The Voc (V), for example, can be at least about 0.56, or at least about 0.63, or at least
about (.82, at least about 0.9, at least about 1.0, at least about 1.2, at least about 1.4, at least
about 1.5.

The Jsc (mA/em?), for example, can be at least about 8.92, or at least about 9.20, or at
least about 9.48, or at least about 10, or at least about 11, or at least about 12, or at least about 13,
or at least about 14, or at least about 15.

The device can demonstrate an increase of efficiency of at least 5%, or at least 15%,
compared to a substantially analogous device comprising an active layer of PIJHT-PCBM.

Figure 2 illustrates improved performance, wherein efficiency is raised to 3% rather than
2% for control devices (at least 20 % improvement). The improvement in efficiency is
consistent with the significant extension to higher wavelengths of the absorption spectrum for
C70PCBM and the resulting blend with p-type material compared to that of C60PCBM-based
films. Additional comparative data are provided in Figure 3 showing better film morphology.

Oriel Solar Simulators can be used to determine PV properties including for example FF,
Isc, Voc, and efficiencies. The simulator can be calibrated by methods known in the art

including for example calibration with a KG5-Si reference cell.
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14. A photovoltaic device conprising: a first electrode, a second

el ectrode, an | east one active |layer disposed between the first
and second el ectrodes, wherein the active |ayer conprises at | east
one pol yt hi ophene and underivatized C70 fullerene. 15. A photovoltaic
devi ce conprising: W) 2008/ 018931PCT/ US2007/ 010533 a first

el ectrode, a second el ectrode, an | east one active |ayer

di sposed between the first and second el ectrodes, wherein the active
| ayer conprises at | east one pol yt hi ophene and underivatized C84

full erene. M20p8/(8M3t ovol t ai ¢ devi ce conprising: a fiHItUSEEEPBHde,

LITERATURE
The following references can be also used as needed to practice the various embodiments

described herein and are incorporated herein by reference:
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a second el ectrode, an | east one active |ayer disposed between
the first and second el ectrodes, wherein the active |ayer conprises
at | east one pol ythi ophene and at | east one fullerene derivative
conpri si ng o-qui nodi met hane derivative group. WORKI NG EXAMPLES
Various clai med enbodi nents are described further with use of
non-limting working exanples. Exanple 1: Synthesis of Cgrindene

adduct s i ndene adducts have been synthesi zed using the
description in reference (Puplovskis, et a)., "New Route for

[ 60] Ful | er er¥e0 P@#i&t43onal i zation in [ 4+2] Cycloadditidﬁnﬁ@&@WW@ﬁ3Lbing
| ndene." Tetrahedron Lett. 1997, 38, 285- as starting point. Cal
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WO 2008/ 018931PCT/ US2007/ 010533 98. 6% The correspondi ng HPLC

chromatogramis given below. Two major isomers representing different

addition sites on the C70 cage have been identified. Exanple 3:

Preparation of Pol vthi ophene Pl excore P3HT was prepared as

described in Loewe, et al. Adv. Mater. 1999, 11, 250-253 using

2, 5- di br onp- 3- hexyl t hi ophene in place of
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The Jsc, Voc and efficiency neasured for each device are shown in the
tabl e bel ow conpared to a control device which was nmade as descri bed
above using PCBM as the n-type material. The data are further
illustrated in Figure 4, TABLE Figure 4 Jsc (nmA/cnR) Voc (V) FF
Efficiency (% Control 8.92 0.56

WO 2008/018931 PCT/US2007/010333

Sixteen additional embodiments are provided as described in US provisional application serial
no. 60/812,961 filed June 13, 2006 to Laird et al., which is incorporated by reference in its
entirety:

Embodiment 1. A photovoltaic device comprising:

a first electrode,

a second electrode,

an least one active layer disposed between the first and second electrodes, wherein the
active layer comprises at least one polythiophene and at least one fullerene derivative comprising
an electron withdrawing group.
2. The device according to embodiment 1, wherein the fullerene derivative is a C60 fullerene.
3. The device according to embodiment 1, wherein the fullerene derivative is a C70 fullerene.
4. The device according to embodiment 1, wherein the fullerene derivative is a C84 fullerene.
5. The device according to embodiment 1, wherein the fullerene derivative comprises C60CI6,
C60(C9H8), C60Br24, C60CI(CH2CIChCI2)
6. The device according to embodiment 1, wherein the polythiophene is a regioregular
polythiophene.
7. The device according to embodiment 1, wherein the polythiophene is a copolymer.
8. The device according to embodiment 1, further comprising an HIL or HTL layer.
8. The device according to embodiment 1, wherein the polythiophene is a soluble regioregular
polythiophene.
10. The device according to embodiment 1, wherein the electron withdrawing group also
generates absorption in the visible spectrum.

