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There is a continuing need for improved luminescent lanthanide

25 compounds. Futhermore, the synthesis and luminescent properties of lanthanide
imine compounds have remained largely unexplored.
SUMMARY OF THE INVENTION

The present invention is directed to a luminescent compound comprising a

lanthanide metal complexed to at least one imine ligand. It also is directed to an
30 organic electronic device having at least one emitting layer comprising (a) at least

one lanthanide compound having at least one imine ligand, and, optionally, (b) a

charge transport material. As used herein, the term “imine ligand” is intended to

mean a ligand derived from a compound having at least one imine group,

-R-N=R-. The imine is selected from a mono-imine having a Formula I, shown in
35 Figure 1, and a diimine having a Formula II, shown in Figure 2, where:

in Formulae I and II:

R! can be the same or different at each occurrence and is selected
from alkyl, fluorinated alkyl, aryl, heteroalkyl, heteroaryl,
1



1 WO 03/008424 PCT/US02/22538 -QR2, -ON(R2)2, X, or adjacent Rl groups can
join to form5- nenbered or 6-nenbered rings, R2 is alkyl or aryl, Qis a
si ngl e bowa,03abdkgd ene, arylene, or -C(OQ-, 5 Xis d, F, BCr/us22:68§ al pha
is an integer from1l to 4; in Formula ll: y is an integer froml to 3, and
Sis 0 or an integer froml to 3 10 with the provision that in Formula Il
there is at |east one RL grRip-QNERY::X, or aljagentiRicgreupsaiakyoinde foxmpher e X=F.
As used herein, the term "gerperdadr 6igerhbdrédggh t 0 mean an electrically
uncharged substance nmade,,up of nol ecul es that Turther consist of atons,
wherein the atons cannth lgél?%’le‘ﬁfaqr&]t ed by physical neans. The term "l igand"
is intended 15 to nmean & ivel sighé bond, alkylene, axylene,ohat(0)s, attached to the
coordi natign sphere of & matalgi grj . The term "conpl ex", when used as a
noun, is intended to nean a ’conpound ’having at |east one netallic ion and
at | east one |igand. Thelphaigan mgageufiomistoidnt ended to mean a part of a
conpound, such as @, pgdsilhfivent in an organic conpound or a Iigaan in a
conplex. The term ™ (3-di.carbonyl” is intended 20 to nean a neutra
cogound in which two k&idHEINFESUFeMA e prdent, separated by a CHR group.
The term" 13-enol ate" i8ds 0ot eniigehet Gofiepd 3,he ani onic foLm of the o I
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G oups. hadd been' abst r actilh BV TSR JupLepor & atiapt Ky s
intended to nean mat erthatistatﬁlorinatédraﬂqéwaxaqe@éﬁ&gehfrolm an e: ecth_roge and
nove it through th [.ckn fethe mat.erial wi.th relatively hig
ef fici ency ang | ow S(%)lggé Héf%‘é’ %’%ﬁ%@e COMPE™A elﬁfrﬁ‘f%(%gd t?/\ﬂ’(?ﬁnﬁggl&c‘t%alhéfer to
| ayers in a denshaegeddubsiancgtmaseswsd ardléqnlesdbat furtheatconmist off atoers, ivherein n
i mredi ately ngggt : | r o "adj acent
R aroups® 15 ses 1o rarer bogar sy SRR, THEm, JUEE N Bifhgea ) 3
chemi cal fdr nif ®eqy a golecplegiog, rsatpmdhat iy attaghediodhe castlinatiomsphareafiad) . The

term 30 "phot gredlio/Rdn. Tok ek tconplk”WhaT isdl at Babu X inkidded to mean a
el ectrol um nescence .and/ or itivi addi tion, the I UPAC

hot osensi.t LVity. Len ] c
nunbering syst®HPTE (‘;‘H‘gtam"%ﬁfd)ﬁ’ﬁd’f?tal i fray aidiat leagt g Jigapd. o g EmPper | odi ¢
Tabl e are nuntgwoep” fsinendedftd niean mimghttof azotpdénd, c6dRGsHAUBHRONt & acheni stry

and Physi cs, f Ll 0 1 :DESCRI PTI THE W NGS 35 Fiqure 1
shows For mul aglljg%lglr% ggl&)ﬁgﬁ%glizamﬁg%ldl i ﬁﬁﬂﬁml}%‘e?ﬁfﬂéﬂn Eﬁéi%ﬁslé tptengegd g yr e 2
shows For #ul atd megnog neutedl porhpeindiiy svhichusefkgtone gréups areyesenit, saparated by
a CHR group. The term “B-enolate” is intended to mean the anionic form of the
B-dicarbonyl in which the H from the CHR group between the two carbonyl

groups has been abstracted. The term “charge transport material” is intended to
mean material that can receive a charge from an electrode and move it through the

25 thickness of the material with,relatively high efficiency and low loss. The phrase
“adjacent;to,” when used to refer to layers in a device, does not necessarily mean
that one layer is immediately next to another layer. On the other hand, the phrase
“adjacent R groups” is used to refer to R groups that are next to each other in a
chemical formula (i.e., R groups that are on atoms joined by a bond). The term

30  “photoactive” refers to any material that exhibits electroluminescence and/or
photosensitivity. In addition, the TUPAC numbering system is used throughout,
where the groups from the Periodic Table are numbered from left to right as 1-18
(CRC Handbook of Chemistry and Physics, 815t Edition, 2000).

DESCRIPTION OF THE DRAWINGS
35 Figure 1 shows Formula I for a mono-imine ligand useful in the invention.

Figure 2 shows Formula II for a diimine ligand useful in the invention.
Figure 3 shows Formula V for the B-enolate ligand useful in the invention.
Figure 4 shows Formula VII for a phenylpyridine ligand.

2



Figure 3 shows Formula V for the (3-enolate |igand useful in the invention.
Figure 4 shows Fornmula VII for a phenylpyridine |igand. 2 WO 03/008424

PCT/ USO2/ 293808484 gure 5 is a schenmatic di agram of a |i ghtrcartsnt/easgs devi ce
(LED). Figure 6 is a schematic diagramof an LED testing apparatus.

DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS | n the | ant hani de
conpounds of the i di@uebona sehiemaliadiagean dfa lightadnsittingelevice (BEDhe +3

oxi dation state, amngnhft® ideRiRARA ﬁggiag%ﬁop%neggt %ﬁgggkgg%tg hCh_e or nore of

the coordination sjtées are OCCUI avi ng one of
ET{dEEDIDE QRIIE P Da&k@ﬁﬂlé@lﬂig one type

Fornulae I and 1PELgy
of i gagdbmax(/ be F@?fedamaxﬁde é&nﬁdlﬂd%ﬁﬁhb mvt%hﬁo&(i’&r ﬁhﬂhﬁ{uﬁ@ﬂw%ﬂ%hﬂns are
occupi e -eppl at.e one or two coordina ositigns are
occupi ed b tﬁee 'Eg?l’Sd?t?ﬂ ?@r‘?aj]i‘qpmcﬂgrdi"?aé%?foocmﬁﬁgr%ﬁﬁé‘? PR Mgkt Hani de

netals are Eu Ihermor(hmho'ﬁmtea' e ocplpiédahsy adedsaummlagundehaemgmhemesom@amleut ral

and non-ionic §ﬂé3§ e & ound is
applied as a Iagyer @I%vtagho ef'g%%? m%g%%&ee tk@ {)ﬂ%ng %%D
general |y cho§eer wtqdﬁatthqmetak |$1é|°0@fén"@69ﬁ90$1§0m@m p@qupleﬂavyuﬁaemiacge It is

preferred thatighfii, ﬂﬂﬁéﬂe‘&rﬁﬂrb cbbAaResn ﬁéﬁtl@ds L08R Pt“eﬁb IR& ﬁxo% %ﬁ{erd?d
| ant hani de_co oun ar.e_descr. ‘?ﬁjgl)“if\{"(l?‘ For nu Iy [-B, or 1V

bel ow. Ln({3- EHBY2R aé‘d( RICHES en;&asangu Tb, andTm The

Ln( (3- enol at epR(feresiblantiianie} 2orplekesBire néwnfd an@ﬁkﬁﬂ i), anditdnddwblife) Wiere:
i n Fornmul ae (l tctA) and (I'l11-B): mono-imne has Fornula | of Figure 1 as
descri bed above@l and 25 in Formula (1V): diimne has Formula Il of Figure
2 as described aboWeéhen the Enthanilt compoundismpplisdyaradayérivyl vager depositidh ne