11. A photovoltaic device comprising:
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0. 66 3.3 Mno-indene adduct --0-- 9.20 0.63 0.67 3.9 Bi s-indene
adduct --6,-- 9.48 0.82

WO 2008/018931 PCT/US2007/010533

a first electrode,

a second electrode,

an least one active layer disposed between the first and second electrodes, wherein the
active layer comprises at least one polythiophene and at least one fullerene derivative, wherein
the fullerene derivative is a C70 or C84 fullerene.
12. A photovoltaic device comprising:

a first electrode,

a second electrode,

an least one active layer disposed between the first and second electrodes, wherein the
active layer comprises at least one polythiophene and at least one fullerene derivative, wherein
the fullerene derivative is a C70 fullerene.
13. A photovoltaic device comprising:

a first electrode,

a second electrode,

an least one active layer disposed between the first and second electrodes, wherein the
active layer comprises at least one polythiophene and at least one fullerene derivative, wherein
the fullerene derivative is a C84 fullerene.
14. A photovoltaic device comprising:

a first electrode,

a second electrode,

an least one active layer disposed between the first and second electrodes, wherein the
active layer comprises at least one polythiophene and underivatized C70 fullerene.

15. A photovoltaic device comprising;
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.63 4.9 Bis-indene adduct 9.43 0.84 0.64 5.1 WHAT IS CLAIMED I S:
A conposition conprising a mxture conprising: (i) at |east one
ype material, (ii) at |least one n-type material, wherein the

ype material conprises a fullerene derivative represented by:
(

1)n

-1
-t

WO 2008/018931 PCT/US2007/010533

a first electrode,

a second electrode,

an least one active layer disposed between the first and second electrodes, wherein the
active layer comprises at least one polythiophene and underivatized C84 fullerene.
16. A photovoltaic device comprising:

a first electrode,

a second electrode,

an least one active layer disposed between the first and second electrodes, wherein the
active layer comprises at least one polythiophene and at least one fullerene derivative comprising

o-quinodimethane derivative group.

WORKING EXAMPLES
Various claimed embodiments are described further with use of non-limiting working

examples.

Example 1: Synthesis of Cgp-indene adducts

Cgp indene adducts have been synthesized using the description in reference (Puplovskis,
et al., “New Route for [60}Fullerene Functionalization in {4+2] Cycloaddition Reaction Using
Indene.” Tetrahedron Lett. 1997, 38,285-288) as starting point. Cgp was dissolved in o-
dichlorobenzene at concentrations of approximately 6 mg mL"'. Indene was added at 12-fold
molar excess relative to Cgo and the resulting mixture was refluxed overnight. Most of the
solvent was evaporated under reduced pressure and precipitation occurred after adding ethanol.

The resulting solid was dried, re-dissolved in toluene and then analyzed by means of high-
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and sol vates, salts, and m xtures thereof, wherein n is at |east one,
F* conprises a ffillerene having a surface which conprises
si x-nmenbered and five-nenbered rings; and R conprises at | east
one optionally substituted, unsaturated or saturated, carbocyclic or
heterocyclic first ring, wherein the first ring directly bonds to the
fullerene; wherein Ris covalently bonded to the fullerene by two
bonds, wherein R further conprises a second ring which is bonded to
or fused to the first ring. 2. The conposition according to claim
1, wherein tWe2008/41881ring is substituted. 3. The comf$dISe0EH 0533
according to claim1, wherein the first ring is not substituted. 4.
The conposiresswpligiddramangraphy wsingiafosmosiRuckyprepepayticalcghimp (3R X 4d B,
unsaturated ring. 5. The conposition according to claim1, wherein
the |ust riNasalaj kesquedag Lipeingd op pdgilent] 10§ preicrinspBsniteneiaped deB e driaglet o
claim1, wherein the first ring is a carbocyclic ring. ,
wavelength detector operated at 330 nm. Toluene at a flow rate of I mI'min~ was used for
elution. Peaks at an elution time of approximately 5.4 min and a group of peak around 4 min
were attributed to Cgp-indene mono- and bis-adducts, respectively. The presence of several
peaks with very close elution times around 4 min is consistent with the presence of several
isomers. Elution times shorter than that of unfunctionalized C60 (about 8.1 min) have been
observed previously with other fullerene derivatives such as CoPCBM. Multiple additions were
found to lead to a further decrease of elution times. A pentabromobenzyl-functionalized silica
phase was used for purification by means of flash chromatography. Pure toluene and
toluenefcyclo-hexane mixtures were used for purification. HPLC analysis of the collected

fractions showed purities 98.5% for the Cgp-indene monoadduct and approximately 95% for the

mixture of different bis-adducts.

Example 2: Synthesis of Csp-indene monoadduct

C70-indene mono-adduct was synthesized following the procedure developed for the
C60-indene adducts. Cyo was dissolved in o-dichlorobenzene. After addition of indene in a 12-
fold molar excess, reflux was maintained for 8§ h. After reduction of the volume under reduced
pressure and addition of ethanol, solid was recovered, dried and re-dissolved in toluene. HPLC
analysis using the same procedure as described above showed the presence of mainly mono-
adduct, probably due to the reaction time, reduced in comparison to the Cgp-adduct synthesis.

Purification using flash chromatography led to the isolation of Cyy-monoadduct at a purity of
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7. The conposition according to claim1, wherein the first ring is a
heterocyclic g. 8. The conposition according to claim1l, wherein the
first ring is an optionally substituted four-nmenbered, five-nenbered,
or six-nmenbered ring. 9. The conposition according to claiml,
wherein the ring is an optionally substituted five-nenbered ring.

10. The conposition according to claim1, wherein R further conprises
an optionally substituted second ring which is fused to the first
ring. 11. The conposition according to claim1l, wherein R further
conprises arWORW#UAYIly substituted second ring whi chPGIEUSAH7ENE
group and is fused to the first ring. 12. The conposition according
to claim 198 @%e?‘@icﬁffﬁpi"‘é‘"@ﬁﬂ&fa{%t%@ﬁ’slﬁ pivenhetpvi dgeesjordmesnal | y
substituted naphth optionally substituted phenyl, optionally
subst i t ut ewPE§antieH %ﬂf@rmteﬁwﬁww the\thsaps bave beegidentfictny| , optional Iy
substituted cycl ohexyl, or optionally substituted cyclopentyl. 13.
The conposition according to claiml1, wherein Ris indene, napthyl,
phenyl , pyridinyl, qU|noI|%yI _cycl ohexyl, or cyclopentyl. 14. The
conp03|t|o-x~h LI DeNgherein Ris optionally substituted
i ndene. 15. The conposition according to claim1l, whe

i ndene.  16. THEexe@ppYET vasgmerad oy &5 eqlalervaq,ﬁtatﬂdw%m 1?9%”5255)728%

1to 6. 17. The composition according_ to claiml1l, wherein n is from
1 to 3. using 2,5-dibromo-3-hexylthiophene in place of 2,5- dlbromo dodecylthiophene, and using

!J.Ll_ )

< - &

0.0028 eq. of Ni{dppp)Cl, instead of 0,01 eq. The molecular weight as measured by GPC using

chloroform as eluant was 69,000, 1.35 PDL

Example 4: Fabncation of Solar Cell Device Using C60 Indene Adducts

Photovoltaic devices were prepared comprising (i} patterned indiuvm tin oxide (ITO,
anode, 60 Q/square) on glass substrate purchased from Thin Film Devices (located in Anaheim,
CA), (ii) a thin layer of HIL (30 nm thick} comprising PEDOT/PSS (A14083) purchased from
HC Stark), (iii} a 100 nm active layer comprising Plexcore P3HT (prepared as described in
Example 3) blended with the n-type, which is either methanofullerence [6,6]-phenyl C61-butyric
acid methyl ester (PCBM) (purchased from Nano-C, located in Westwood, MA), Cgo-Indene
mono adduct, or Cep-indene bis-adduct, (the fullerene adducts prepared as described in above
examples), and (iv) a Ca/Al bilayer cathode.