R S oA ) B
and - (CAH3D) . lfB@iaﬂ@arﬁ)lSéKe@ffe@that thgladditional- hgﬁndﬁaarblﬁqammemdv&@mg Formula I,

shown in Fi 3 /008424
PCT/ US02/ 2253 f‘%ﬁeﬁ IafEHE cHPEhds bRl Rt B U of FormMT O AT TS, 7

Ln(f3-enolate);(mono-imine), (II1-A)
20 Ln(B-enolate);(mono-imine), (II1-B)
Ln(B-enolate);(diimine) ' av)

Where:
in Formulae (III-A) and (I1I-B):
mono-imine has Formula I of Figure 1 as described above; and
25 in Formula (IV):
diimine has Formula II of Figure 2 as described above.
Preferred mono-imine ligands include pyrindine ligands (having
Formula I) with at least one R! group including C,,(H+F)y,,1, where n is an
integer from 1 to 12; -CN; -(C¢Hs); -(C4H;3S); and -(C4H;0).
30 Examples of suitable mono-imine ligands having Formula I, shown in
Figure 1, include those listed in Table (i) below.



2-di met hyl am nopyri di ne [ 2-dmapy] isoquinoline [isoq]

4-tertbutyl -pyridine [4-tbpy] 4-phenyl pyridine [4-phpy]

2- (2-t hi ewgploppyssdi ne [2-tpy] Preferred diimne |igands i mciramez/mispy/ri di ne
| i gands (having Fornmula Il) wth at |east one Rl groups are Cn(H+F)2n+1
and - C6HnF5-m where mis an 5 integer from1l to 5. Exanples of suitable

diimne ligands having Fornula Il shown in Figure 2 include those |listed
in Tabe (ii) beI oW. TabI e (| i) b5, 5' blrat(lgbbfl uor onret hyI )-2, 2'-Dbipyr]dine
[ FMoi py] 4, —br—s{2=triftuooromethytpnh 22 pYy ..d. re—2—FMRPi py]

4, 4' - bi s(3-tr|3fqyaéﬂaﬁ1§iﬂ’kﬁvl phenyl ) -2, 2' - bi dérél‘dpﬁe [ 3- FK/Eb. py]
bi s(4-fl UOI’Ophaﬁﬁllemy?argino}WrRMﬁé di ne [FPbl F[Yld.n%y] In sone cases, the djimne

and nono-im ds—are commercrat ty [@vartabtefrom—for—exanpte;
Al drich Cheni Isgqu -m%nv (M | waukee, W) | [150g0Myi py" can be prepared
according to; 4EHﬂblﬁyl-W&ﬁ@é<i , Maruyama, Kgzupgyi; Qguni, Tadayoshi ; Nai ki,
Masahi ro; Ka q\@ MKl naru. tnorg. chem ﬁfpzlé 31(18)—3792-5:

" 2- FMPbi py", [#& mﬂm/mme and "FPhi py" ¢ d P}S} epared by 15 Suzuki
coupl i ng, aC(,QF(dl-th@nyl()p}&ﬂﬁxhd)gOUS l'iterat ur[g-tpy]ocedur es found in: Danfyauer,
Niels H; Boussie, ThonmaS R, Devenney, MNartin, NCUSKer, James K J. Am
Chem Soc. 1997, 119(35), 8253-8268. (3-enol ate Ligands The (3-enol ate

| i gands general | y Reaferrébdiimina ligasdsaneludenbibyddine ligandstiraving Bonfida iIp t he
same or diffegent r an ehdro en,

hal ogen, subs?ﬁﬁu %3“6&%[}%5%&@ %gfée'éHIP%;ﬂ”aary‘s RSN e{/‘f

heterocycl?c grtm@om A8} &cent R3 groups can be joined to formfl ve- and

si x-menbered ri ngs ExWabed of %ﬁb%lﬁﬁiﬁ@hkéﬂ&%@ﬂ SE 'F%Mgﬁlﬁgﬁ@gm

sel ected from
i nteger from i#‘&fltbosedP?ﬂéPéfB%%/(lﬂrbs’rﬂw 25 | to 6. 4 WD 03/ 008424
PCT/ US02/ 22538 Exanpl es of suitabl e (3-enol ate Iigands i ncl ude but are not

nlsan

limted to the conpounds TTsted in nt@g i) betow —The abbreviatign for
t he (3-enol ateformis —given in brack Le able (iii) 2 4-pent anedi gnate
[ acac] 5,5 -bis(trifluoromethyl)-2, 2’-bipyridine [FMbipy]
4,4’-bis(2-trifluoromethylphenyl)-2,2’-bipyridine [2-FMPbipy]
4,4°-bis(3-trifluoromethylphenyl)-2,2’-bipyridine [3-FMPbipy]
bis(4-fluorophenyl)-2,2’-bipyridine [FPbipy]
10 In some cases, the diimine and mono-imine ligands are commercially

available from, for example, Aldrich Chemical Company (Milwaukee, WI).
“FMbipy” can be prepared according to: Furue, Masaoki; Maruyama, Kazunori;
Oguni, Tadayoshi Naiki, Masahiro; Kamachi, Mikiharu. Inorg. Chem. 1992,
31(18), 3792-5. “2-FMPbipy”, “3-FMPbipy”, and “FPbipy” can be prepared by
15 Suzuki coupling, according to analogous literature procedures found in:
Damrauer, Niels H.; Boussie, Thomas R.; Devenney, Martin; McCusker, James
K. J. Am. Chem. Soc. 1997, 119(35), 8253-8268.
B-enolate Ligands

The B-enolate ligands generally have Formula V shown in Figure 3, where
20 R3 is the same or different at each occurrence. The R3 groups can be hydrogen,
halogen, substituted or unsubstituted alkyl, aryl, alkylaryl or heterocyclic groups.
Adjacent R3 groups can be joined to form five- and six-membered rings, which
can be substituted. Preferred R3 groups are selected from H, F, Co(H+F)n+1,
-CeHs, -C4H3S, and -C4H30, where n is an integer from 1 to 12, preferably from
25 1to6.



i phenyl -1, 3- propanedi onate [Dl]

6- tetrarret hyl - 3, 5- hept anedi onate [ TVH|

hi ewglop4oss2#-tri fl uoroacet onate [ TTFA] PCT/US02/22538
methyl-1,1,1, 2, 2,3, 3-hept af | uor o- 4, 6- oct anedi onate [FOD|

, 5,5, 5- hexaf | uor o- 2, 4-pent ar i edi onat e F6éacac] 1,

, 1,

5.5, 5. hept af | ubxamplea of ayitahledirrsiate digands ingladg but are not limited to the

henyl - 3- ”E'E:Mbov.ﬂrds 1iBtel Y thl5(m?l§él@§/0|"I'}1@(&B@iteelaf’ B@%rﬁh&r P&nblad foih Ronyl s
are generally avali e comrercia

hept af | uor o- 28%° ghSQﬁ@ﬁ?onate CFSCXC»CFFKXC»CFS can be prepared using a
t wo- st ep syntheS|s based on the reaction of perfluoropentene-2 with
ammonia, fdllowed by a hydrolysis s qﬁ..I 'S conpound shoul d be Stjored and
react ed unde Bt S - i ol ysis.
The | ant hani |de4-pemphei@mtof the i nvention are made usi ngatawd routeg. The

first is by [re th nd wth a Ln(b- enolg@i conpl ex.
Al ter natl Vel 1 ?(ahjhggyl 1 S,Pk(gﬂ?‘ﬂgd&é\agghn aht ’\Ll’\l\d hy t+t ha I I he