The patterned 1TO glass substrates were cleaned with detergent, hot water and organic
solvents (acetone and alcohol) in an ultrasonic bath and treated with ozone plasma immediately
prior to device layer deposition. The HIL solution (Baytron Al 4083) was then spin coated on
the patterned ITO glass substrate to achieve a thickness of 30 nm. The film was dried at 150°C

for 30 mins in a nitrogen atmosphere. The active layer was formulated to a 1.2:1 weight ratio
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18. The conposition according to claim1l, wherein Ris indene and n
is 1. 19. The conposition according to claim11l, wherein Ris indene
and nis 2. 20. The conposition according to claiml, wherein Ris
indene and n is 3. 21. The conposition according to claiml, wherein
Ris indene, nis from1 to 20. 22. The conposition according to
claim1l1, wherein Ris indene, nis froml to 10. 36 23. The
conposition according to claiml, wherein the first ring is
optionally substituted with at | east one substituent selected from

t he group cdﬁ%ﬂ@WMﬁﬁlof hydr oxy, acyl, acyl am no, acy?Q%@WﬂmamﬂVP,
substituted al k al koxy substltuted al koxy, al kenyl , substituted
al kenyl , alrwﬁyrwe Rlepsidn Pidtﬂ’@ﬂ) %ZRWW““I%FWH‘@S madRie 910¥1i’»{° gefugpgoligs) and
anlnoacyl substituted aryl, arylaxy, substituted aryloxy,

vl oal koxye tiseanahetp ey iR e i o bl oty Sl
cyano, thiol, thiogalkyl, substituted thioalk t hj oar ubs |tuted
thioaryl, thi oﬂaiélpb\awwen%@?ﬁﬁlaé Edor i gRed érgB’é{F px. I%ﬁ 639& ARy

i ohet er ﬁ%féﬁ%nﬁ%ﬁe'y%%%%dmt S PCpELS e Ry, Slieg b et
EE yyiq FZE@ B e Fiﬁiéf"icg%‘% e-fhe@?x%%ﬁsﬁa%%‘aSsgﬁfs?fgy?ﬁ:p bfikes

t her eofy %ﬁaps¥ﬂ@“8 dgthtqtpg) ﬁgﬁgg ﬁ’:‘ﬂg){/ ‘ytlf’ﬁ'Pﬁ'Fh %‘e W@F%?t%t‘k"‘%was
Composi 1 e B Aged grnly Wc%%ﬁé%&e Ehaf BRI bonded 1o
according 1o clllf MR SREPaER SRR %w“%?awﬂx?hlﬁiﬁﬁteeawf”ﬁre?}w@% or ene
by Lo Car{gpg%gg{eg%ggbrg%gﬂs Blsind 5 LG BRec Rk ARRL BB Youcdurer I

COI’TpOSI tl ene conpri

C60, C70, gqr fou [ in (j

COITpOSI ti Oﬁ E{CC@?’, 11 §l f;%r bé%edT 2 V\i’ln‘bm%% d] ?ﬂ%&tf]r&\{rﬁﬁ) of%é@%—l(\ﬁ;gnﬁ ses

only car bo(rAMl .5G). The hght intensity was set using an NREL-certified Si-K.GS35 silicon photodiode.
The Jsc, Voc and efficiency measured for each device are shown in the table below

compared to a control device which was made as described above using PCBM as the n-type

material. The data are further illustrated in Figure 4.

TABLE
Figure 4 IJs¢ (mA/em”) | Voc (V) FF Efficiency (%)
Control --0-- 8.92 0.56 0.66 3.3
Mono-indene | --0-- 9.20 0.63 0.67 3.9
adduct
Bis-indene —-A-- 9.48 0.82 0.63 49
adduct
Bis-indene 9.43 0.84 0.64 5.1
adduct
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29. The conposition according to claim11, wherein the fullerene
conprises at |east one derivative group bonded to the fullerene
besides R 30. The conposition according to claim1, wherein the
p-type nmaterial conprises a conjugated polynmer. 31. The conposition
according to claim1l, wherein the p-type material conprises a

conj ugat ed pol yner sol uble or dispersible in organic solvent or

wat er . 32. The conposition according to claim1, wherein the p-type
mat eri al conprises a polythi ophene. 33. The conposition according to
claim1l, mherein the p-type material conprises a regioregular
polythiopg,%ﬂx Efcconposi tion according to claim1l, wherein the
n-type an ype na erials are present in aratio of fromabout 0.1
to 4.0 p-type to about 1 n- type based on weight. 35. The

conposi tipn d t 3 Lyl i
conprlsesppo%%&ﬁlop gﬁéggﬁéﬁi §H§m$55%§f?%ﬁé??ygghﬁé%,fg?g%

i ndene, aleakt biven- tmﬂfmn@lsmeth\dqunsthﬁ n-tjzmenafcma}nompnaesfalﬁlllktrdnadtrhfgtiw film

t hi ckness 0%‘%%d%?‘to 300 inn 36. The conposition according to claim
1, wher ei ioth -type material conprises regioregular polythi ophene
and t he REgLp is indene. 37. The conposition according to claiml,

wherein the p-type material conprises regioregular polythi ophene and
the R group is indene and the conposition farther conprises at | east

two sol vefaSolvatas sal M0 MRASES ihdBocONMPri sing a mxture conprising: (i)
at | east one p-type material, (||) at | east one n-type material,
wher ei n tWEﬁﬁnpﬁhﬁfﬁﬁPé?lal conprises at |east one fullerene

derivative COMPrcbspi@s AfullkRAShaviRe shiach vhich thapaeesibarabaed Sidtfe-
wherein both carbon atons of the [6,6] bonding site are covalently

bonded t o™&MBEAANEH 2herein the group R conprises a first ring

bonded di r ect |p/cdnpribdier fefst Ble qubxha@w@m@tltb@ﬂdmmr&bmsamtea &epeyicr i ng

fused to the first ring, wherein R is cov? | y bonded to the
ful l er enemﬂvtef%c 5 &y ging, wherein the first ring directly bon s 10 the fullerene;

wherein R is covalently bonded to the fullerene by two bonds,
wherein R further comprises a second ring which is bonded to or fused to the first
ring.
2. The composition according to claim 1, wherein the first ring is substituted.
3. The composition according to claim 1, wherein the first ring is not substituted.
4. The composition according to claim 1, wherein the first ring is an unsaturated ring.
5. The composition according to claim 1, wherein the first ring is a saturated ring.
6. The composition according to claim 1, wherein the first ring is a carbocyclic ring.

7. The composition according to claim 1, wherein the first ring is a heterocyclic ring.

8. The composition according to claim 1, wherein the first ring is an optionally substituted

four-membered, five-membered, or six-membered ring.
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39. The conposition according to claim38, wherein the group R
conprises a first five-nenbered carbocyclic ring bonded directly to
the [6,6] fullerene bonding site and a second si x- nenber ed
carbocyclic ring fused to the first ring. 40. The conposition
according to claim 38, wherein the group R conprises optionally
substituted i ndene. 41. The conposition according to claim 38,
wherein the group R conprises indene. 42. The conposition according
to claim38, wherein the p-type nmaterial conprises a conjugated

pol ymer. 43. The conposition according to claim 38, wherein the
p-type rmé.e'["llleal BN atcordidy B%ia%’r%l} I‘ll,l \9193[1]6%[11 fie rin41%'an F[?onglﬁgﬁgﬁﬁ&téd)ﬁbe-
according”to claifm 38, Wherei n € p-type material conmprises a

r egi or equmambgyed yitghi ophene. 45. The conposition according to claim
38, wherein the p-type nmaterial conprises a reg oregul ar

pol yt hi ophene and the group Ris optionally substituted indene. 46.
A conposi t4.dFhecomposition agpoaling tx tlame 1,odwin B furger doimpriges ah eg®halbne
p-type ”a§u%£tkt&‘t' d se(:&led)rin%twh!ic%a}fﬁl %Qgth@‘fﬁ%ﬁ%ﬁ faterial, wherein the
n-type na ertar conprises a Ul erene derrvative conprising at |east
one fullerene covalently bonded by [4+2] cycloaddition to at |east

one derivative noiet ef.ei.n I i et I a
(st i g b O et EE el el b el Phies SRR RS B,
i s bondedsubgtitaed fegsmidingoviidhas 4 argltgrquprgd is fuszd toThefinsiomgosi t i on
according to claima46, wherein the derivative noiety conprises a

first ring bonded directly to the fullerene and a second ring fused
to the fi txtTheicogpositbd acchhingtonjsos i twhereiml Gompdpmegly subsitthigd md4e,

car bocycl PEPRR B ARl YoROMRE AR PP, R UENTRARSAT. 1
second si pyrievhepechainsbedyied qunalinplgorftiosaly stlgstituked cilolkyly rrogtionallg.