1, 3-d
2,2,6
1-(2-
7, 7-di
1,1,1
1,3,5
1- phe

| CACTS \VA i |} Bag v A v \CAVASNCY N A

b- di car bonyl ,%\ﬁ& tﬁmrnethﬁbi}[@dlsmtﬂlgedlonﬁe si mpl e | ant hani ddTilhl sal t|, such

as the chl or|ide. r te. For exanple, O thetlc nmet hod
. d & thiehyD4 4 AlrflucPSacBBRlE! © . Kﬁﬁ%r] edr bony|

i s to di ssolwveamantydtous—tanthantde—acetate—the—d -ed

and the im ne7 1 ﬁlfmthﬂl'bhér?-e% Bdrheptaflupre-4pwgiaaedionate be r[EQQil fat ed by the
addi tion of hemrsgﬁ,s hdbifRiotS2 Afchtanidighdy  useful for flofm,pgy conpliexes

wi th heptaflm cetylacetone  Theheptafttuooroacetytacetonato-+antHani de

conpl exes ar H-;" 2P ihgpaflupre- %‘ﬂ'@ﬁ]}tén‘tdéor&‘ﬁ 20 _and noi |dtliyeeac] Exangl es of

| ant hani de cqr:@{egyp.g ﬁ@Mylﬂgl-E@t&fWJSapyﬂakol&o%teFOr mula |1 Ip@BPabove With
i m nes havi ng Forfutat, are given 1 m Tabt e 1 betow—5 WO63/00842

PCT/ US02/ 22538 Table 1 Compound Ln (3-enol ate nono-imne Formula 1-a Eu
TTFA 4-CNpy ||| -B The p-dutarBoryhs ate gompllyl dviaildble &oxﬁnﬁmaivfi\ 1i, 183)9 sl3-1-B 1-d

Eu TTFA 4-tbp T | 11-A
1-g Tb Acac 4M?E\Fd“°|‘? |2%Bpenfmﬁg‘%‘pi&cggt%bc)%gﬁ?&‘%FilAcafib‘i‘ PrEparg %3§X$ 8q 111-B
two- step synthesis, based on the reaction of perfluoropentene-2 with ammonia,
followed by a hydrolysis step. This compound should be stored and reacted under
10 anyhydrous conditions as it is susceptible to hydrolysis.

The lanthanide complexes of the invention are made using two routes.
The first is by reacting the imine ligand with a Ln(b-enolate); complex.
Alternatively, these complexes can be obtained by the addition of the b-dicarbonyl
and imine compounds to a simple lanthanide metal salt, such as the chloride,
15 nitrate, or acetate. For example, one synthetic method is to dissolve an anhydrous
lanthanide acetate, the desired b-dicarbonyl and the imine in dichloromethane.
The product can be precipitated by the addition of hexanes. This is particularly
useful for forming complexes with heptafluoroacetylacetone. The
heptafluoroacetylacetonato lanthanide complexes are generally quite stable to air
20  and moisture,
Examples of lanthanide complexes having Formula III-A or Formula III-B
above with imines having Formula I, are given in Table 1 below:



1j Tb Acac 4-tbpy 111-B 1-k Tbh Acac 4-phpy II1-B 1-1 Tb Acac 2-tpy |I11-A

Exanpl es of

Formul a 1WQ oates4gd ven in Tabl e 2 bel ow

diimne
Eu DI FMoipy 2-e
Eu TWMH 3- FMPbi py

Eu D
2-1]

Eu TMH EPhi py

3-FMPbi py 2-f _Eu DI
2 Tpble\] TTEA Fivbi py

| ant hani de conpl exes having Forrmula IV with diimnes having

5 Tabl e 2 ConpoumdTlrsofR2sesol at e
2-a Eu Acac FMoipy 2-b Eu Acac 3-FMPbipy 2-c Eu Acac FPbipy 2-d
FPbi py 2-g Eu TMH FMoi py 2-h
2-k Eu TTFA

3-FWPbipy 2-1 Eu

2-0 Tb acac FPbi py
PCT/ US02/ 22538 (d

FMbi py 2-t Tb TM

acac 3- FMPbi py 2-
2-aa Tm TIVH FPbi py

TTESmbERAY | 2 Tb grasdbbi Pymodsfimibe PCatomufPlli by
P ARl iy £ P vl e e i
1130 FMPbi py | Buu Th TIMA FPbi py | 22hitapym acpgl-EMoi py |2-w Tm
X.Jmacac FPpi py [Z=pg ,Tm TVH r-l%/s'%iqpy 2-Z IHIhTI'VH 3=fFMPbi py
1-d Eu TTFA 4-tbpy 11I-B

1-¢ Eu TTFA 4-phpy 1I-B

1-f Eu TTFA 2-tpy I1I-A

l-g Tb Acac 4-CNpy 11I-B

1-h Tb | Acac 2-dmapy [II-A

1 Tb | Acac isoq 1I-B

1-j Tb Acac 4-tbpy 11I-B

1-k Tb | Acac 4-phpy [11-B

1-1 Tb Acac 2-tpy II-A

Examples of lanthanide complexes having Formula IV with diimines

having Formula II, are given in Table 2 below:

Table 2

Compound Ln B -enolate diimine

2-a Eu Acac FMbipy
2-b Eu Acac 3-FMPbipy
2-c Eu Acac FPbipy

2-d Eu DI FMbipy
2-e Eu DI 3-FMPbipy
2-f Eu DI FPbipy
2-g Eu TMH FMbipy
2-h Eu TMH 3-FMPbipy
2-i Eu TMH FPbipy

2-] Eu TTFA FMbipy
2-k Eu TTFA 3-FMPbipy
2-1 Eu TTFA FPbipy
2-m Th acac FMbipy
2-n Tb acac 3-FMPbipy
2-0 Tb acac FPbipy

2-p Tb DI FMbipy
2-q Tb DI 3-FMPbipy




El ectroni c Device
devi ce conpri sing
el ect ri cawoadsoses

The present
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| ayers, wherei

t he device includes the | anthani de

n the at

conpl ex of the invention.

posi t
| east one phot

invention also relates to an el ectronic
5 | east one photoactive |ayer

i oned between two
eaatisew245a8 er of
As shown in

Figure 4, a typical device 100 has an anode |ayer 110 and a cat hode | ayer
150 and el ectroactfiye tayers 120, 30 and é)pli omatty— 4G hetween—the—anode
110 and cat hode 15@@913&? ent _to t anodel Pzenpfate, ho e i|fjisdng on/ t r ansport
|l ayer 120. Adjacent2-to the cathode| Ts an opbional |ayer [jgmonprisingjan
el ectron transport| yypterial. Betwegen the nf)r i njection/ tgﬁgsgort aye

120 and the cat hod i ctront port | ayer]) Yt he
photoactive |ayer [230. Depending upbin the |appH cation of |thEM®gipyce 100,

t he photoactive |4 2l 15 130 can be]ﬁ |IghltT tting layerFP&?nat S
activated by an appi+ed—voltage {suhch-as—ihn Light-em t{tiQPYdi ode ar
light-emtting el gvochem cal cel|Tm a | aysacof nateri al FMbigy responds to
radi ant ener and nerates a si [ with or wthout an [l ed Dbias

vol t age (sucﬁyas iﬁzg‘i?\'——phe{—eée(—ee{—gﬁ‘rp aanqucgg of—phot odcggmgw“ nclude
phot oconducti ve cgl2-s,  photoresi stiofm, photagsev t ches, phatRPbignsi stors, |and
20 phot ot ubes, and photovoltaic celhﬁ, as |t terns are cribe 1n

Mar kus, John, El ecttontecs—antd—Naegheoni-esbet+oenrary—4-74 andPize
(McGawHi I, Inc.|2t866). The [anthani de |[cBMpl exes of t h&-FMPbiplyi on ar e
useful in the photijeagtive | ayer 13[0T1ﬁf t he ggyj ce. For s @bip}nt hani de
conpl exes (such as—Tbh—andEtu);—the—Ttunmnescence—spectrumt+s—aue—+to—F—+

transitions within the netal.

Thus, ‘whil e the

25 i ntensi

ty of em ssion can

be i nfl uenced getiohR Matigyr € of the |igands attached to the | anthanide

net al

t he wavel en

h remai.ns rel af
sane netal . The eurdfiPIRFFUIAINERR S

ively c

onstant for all

sp ylatenio an lerironie daigeso

conpl exes of the
PPEsEgiatsi on; the

7 WO 03/ 00842 4eaRGileho /a2 ne3Byertpokitiohsd EdwrdreorselSut€al BoRh@N s, een

en ssi on. For WiQPE

not due to atomec

MR IR e

bR Taten P et g ine T dES R Tl

erved i s
ei t her

the |igands oromhplexméthel invérgmndAs shosvnaiotRigure 4 ntypicabdedice Mdridistathons, t he

| um nescence

|

| i gand used. Wu,l e

106 ahd

e COITDPEXES c

| - [ h
S Ry A

one

| ayer, their ©oBtengdlydA0betveentheanode A anst qaghnge 1650. Adiacbetdn tecamade tshat

em ssi on g¢an B@oRrif uié‘n/tr%:ﬁ?
|

pqﬁg@gpq

with materi al
hol e transpor

f.aci ate” c

6RYARr PY0. CANREN: RPthE REhb

etra

S
g an gleelzqn Eanspe ﬁ@]&?&ﬂf

har

bt R6tnoAE s A8 BpSndt 258t D2
¢ween teihgles or ot her

i ght - emi tti ninjemivaftiaaksorayeat1 20ave tgaathode dnspBibhalR1@RSh tiaBsport hfer§ he

| ant hani de cofR) £ 488 Siveler

15

aye good hol e transport properties,” a hole

Depending upon the application of the device 100, the photoactive layer

130 can be a light-emitting layer that is activated by an applied voltage (such as in

a light-emitting diode or light-emitting electrochemical cell), a layer of material
that responds to radiant energy and generates a signal with or without an applied
bias voltage (such as in a photodetector). Examples of photodetectors include
photoconductive cells, photoresistors, photoswitches, phototransistors, and

20

phototubes, and photovoltaic cells, as these terms are describe in Markus, John,

Electronics and Nucleonics Dictionary, 470 and 476 (McGraw-Hill, Inc. 1966).

25

The lanthanide complexes of the invention are useful in the photoactive
layer 130 of the device. For some lanthanide complexes (such as Tb and Eu), the
luminescence spectrum is due to f-f transitions within the metal. Thus, while the

intensity of emission can be influenced by the nature of the ligands attached to the

lanthanide metal, the wavelength remains relatively constant for all complexes of
the same metal. The europium complexes typically have a sharp red emission; the

7



transport material can be co-deposited. Conversely, an electron transport
material can be co-deposited if the |anthani de conpl ex does not have good
el ect ron woroaneqaest properties. Sone materials can transpecta/usor/teses ect rons
and holes and 15 are nore flexible to use. To achieve a high efficiency
LED, the HOVO (hi ghest occupied nolecular orbital) of the hole transport
mat eri al shoulterosim gemplees have awbarg gréenremission. dfortsbme damtithmjdet kichhD

(1 owest._un- ocay, et TRhRELRE 0Bl hoQfucliDSioniL BEAMCEARIAOLE mat er i al

should align wth the rk function qQf the cathode. . t

conpati bi | ?t y\ﬂa’ﬁtbers‘ﬁbsl CY\W%EI? eiherdhmligagds pribe matalrlieand inferactigns dndepeahant
consi der at i onsonditiosd, et lungndsbence bed cadrbecRobdaldahd Wandapth camberi al s. 1t
is preferred tg dse %ﬁ%&gﬂ@%@&” materials such as N N -di phenyl-N, N -

bi s( 3- net hyl phenyﬁ? - P19 e phériyl ]-4,4' -diam ne ("TPD') and bis[4-(N N

di et hyl ami no) - 2- netWhilptherepimplexesreanthel yshé alphg imethh dight-¢tiidTayeretheirt r on and

20 g © U ANS RS A0edHRIRY i ChorSHERy a8 nds theenolbar dhCAL0AgOLE MpbaY!

("BCP"); or li1g g.materrals w s r'on C €

properties, sd@Rroysd byeambinies Bgilanshani 8 withundterials which facilitate

tri s(8-hydr ox\HatghelaAdpra| THE naeidls &ndR Hole tré’rﬁﬁoﬁ%‘tﬁﬂﬁs{ @ie@&&gtréﬂs'ﬁg*tum
e I'ridium caonplexes

conpl exes with 2-phenyl pyridi nes .and derjvatives. T

ha\r/rg been des @t S?%“B%’d&%&?ﬁ‘&“%&"‘?@éh clsgweagwéérmompmgsez. They
can be gener allf yhmﬂaﬁmamhedomplez@frmm@av@gdd]z_lgaolfgmyb@pwpehgk,%ollér LatLELtCh
L'yL"Z, (Vi e, X = or 1 T 0, or nd z = or 1, . e
pr gvi S0 'Eha%: tégg%%orpgtgnil c?ngeﬁogﬁgo%@negngse%élh egeggpn §am°6§7‘@6r8¥2.4

PCT/ US02/ 22538an be ce=depdsitedifit lanthagide domplea doesad davagsd qlgﬁmﬂh and is not
a henyl pyri i Dy rg i, di . 1Qr I Rolil ne; W the proviso
Chats cwinen L CoBorIGREY o dtiriaReaR DEIMbHA BOREML Biops thd Port o

bi dent at e !fi garednote flexghle fouse. 3 nonodentate |igand, and is not a

i di i 3% chi i jne: La, Lb and
o are alike of difraran hramanceng e, LSOO Qi 0™ Lo has
Formula Vi1, SHicnlaroreialyqfdhghalg rapsnosmaterialjshewd eligmpith thg wek R7 And
R8- Rl scan be fjuitiogdf the anodentlee LUMD (I6Wesivk=occupied molecular orbital) of the
electron transport material should align with the work function of the cathode.
20 Chemical compatibility and sublimation temp of the materials are also important
considerations in selecting the electron and hole transport materials.

It is preferred to use hole transport materials such as N,N'-diphenyl-N,N'-
bis(3-methylphenyl)-[1,1'-biphenyl]-4,4'-diamine (“TPD”) and bis[4-(N,N-
diethylamino)-2-methylphenyl](4-methylphenyl)methane (“MPMP”);electron and

25 hole transporting material such as 4,4’-N,N’-dicarbazole biphenyl (“BCP”); or
light-emitting materials with good electron and hole transport properties, such as
chelated oxinoid compounds, such as tris(8-hydroxyquinolato)aluminum (“Alqs»),
and cyclometalated iridium complexes with 2-phenylpyridines and derivatives.
The iridium complexes have been described in copending application Serial

30 No. 60/215362. They can be generally described as compound having
Formula VI below:

IrLaLchxL'yL"Z, VD
where:
35 x=0orl,y=0,10r2,and z=0 or 1, with the proviso that:
x=0ory+z=0and
when y =2 then z = 0;



menbered ring, at |east one of R4-RI 1lis selected fromF, CSF2s+1,
OCsF2s+1, and OCF2Y, s is an integer fromlto 6, 15 Yis H d, or Br,
and A i s Woos/0d429r ovi ded that when A is N, there is no ReCTRSei/zssed

i ridium conmpounds include those where La, Lb and Lc are alike, and either
(i) Reis CF3, RI0 is F, and all other Rare H or (ii) RO is CF3 and all
other R are H. The L Fiadidgntate Hgnsara menpdentatediggadeandlis yotgy epared from t he
20 appropriate subghidyhaillize, ph MhidtHeDsr pHRh L. el -

phenyl qui nol i ne. ih? }g%}gsti tgtgg,mz’?phenyi pyI;i d?ﬁgisne){%%emﬁg{lﬂggﬂﬁnﬁs i nes, and
phenyl qui nol i nes ar®" prepared, in good to excellent yield, using the
Suzuki coupling of thevhenbSisiamomdienttedigand opipr= 2jdnd, 2- chl oropyri m di ne or
2-chl oroquiknol i ne wit Ik horapi ' s described in O Lohse,