The conposj.t i i;ng to claim46, wherein the derivative noiety
conprisesagg?%%%gﬁﬁﬁ&g@bstituted i ndene.

13. The composition according to claim I, wherein R is indene, napthyl, phenyl, pyridinyl,

quinolinyl, cyclohexyl, or cyclopentyl.

14. The composition according to claim 1, wherein R is optionally substituted indene.
15. The composition according to claim 1, wherein R is indene.

16. The composition according to claim 1, wherein n is from 1 to 6.

17. The composition according to claim I, wherein n is from 1 to 3.

18. The composition according to claim 1, wherein R is indene and n is 1.

19. The composition according to claim 1, wherein R is indene and n is 2.

20. The composition according to claim 1, wherein R is indene and n is 3.

21. The composition according to claim 1, wherein R is indene, n is from 1 to 20.

22. The composition according to claim 1, wherein R is indene, n is from 1 to 10.
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50. The conposition according to claim46, wherein the derivative
noi ety conprises indene. 51. The conposition according to claim46
wherein the p-type material conprises a conjugated polyner. 52. The
conposition according to claim46, wherein the p-type nmateri al
conprises a pol ythi ophene. 53. The conposition according to claim
46, wherein the p-type material conprises a reg oregular

pol yt hi ophene. 54. The conposition according to claim46, wherein
the p-type material conprises a regioreg-ular polythi ophene and the
derivative noiety is optionally substituted i ndene. 55. A

phot ovol tai ¢ device conprising at | east one anode, at |east one

cat hode, and at |east one active |ayer, wherein the active | ayer
conpr i ses2ih ‘Berpopisttioo ncapatingy tb slaimy 1, avirtet the BrsCaugds digiong!ly s(bs)itwedd | east

one p-type.material, (i I t one n-type.mterial erein.the
N bt YPGB Qe sublivdn Shec % 08l RSN Aty SIS linh!
F*- (R) 11 anthxgcllybhtestitusdlatksl, alaod, mbxtituedskodyesleal], swbidnted alkenyl,s at

| east one P.c ises a ful.lerene having a ,sur,face. whic

cooot i cacaliymyl, e ERARIRE S fhd W hER S N8B ORI R8RSR, | (o
at | east wowexypptbsongdlaylsubgtiotlutedsubsiitged cchtidxyorarsatyl cabeg] esters,

car bocycl j.¢c_or ﬂeﬁer cyeclhic firnst ri erei e finst rin

; th

directly %’%H%S il 1{0ﬁf£cy]¥ lsJL]bIstghfltgéri] Iéh,loalkyi, QQOary\QPsuBsgltuQecf tﬂloaryi, {hlohe{eroag/l,
substituted thioheteroaryl, thiocycloalkyl, substituted thiocycloalkyl, thioheterocyclic,
substituted thioheterocyclic, cycloalkyl, substituted cycloalkyl, halo, nitro, heteroaryl,
substituted heteroaryl, heterocyclic, substituted heterocyclic, heteroaryloxy, substituted

heteroaryloxy, heterocyclyloxy, or substituted heterocyclyloxy, or combination thereof.

24. The composition according to claim 1, wherein R is covalently bonded to the fullerene

by [4+2] cycloaddition.

25. The composition according to claim 1, wherein R is covalently bonded to the fullerene

by two carbon-carbon bonds.

26. The composition according to claim I, wherein R is covalently bonded to the fullerene

by two carbon-carbon bonds at a fullerene [6,6] position.

27. The composition according to claim 1, wherein the fullerene comprises a C60, C70, or

C84 fullerene, or a combination thereof.
28. The composition according to claim 1, wherein the fullerene comprises only carbon.

29. The composition according to claim 1, wherein the fullerene comprises at least one

derivative group bonded to the fullerene besides R.

30. The composition according to claim 1, wherein the p-type material comprises a

conjugated polymer.