b Thevenin® E. Val dvogve‘ﬂ@{liyﬁ?‘e@?{&afgﬁé%f‘zt “48. The 25 iridium conplex can
then be prepared by'reavenofigntate ksesdsandds neteeplenglperidingyaniddi ne,

phenK: pyrijm' ﬂi ge, @he Mﬁi@HieP&llﬁHéﬁqu\Q%nbﬁﬁ?{tan& sol }/Fnt, wWth i rivﬁi um ]
trichloride hydrat 3 equivalents_ _of sjlver trifluoracetate. en the
| ant hani de conpl exia:ﬂ) e %f‘@lé"oorvqs‘ffﬁe%%‘?‘f‘ieé%q’th@}%d@@h ok bhdBend
material to formtiehphBémads Ve showteinh Figle 41 ant hani de conplex is 30
gener al | y [present iwrhel%ri] .anmpbunt of about up to 85% by vol une (15% by vol une
for the charge transpor'}' material) based on the total volune of the
emtting layer. Uaderenspains cfoRGRY doh B3 Rlécatarjgmed tafosmor fiveret siki al i s
responsi bl e for Cah{eYriHQQedt el ectrons and/or holes to the |anthanide. The
concentration of the charge Transport material has to be above the

percol ati on t hr eshét gagPnaphR&R hgtselegted GopoF,(GxE- 94, OBFsucnd OEF, ¥,
conducting pat hway sGadh iegestrafllpfed. When the density of the material is
cl ose to one, 15 % | s_acceptabl e ‘as long as the percolation threshold

i s reached® The I\gh{ﬁﬁriQ}eO’c%hﬁP‘éx is generally present in an anount of

i’;lbout 0.5 t83/7300@8%%\@1)@/@1pgggi)ﬂgg@éagﬁlhélhﬂ %N,@Lermirﬁ;%“.or thﬁ emtting
ayer. 9 WO PCT/ | 5 ln. s cases a ani

conpl exes may be p?’éej%’ﬁ?%r‘ir#%?‘émf’%‘ﬁ’ﬁisb‘?%“ egg?rs&r"i’%t“‘? L?’ﬁﬂb a&ﬂ&ﬁ]aﬁﬁﬁi@s of
di fferent conphdsiter (MRObeCHs,e'Ens F, drid alli dthertReare Rde (s} RO Chadndiall t he
above di scussij f Vi -t he "t | ant hani.de co undy is
i ntended to ehfg‘grrr%aasrgﬁm@}%m%@n}o‘%&%‘g&%&E‘g‘éea %§7r5’rralfys‘3ﬁ%?rga)g§ ® device
gener al | y 2@l sapprapiiale sebstituseshpohenylpyotdineh phenylpynimitine aor fhenylguiinalient t o t he
anode or the ¢ hasig 1 i1 ' : anode.
The support can be f,Ituéé\g)% gér{)y?ﬂlrﬂﬁgxi,ééyp hg%ggzﬁg@dgﬁési’ ﬁ%(?%%%?gﬁﬁ@ﬁéer ar Y,

gl ass or fl exPEPared:ig£erd tq exaellentyieldsismehe Suzikppepnting hthesubstiiutedo | s an
el ectrode t hap-chior@gyridite) ahldtopfrirhidinRr 2LMlorbPhiRETANGi P AryHVrdRE héiRY
positive chargeiescribed in O. Lohse, P.Thevenin, E. Waldvogel Synlerr, 1999, 45-48. The
25 iridium complex can then be prepared by reacting an excess of the
2-phenylpyridine, phenylpyrimidine, or phenylquinoline, without a solvent, with
iridium trichloride hydrate and 3 equivalents of silver trifluoracetate.
When the lanthanide complex is co-deposited with additional charge
transport material to form the photoactive layer, the lanthanide complex is
30 generally present in an amount of about up to 85% by volume (15% by volume
for the charge transport material) based on the total volume of the emitting layer.
Under such conditions the charge transport material is responsible for carrying the
electrons and/or holes to the lanthanide. The concentration of the charge transport
material has to be above the percolation threshold of approximately 15 volume %,
35  such that a conducting pathway can be established. When the density of the
material is close to one, 15 wt % is acceptable as long as the percolation threshold
is reached. The lanthanide complex is generally present in an amount of about 0.5
to 75% by weight, based on the total weight of the emitting layer.
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10 carriers. The anode is preferably made of materials containing a netal,
m xed netal, alloy, netal oxide or m xed-netal oxide. Suitable netals

i ncl ude tweo3@saap 11 metals, the nmetals in Goups 4, 5, @ad/B02/225d81the

G oup 8-10 transition netals. If the anode is to be light-transmtting,

m xed- met al oxides of G oups 12, 13 and 14 netals, such as

i ndi umtin-oxi de, & sogecsesatheyanisadle chhgplare dmy btQrésbntrinynat dmnamepri se an

organi c materjg eﬁg?&n{"%rﬂﬁ tﬁ%'olf'd’}feb?}ﬁ cgﬁxﬁfé&k:{)&q%b@gfesgr{teﬁ\pll&et ure  vol .

light-emtting om so
357, pp 477- awederstaodithabintheahoverissugsinnge! dexiges, tllemrm th@duﬁharyd@ppl ied by a

physi cal vapogord r’tim&ndedﬁﬁ&fé@m Bhiss Tk Ar&sAsticoRIpBERRSma/bh &olfkdn " Physi cal
vapor depo ition"

rs to 20 variqu posi tion ap proaches carried out in
vacuo. , for ei Eﬁg?‘@ce geeally é’?ﬁso 19‘3]5&5 AfUBBYT {10b shovi) wiies cat be £ or ns of
3put teri ng, | adjheett togthe anodeamthesguiidder Migst frequenti®) the 88ppaird is hdjatent ee vapor
eposi tion sugh as r resi stance _evaporation.
specific form Kl}d% T%elg%g{gﬁecaﬁ%% f%rxl é;?rt%n%% QRRTEH OF LOTRABIC | IGPET a}lgy magnet ron
sputtering. 251a5|3h@r xilge g@amceﬂlrn,s age Wrotl @s asmﬁorﬁhelaayw 116 andj acent the
anode. Exa”pél%&rod%fthﬁqg Eaﬁ&ﬁﬂﬁﬁgfﬂméﬁ?hﬁr n]@ét%gf dt'c ol Ié’éfﬁ% pé%ﬂvg' @P{eﬁ'gp een

summari zed f .exa

Technol og¥? F%ﬁﬂ;lf“ﬁ %ﬁP@P@#’ is pyesprablygnads o 9???‘-’18’&)00“139@}6% apyetal, miggdy. Bot h

hol e transpor melfag, am:afyemuthmxla@dr mp&hgigamsogcgw Siﬂtg&‘é?ﬁbtal@ﬂ{ﬂmwa usgd hol e
transportlng ecul es I.t1L0 to an nmepnt.l onead. .above,
are: 1,1-bis] H?uP4HtIBF'§? fsathedis stk Hh@f:ﬂ}’lpféy%’la& gxﬁ’?f’etgpg; QlOtransmon

N, N' - bi s(4- ngﬂe;allqn Hé thel dnode fsll to bi $1@14t~tearfs;thmlng,nylix)ed-metal ox1des of Groups 12,
1,1 3,3 T
E et rakl( S-(3- rre 41Y+1?é1§{ﬁ@§§“ fh ﬁ?lﬂﬂ t%ggdg’ﬁaéég? enelk?ﬁugﬁ‘ij Zh? ?-;BR)C 10
a- phenyl - 15 N, )ag 2|sh&ayipaise mgngymgm@ter(ed‘slg)h aspolydniinkyk describybinzal dehyde
di phenyl hydr azﬂ@ﬁbfe -emtlt'hhglaﬁﬂ)é% 'ﬁHé" 013‘1% | eteﬁgqnductl (%pohymerrs ” Nature
(

1- phenyl - 3-[ p-( amn pyr “azol i ne
(PR of . DEASPYOL 155 Db thdTBIL BiedPBazol - 9. y1 ) Lycl obut ane - (DCZB).

N, N, N, N -tetraki s(rHe m@y&ﬁhewis)usﬁauﬁapphwb?mph}méawa &F&Bbsﬂﬁox{ TTB), and
porphyr| nic co u such as copper pht hal ocyani ntJ used 10 WO

03/ 008424 Pcr?%g‘?f?/"ﬁﬁ@%ast%i"‘eesf rﬁl%s‘ﬁﬂgt P%Pcﬁg?{ Hfépoé}té’n refers to

pol yvi nyl 2&r beaalue defqsitemyd ppedabolyds)daniedsiut émeacuo. Thus, for example physwal

DO Y3, & ot S B M IRGAR) PR A At bl BarleS 1 g
mol ecul es suc# well ag ﬂmeﬁwmmédp®gm§uclmam -beiny eaporasioniand sesistanest yr ene
and pol ycar bong ggratlén %tépgfiﬁt: oY 6f eplélgﬁglc‘%%ﬁ %&%Fl’tlgﬂ v}?ﬁ’émstu? fiAgtitate

el ectron transpor SO Serv ayer or an |-quench|ng
| ayer to prev’é‘ﬁgneﬁ‘lﬁ’éﬁéwﬁwgr eactions at layer interfaces. Preferably, this

| ayer propptes el eThérefs gantallly tahofWarlsPoke €88r 120 adjacent the anode.

Examples; of hole transport materials for layer 120 have been summarized for
example, in Kirk-Othmer Encyclopedia of Chemical Technology, Fourth Edition,
Vol. 18, p. 837-860, 1996, by Y. Wang. Both hole transporting molecules and
polymers can be used. Commonly used hole transporting molecules, in addition

30 to TPD and MPMP mentioned above, are: 1,1-bis[(di-4-tolylamino)
phenyl]cyclohexane (TAPC), N,N'-bis(4-methylphenyl)-N,N'-bis(4-ethylphenyl)-
[1,1'-(3,3"-dimethyl)biphenyl]-4,4'-diamine (ETPD), tetrakis-(3-methylphenyl)-
N,N,N',N'-2,5-phenylenediamine (PDA), a-phenyl-4-N,N-diphenylaminostyrene
(TPS), p-(diethylamino)benzaldehyde diphenylhydrazone (DEH), triphenylamine

35 (TPA), 1-pheny!-3-[p-(diethylamino)styryl]-5-[p-(diethylamino)phenyl]
pyrazoline (PPR or DEASP), 1,2-trans-bis(9H-carbazol-9-yl)cyclobutane
(DCZB), N,N,N',N'-tetrakis(4-methylphenyl)-(1,1"-biphenyl)-4,4'-diamine (TTB),
and porphyrinic compounds, such as copper phthalocyanine. Commonly used

10



guenchi ng reactions. Exanples of electron transport materials for optional
| ayer 140 include netal chel ated oxi noid conmpounds, such as 10

tri s( 8- hywoespepsesol at o) al um num (Al g3); phenant hrol i ne- basediSovmse’inds,
such as 2, 9-dinet hyl -4, 7-di phen~ 1-1, 10- phenant hrol i ne (DDPA) or

4, 7-di phenyl 1, 10- phenant hrol i ne (DPA) and azol e conmpounds such as

2- (4- bi pheny| #ple-tsngpprtipg B@Wme{ﬂﬁﬂfﬁy@lyvmyEazhawdedphqwﬂmetbPBm)lyahde

3- (4- bi pheny! pbby(ﬂmh@%ﬂdm&yﬁﬂoﬁhenwﬂbﬁ@nxdd)polya%mlﬂmet il ﬁza% oksiBho 15 The

cat hode 150 is, an electro articu I.Ci ent rinjecting or

col I ecting el 8REfhe HF‘“W@BE’(&RP@‘E‘F‘T& géowgghpkrtgansmﬁ&n&apma@s &4 #e any
metal or nonﬂ’?isahlehawmemlgabavé e polumls iunas potgs g}'ﬂaﬁ@aﬁm@r} fidisonadd ect 1 cal
contact layer (in , r. the se

el ectri cal ycont act qu éer"lq 16@‘03% %%%D'YE o}r[‘?‘nc ﬁtai%lF]i%Ctﬁ%‘lté?@p 8(‘;’tdoup 1
(e.g., Li, Csqlso tStree@ @trpffar l@yadrk)alanmrquea:htdg)lam torpteabist, qutinchifg @bgtiob?

metal s, the | aibhanh@AscesdMorbBl AR lgk%‘éﬁ'omyég BleLBbP iy A% relitll! MU

i ndi um cal ci um arirum sanuari u I nati ons,
can be used. fAu¥enchinggeaghiony Kxapeplet ofelectran diagspont matgeials foraiptional dayer

devi ces. For 14ao<aﬁnide,métél%elafearbxml@c&ﬁy&ﬁadé RQtn shown) between the
conductive_ po ‘1%-[ é }ai Age active Iayer 130 to facilitate
posi tive é‘har&é@ﬁ& Q%&q‘{m A pym PhgnapthrRling oagedecamppunds, or to
function as asywhais@cd-dineethylyieT-dipHenilt lar0- phentaimmcﬂlr@qnma) orddi-diph I ayers
(ot Spomn) e MRS AL BT S P et A et P e
| ayers, or tot- bl!ibfhlthﬁ@}‘i) és’i ‘homdm@dﬁt(iP\B@)laagiéF@ mpl;eaybfl)t-h@her@rlé Mrtewn in the

art can be BObﬁ@%en}Ll 19c’tgih;dZAF (TA of the above-described |ayers can be
made of two or t'ernatively, sonme or all of inorganic anode

| ayer 11015 the con %b% gqtt;%de b9 iy ap pleptg%thgtgg partipelagly effigient fardnjeqtdng orand

cat hode | ayer cdlli!&tm@&l%ctb&s&ﬂ mbgdiRve chéx@é‘%ﬁﬂle?so T&Qﬁ%a@c&h@é & AR drer
transport efficie materi a t he conponent

oi ce .0 of
layers is preP&FaEf Cv’aéf&gea}]rﬁwﬁéa’of}ﬁl&ﬂﬁﬁ‘ Hletffﬁét eé??éﬂ‘%al gpntay lﬁfeb&iﬂdl ng a
devi ce with hthihcadedncmodd)f iNaterialy forlthe seeonmd%tﬁbﬂ(wnﬁahﬂhyaaﬁxlﬁbé unct i onal
| ayer may be f r e e 03/.00,
bel Usos) 256 st RoflalB fieh 13 Gl LI %‘ e @ﬂﬂ?ﬁﬂ%?a‘ﬂ‘éposu ting
t he i ndi v?Q:luametaés):éhesGmpd2mtala,tihela®dmstdeataed tl&ﬂwnrdas eMagayials sash gé ass and

pol yneric fil gl ARdiuts eaciubR BYRRh! Qe r hni ques can
be used, such as thermallu evgboratﬁon C"IélrlTl] ca mggg'ggﬁ@él‘ﬁgﬁ ?gn and the

like. Alter na?‘?W‘é‘F‘?“oqsh@n&egﬁﬁ‘ilc 5 layers can be coated from solutions or
di spersions in sun ttabkovaPlogne %theklﬁtlyéhg iR BdganeRMCEOhicARAces 0B NY

technique. | "e ?e thére E:Qr? bed a Iafygrr (eno 0%7\;3 'i)gtwvge}x lthehc%\rll U(;[t{;ll% polymer layer
25 120 and the active layer 130 to facilitate positive charge transport and/or band-gap
matching of the layers, or to function as a protective layer. Similarly, there can be
additional layers (not shown) between the active layer 130 and the cathode layer
150 to facilitate negative charge transport and/or band-gap matching between the
layers, or to function as a protective layer. Layers that are known in the art can be
30 used. Inaddition, any of the above-described layers can be made of two or more
layers. Alternatively, some or all of inorganic anode layer 110, the conductive
polymer layer 120, the active layer 130, and cathode layer 150, may be surface

treated to increase charge carrier transport efficiency. The choice of materials for

each of the component layers is preferably determined by balancing the goals of
35 providing a device with high device efficiency.
It is understood that each functional layer may be made up of more than
one layer.
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foll owi ng range of thicknesses: anode 110, 500-5000A, preferably