31. The composition according to claim 1, wherein the p-type material comprises a

conjugated polymer soluble or dispersible in organic solvent or water.
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wherein Ris covalently bonded to the fifflerene by two bonds,
wherein R further conprises a second ring which is bonded to or fused
to the first ring. 56. The device according to claim55, wherein

t he devi ce denonstrates an i ncrease of efficiency of at |east 5%
conpared to a substantially anal ogous device conprising an active

| ayer of P3HT-PCBM 57. The device according to claim55, wherein
the device denonstrates an increase of efficiency of at |east 15%
conpared to a substantially anal ogous devi ce conprising an active

| ayer of P3HT-PCBM 58. The device according to claim55, wherein

t he device further conprises at |east one hole injection |ayer. 59.
The device according to claimb55, wherein the device further

conpr i ses32atTHeeampostive atroldng tnjckot 1.ovheleqyibe peypepratesiahgmprises a
polythiophqﬂgm m%Q- The device according to claim55, wherein the
devi ce fuft erpcoﬁprises at | east one hole injection |ayer conprising
a regioregul ar pol yt hi ophene. 61. The device according to claimb55,

wherein t roup..conprises. an. optj.onal u i f . L ne group.
G- The atyr B ABBERABLE Ry ElP T PRI el M BT, Do
an i ndeneregioogplar pddBhioflizee.devi ce according to clai m55, wherein the R
group conprises an optionally substituted i ndene group, the p-type
mat erial conprises at | east one regioregul ar polythi ophene.

34. The composition according to claim 1, wherein the n-type and p-type materials are

present in a ratio of from about 0.1 to 4.0 p-type to about 1 n-type, based on weight.

35. The composition according to claim 1, wherein the p-type material comprises
polythiophene and the R group is optionally substituted indene, and the composition is in the

form of a film having a film thickness of 10 nm to 300 nm.

36. The composition according to claim 1, wherein the p-type material comprises

regioregular polythiophene and the R group is indene.

37. The composition according to claim 1, wherein the p-type material comprises
regioregular polythiophene and the R group is indene and the composition further comprises

at least two solvents.

38. A composition comprising a mixture comprising: (i) at least one p-type material, (ii) at
least one n-type material, wherein the n-type material comprises at least one fullerene
derivative comprising at least one [6,6] fullerene bonding site wherein both carbon atoms of
the [6,6] bonding site are covalently bonded to a group R, wherein the group R comprises a
first ring bonded directly to the [6,6] fullerene bonding site and a second ring fused to the
first ring,

wherein R is covalently bonded to the fullerene by two bonds.
39. The composition according to claim 38, wherein the group R comprises a first five-

membered carbocyclic ring bonded directly to the [6,6] fullerene bonding site and a second

six-membered carbocyclic ring fused to the first ring.
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64. The device according to claimb55, wherein the R group conprises
an optionally substituted i ndene group, the p-type material conprises
at | east one regioregul ar polythiophene, and the device further
conprises a hole injection |ayer conprising a regioregular

pol yt hi ophene. 65. A nethod of making a conposition conprising a

m xture conprising: (O providing at |east one p-type material, (ii)
providing at | east one n-type material, wherein the n-type materi al
conprises a fullerene derivative represented by: and sol vates,

salts, and mi xtures thereof, wherein n is at |east one, F*

conpri s 684@r;£ lc% &ﬂ%ﬂ@c‘é&d&% tg Rl ?%SI\M}L tﬁeb %r&% aperissess(%?tlo mﬁnb red

and five ere rings, e opylonally
subst i t ut edstituind aleneat ed or sat ur at ed, carbocycllc or heterocyclic
first ring, wherein the first ring directly bonds to the fullerene,
wherein Ris covalently bonded to the fullerene by two bonds, wherein
R f ur t her 45 ohprrepssitengewmoiung tpiclagn i ivdlareinghdgngel)] coroproes itdemed to t he
first ring, (iii) conmbining the p-type and n-type materials to
formthe m xture, wherein the m xture further conprises at |east one
sol vent . 4%6TheThmpension@ckoatizgip dlamg 38, ovhetea the B6/pe whaerigicnmpiises i xt ur e

conprisescgﬁmﬁggﬁ&y&&p sol vents.

43. The composition according to claim 38, wherein the p-type material comprises a

polythiophene.

44. The composition according to claim 38, wherein the p-type material comprises a

regioregular polythiophene.

45. The composition according to claim 38, wherein the p-type material comprises a

regioregular polythiophene and the group R is optionally substituted indene.

46. A composition comprising a mixture comprising: (i) at least one p-type material, (ii) at
least one n-fype material, wherein the n-type material comprises a fullerene derivative
comprising at least one fullerene covalently bonded by [4+2] cycloaddition to at least one
derivative moiety, wherein the derivative moiety comprises a first ring bonded directly to the

fullerene and a second ring which is bonded to or fused to the first ring.

47. The composition according to claim 46, wherein the derivative moiety comprises a first

ring bonded directly to the fullerene and a second ring fused to the first ring.

48. The composition according to claim 46, wherein the derivative moiety comprises a first
five-membered carbocyclic ring bonded directly to the fullerene bonding site and a second

six-membered carbocyclic ring fused to the first ring.

49. The composition according to claim 46, wherein the derivative moiety comprises

optionally substituted indene.

50. The composition according to claim 46, wherein the derivative moiety comprises indene.
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67. The nmethod according to claim65, further conprising renoving
solvent and formng the mxture into a film 68. The m xture
according to claim®65, wherein R conprises optionally substituted

i ndene. 69. The m xture according to claim®65, wherein R conprises
i ndene.

51. The composition according to claim 46, wherein the p-type material comprises a

conjugated polymer.

52. The composition according to claim 46, wherein the p-type material comprises a

polythiophene.

53. The composition according to claim 46, wherein the p-type material comprises a

regioregular polythiophene.

54, The composition according to claim 46, wherein the p-type material comprises a

regioregular polythiophene and the derivative moiety is optionally substituted indene.

55. A photovoltaic device comprising at least one anode, at least one cathode, and at least
one active layer, wherein the active layer comprises a composition comprising a mixture
comprising: (i) at least one p-type material, (ii) at least one n-type material, wherein the n-

type material comprises a fullerene derivative represented by:

F*-(R)u

and solvates, salts, and mixtures thereof,
wherein n is at least one,

F* comprises a fullerene having a surface which comprises six-membered and five-
membered rings; and

R comprises at least one optionally substituted, unsaturated or saturated, carbocyclic
or heterocyclic first ring, wherein the first ring directly bonds to the fullerene,

wherein R is covalently bonded to the fullerene by two bonds,

wherein R further comprises a second ring which is bonded to or fused to the first

ring.
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56. The device according to ¢laim 55, wherein the device demonstrates an increase of
efficiency of at least 5% compared to a substantially analogous device comprising an active

layer of P3HT-PCBM.

57. The device according to claim 55, wherein the device demonstrates an increase of
efficiency of at least 15% compared to a substantially analogous device comprising an active

layer of PAHT-PCBM.

58. The device according to claim 55, wherein the device further comprises at least one hole

injection layer.

59. The device according to claim 55, wherein the device further comprises at least one hole

injection layer comprising a polythiophene.

60. The device according to claim 55, wherein the device further comprises at least one hole

injection layer comprising a regioregular pelythiophene.

61. The device according to claim 55, wherein the R group comprises an optionally

substituted indene group.

62. The device according to claim 55, wherein the R group comprises an indene group.

63. The device according to claim 55, wherein the R group comprises an optionally
substituted indene group, the p-type material comprises at least one regioregular

polythiophene.

64. The device according to claim 55, wherein the R group comprises an optionally
substituted indene group, the p-type material comprises at least one regioregular
polythiophene, and the device further comprises a hole injection layer comprising a

regioregular polythiophene.

65. A method of making a composition comprising a mixture comprising: (i) providing at
least one p-type material, (ii) providing at least one n-type material, wherein the n-type

material comprises a fullerene derivative represented by:
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F*-R)y

and solvates, salts, and mixtures thereof,
wherein n is at least one,

F* comprises a fullerene having a surface which comprises six-membered and five-
membered rings; and

R comprises at least one optionally substituted, unsaturated or saturated, carbocyclic
or heterocyclic first ring, wherein the first ring directly bonds to the fullerene,

wherein R is covalently bonded to the fullerene by two bonds,

wherein R further comprises a second ring which is bonded to or fused to the first
ring,

(iii) combining the p-type and n-type materials to form the mixture, wherein the

mixture further comprises at least one solvent.

66. The method according to claim 65, wherein the mixture comprises at least two solvents.

67. The method according to claim 65, further comprising removing solvent and forming the

mixture into a film.

68. The mixture according to claim 65, wherein R comprises optionally substituted indene.

69. The mixture according to claim 65, wherein R comprises indene.
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