1000- 2000A; hol e transport |ayer 120, 50-2500A, preferably 200-2000A;

| i ght - emwDioagos4ayer 130, 10-1000 A, preferably 100- 800APcaatsozezEBs

el ectron transport |ayer 140, 10 50-1000A, preferably 100-800A; cathode
150, 200-10, O00A, preferably 300-5000A. The | ocation of the' el ectron-hole
reconbi nati on zone The denicegany be ptepargd dyspanentislly eapos denwsitingdlet individafal t he

device, is afflegdresn bxm&m mk@éte vsutsslﬁlaf‘ek @ﬁ‘e‘hsas g%tss 8R¢ Bm?ﬁ-béﬁ& fildh9t IFB@W' es,

when an emtter s, used as the electron ransport ayer the

i
el ectron-hol e L}S‘é‘éoﬁﬁ?‘f?ﬁf 1P} QBq{éieE%t“HbteF}FP“ﬂ‘FPé cap g usedysich ag thermal eni ssi on
woul d t hen be evhgdratidn, Ahgmcalam}onmposﬂaen dedithelike haltgmatarly) @&y ¢tganien ssi on.

Th h f I h h

Theel oot r an- RoyeE st el i TR AR P ReRsion T b o Pentig g the
desired rati o convénsipesl Ctohil@gmebsw vhllgleneielpﬁrecdlﬁ‘erenﬂeyaxmm haatthe e of the
material s Usqgno@ﬂg rangﬁ%flt'ﬁléﬁr{e%éegoﬂmhg?io ts@@ %bbkcgr%ﬁgéfblffloé&ﬁ%ﬁé' ces of

t he invention nade ani Ig ved by
opti mizi ng t héwolst wasport layer 520, 302580 farrieeably 600-20004s light-emittng fayeri ent

o ot anamor 2o Bl 0BRACprclarbly cansheA . aemnaiSlane gt BiaRaac Tove

or increas égmm ???tgﬁéQB;ﬁg‘ka?aég’d;plépt 100 PA@ngablYonal | ayers

](c:an ?I so be i’aldtﬂ@dSODOAt hd kmbatidiﬂ)feh@élemréineht% ﬁec@fnblﬂ&ﬂoﬂ@éﬂ&ki%hél d’é(z%esl and
acilitate e nce exanples, i[lustrate

certain feat u‘r%gls1 {}glr?gﬁ% éc}l\?gsglgga%esc%fn I\be §%‘/6cepfsea§€°ﬁ{eg\ﬂ¥\}8?lﬁl%&% thigkRess e

i ntended to befetdhisyeratiovexapipleshwhemae aitten, sublutis At ib Usddtas nigs elédtion
ercent ages ag e of the

Ito ype Corrgl exesx%( 2%%%%) ee%krgﬁ?#ﬁgg%ﬁ%ﬁ% ¢ é\ndge(%%é%e(rDPphen)

were synt Hési 88 ef’bﬂ%\/ﬁvﬂ@ phanchedhated Algmand et the desired shapdzkmMHdeTom | ova,

Z. M:; Ge \V} _
s hkovs r gS| %:i:i‘sﬂ)sn fi;lﬁlsjhe t:ﬁi%i?é’ﬁ‘b‘fﬁ% e?ectnjen t1%n3pdrplé¥éﬁﬁh§t ?S %\6@8?)? 008424

PCT/ US02/ 2253 fénlho&ﬁﬁf”gk’é’éﬂan %PfFH% eugﬁ ightremitting layer: AdeFor mul ae

111- A and ||| dBsimedrretio pf leparthitkingsésenititdepend dtethe @kic HRRARAOMBe materials
Ln(1li-enol ate) 3. th the desired nono- inine in dichloromethane. The
products were |soI ated by filtration. 5 EXAMPLE 2 Eu TWH 3(3-FMPbi py). To a
McOH CH2C22 (3 ni, Itiis 2ndesstood dfat theefficiencyditheedevices sHithetinventiof nBdEMPDI py

(0.148 g, 0. 3%1m%aﬂiﬁécﬁﬂﬂ<ﬁﬁldg%g%%ﬁ1heg Hngrdtedby OpeiniZHEthd offlep SO ved 1N

MeOH (2 ). Theresultln ut’i on
yers in the device. For example, more efficient cathodes such as Ca, Ba or LiF

can be used. Shaped substrates and novel hole transport materials that result in a
reduction in operating voltage or increase quantum efficiency are also applicable.

25  Additional layers can also be added to tailor the energy levels of the various layers
and facilitate electroluminescence.

EXAMPLES
The following examples illustrate certain features and advantages of the
30  present invention. They are intended to be illustrative of the invention, but not
limiting. All percentages are by weight, unless otherwise indicated. Complexes
of the type Complexes (acac); Tb(phen), (TTFA) ;Eu(phen) and (TTFA)
3Eu(DPphen) were synthesized following procedures known in the art, such as
Topilova, Z. M.; Gerasimenko, G. 1.; Kudryavtseva, L. S.; Lozinskii, M. O.;
35 Meshkova, S. B. Russian J. Inorg. Chem. 1989, 34, 1265.
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stirred at roomtenperature for 48 hours. After the solvent was evaporated
the to white solid was washed with hexane to yield the product 14%yield
(0. 050 g)wo 03@643H, NVR (CD2Cl12, 376 MHz) S is-63.36. EXAWPILHS82/E538TVH 3
F(pbi pY). To a MeOH/ CH2C12 (3 nlL, 1:2 ratio of the two solvents) solution
of Fpbipy (0.187 g, 0.27 nmol) was added Eu(TMH)3 (0.187 g, 15 0.27 mmol)
dissolved in MeOH (2 nL). The resul t BXAN®LET on was stirred at room

tenperature for 48 cipulisxesALd l]gﬂq lsﬁln)éﬁéc‘{he ?/m%@?ﬁ ‘?B&ggggqyml te solid

was washed with hexgje to yle O her
conpl exes in PAHRAEEADYSRLEIS ‘?%‘”‘Eﬁsé‘ﬁf&“&j RGH- %@%ﬁam be Wﬁdlemm- EXAMPLE 4

20 Thi s exanpligirelih dsdhi@besthahe TIoy pradhdhwele @émbymt&amhhe | ant hani de
conpl exes of the invention. Thin film i.ces inctuding a hole

transport fayer (HT layer), electrolu 2| ayer (EL layer) and an
el ectron transport BudUkH )g(EIFMHLz@y) Towe MeOROH,CY Gomby1:2hstid Sthedko

to di f f usi
o et ueq SRS SL(R FEAURLO01360. 5 %r%o‘iﬁ%% Rt s on s 1 n
the range of 10234 gd}33 mmd) dissadwidtin de QA 42dy). Whe resultingisbhition véeposi ti ng
five differ emstlfréd ﬁﬁo%tt&ﬂﬁéra{u?@fo@agﬂoﬁﬂ RR cf%#e'ﬂ?waél @\%B?%dﬁgg' ndi um

tin oxide ITO oat | ass substrate was use | ayer of

avin
about 1006 20(3@‘“5\50 @’%&@%l!eldét”éh Dexang forxgeldshe Pr@ﬁh‘éd“%gylélddﬁioﬁg gxway the
unwant ed |1 TO dPEEHMNKIRI mn%@lzgqum istg3 Fgorm a first el ectrode pat tern.

Pol yi m de tape was used he mask E!Eg Ezht erned | TO substrate was then

cl eaned ultrasonically in agueous de | ution. The substrate was
then rinsed with duSTMH)g@pbiayerTo & MdQRMEH LY, (3s@b] DRamid of thedvé hen

subst rate was PRSI SR HoLG 0 A8PY: 027 ML el “oef R DR RE L e ' 1O
punped dowh t §-27gnmob)atissolvedén Mebdt 2anb). whlse teldting salntisrewacdteended usi ng an
oxygen pl asma b te%%'&tué f$P487h61h‘% Chfle Nh%%f)lvgﬁt%'e@ﬁgorﬁ%g t@vﬁ% Q424

PCT/ US02/ 22538 nul t'i | ayers o | ayers
vere then depd&stagh “Is)‘é B?ﬁainﬁﬁq yiekirthe productsi0fe vielt @. 188 @her nal

evaporation. Final DtherQ@hfpﬁx@?ﬂl Taed ab&le%‘éré Eﬁﬁﬁreﬁfmﬁlll aﬂﬁé udeRAReEL ed
through a nask, with a thickness in o} 700 60 The

t hi cknesses of the filnms were neasur deposi tion u5| ng a 5 quartz
crystal maeitor (SYyhirex&ipleAllQjtratebithe fematidredf OLEDs ubing ldrclasBanide €

gﬁg‘i n_zla_lh,e cal C%rﬂbﬁ%saéﬁﬁmn@%m%‘n‘? density of the material deposited to be

Thin film OLED devices including a hole transport layer (HT layer),
electroluminescent layer (EL layer) and an electron transport layer (ET layer)
were fabricated by the thermal evaporation technique. An Edward Auto 306

25 evaporator with oil diffusion pump was used. The base vacuum for all of the thin
film deposition was in the range of 106 torr. The deposition chamber was
capable of depositing five different films without the need to break up the
vacuum,

An indium tin oxide (ITO) coated glass substrate was used, having an ITO

30 layer of about 1000-2000 A. The substrate was first patterned by etching away
the unwanted ITO area with 1N HCI solution, to form a first electrode pattern.
Polyimide tape was used as the mask. The patterned ITO substrate was then
cleaned ultrasonically in aqueous detergent solution. The substrate was then
rinsed with distilled water, followed by isopropanol, and then degreased in

35  toluene vapor for about 3 hours.

The cleaned, patterned ITO substrate was then loaded into the vacuum
chamber and the chamber was pumped down to 10-6 torr. The substrate was then
further cleaned using an oxygen plasma for about 5-10 minutes. After cleaning,
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conpl eted OLED device was then taken out of the vacuum chanber and _
characterized i medi ately wi thout encapsul ation. A summary of the device

| ayer s amwlotobioeddnesses is given in Table 3, below. 10 The POrERoyz3ps es wer e
characterized by neasuring the (1) current- voltage (1-V) curves, (2)

el ectrol um nescence radi ance versus voltage, and (3) electrolum nescence
spect r um ver susultipletlaysss ofthin fipsdomnthe $1T S dandA0D]ayers vednothien deposiiedgur e 6.

Sour co- Vbasur ot AR AT Eye B thor FalRRNL Cflnily, BaflemleBbl B 1 e
(in the unit &feckiadesf Algverg denosifed W&U&h@d@%ﬁkewlwaﬂhlcbnm irothe gangs-of 10

| um neiﬁenc? FVEUE7|F6D R10he ﬂﬁukh@ssééﬂ@ftbi@hlrﬂgwe%%et:a‘éﬁ@afaﬁflngla%ﬂ;l@let{g??ﬁiﬁgi Itglhfy
SMU. e ectrol um n scence,spec obt al

using a pafr fesa mo%(SYMI}QWj@ﬁP%WQﬂ@HMWSSCWE di spersed
t hrough a spembnmgadaqnhulaZ&Dassmmgtthedemyxsﬂﬂﬁdnmﬁdl rc}iap(ﬂ;ite@lﬁb B driey Igiét ector,
260. Al thre e Qr. at the an
controlled by%om?PetéHE?EEf) ({L’gl%%v%ﬁe%t | c‘?“éngg‘e VPCLE%C e&én t certain

vol t age was d@h@r\aﬂt\em@i imymediiai¢lyiwithout ¢nsapdudationolAustinmeanyexf tee dexitieance of t he
LED by the cuMﬁ:&tarfaqmﬁass&q&gﬁ,@nhpréﬁws feiGwdevice. The unit of

measurenent is resul s are veh In Table 3 below 25 Table 3.
Sampl e HT Payer EL Th&@rElham%l%wemecamap@&Ked«x@pm&sumgéhq:(éékurrmm ckness,

thi ckness, t hnv@kaigeeS(w)laaﬁbear(Q)aeleafcﬂuﬁi&@@eylce M&é@b@ﬂ&%&svona And\(Hd/ n2 cd/ A
nm| MPMP Exa 12 25 617 5? 420 MPMP 81 npl'e 3, DDPA,
25 0 16 617 n%ggo Mneifﬁ%dcmtrum versus voltage. The apparatus used, 200, is shown

=2, 9- di met hy| imFigudi @hdiny -V cuirfespdfeama®ILED hinple, ZEI%reiﬁle@uféﬂwftlﬂ 625 port HT
o) AR Nyl N S 3 Dl EIRRER S
cl ai med i 45 1radiancafintheinié ofestipdlysd vbliagerpsoneasaried F‘oﬁlraMamltlaIHS—NO 111 -
and 1V bel oWuminkfehds 0,31 6) WhilRE vbiAdi&as(stArrie®hsing the Keithley SMU.

The electroluminescence spectrum were obtained by collecting light using a pair

of lenses, 230, through an electronic shutter, 240, dispersed through a

spectrograph, 250, and then measured with a diode array detector, 260. All three

20  measurements were performed at the same time and controlled by a computer,

270. The efficiency of the device at certain voltage was determined by dividing

the electroluminescence radiance of the LED by the current density needed to run

the device. The unit of measurement is Cd/A. The results are given in Table 3

below.
25
Table 3.
Sample | HT layer EL layer ET layer Peak Peak Approximate Peak
Thickness, | thickness, | thickness, | Radiance, efficiency, Wavelengths,
A A A cd/m2 cd/A nm
1 MPMP Example 2, | DDPA, 8 0.25 617
508 425 420
2 MPMP Example 3, | DDPA, 2.5 0.16 617
535 441 403
DDPA  =2.9-dimethyl-4,7-diphenyl-1,10-phenanthroline
ET = electron transport
HT = hole transport

MPMP = bis[4-(N,N-diethylamino)-2-methylphenyl}(4- methylphenyl)methane
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Ln((3-enol ate)3(nmono-imne)2 (111-B) Ln((3-enolate)3(diimne) (IV) where:

in Formulae (Il11-A) and (I11-BZ 10 nono-i mne has Formula | shown in Figure
1; in FowouwBamogsed)): diimne has Forrmula Il shown in Fi guP€TajSo2/eas3gach of
Forrmulae Land I1: Rl can be the sane or different at each occurrence and is

15 selected fromal kyl, fluorinated al kyl, aryl, heteroal kyl, heteroaryl,
-QR2, -QN(R2)2, X, or adjacent Rl groupsz.érhMéoi n to form 5-nenbered or
6- menbered rings, Rahat & Miklier aryl, Qis a single bond, alkylene,
arylene, or -C(O) - is. d, F, Br, or -CN,_alpha is an integer from1l
to 4, yis anint %ge%q‘frit(]é?ﬂ“ie ‘EOHIPQUHEHEIVIH8°P%°6FW% kB, arbl 1 to 3,

with the provbdown that in Formula Il there is at |east one RL group 25

having a fJuorine. 2.; F&h of Claim1l whereip.Lp is selected from
Eu, Tb an Tm 3. Thrén@o&rr%)gauwg(&é?e 1 wherein thénfg)no-i mne is

sel ected from 3-cyanbprénglated;(mongiimendyy| am nopyri di @H:B) soqui nol i ne;
4-tertbutyl -pyridine; @%bt Yipydyi di ne; and 2- (2- gl enyl ) pyri di ne. 4.
The conpound of d ai mri(%mherag%)fﬁ]mt he Ai imne ligand i SEIQZI ected from

5,5 -bis(triflWB§met hyl )-2, 2'-bipyridine; 6,6 -bis(perfluorohexyl)-2,2" -
bi pyridine; 4,4'-bi s(ia-ftohhﬁlae@npmaﬂd'hghhmyl )-2,2' -bipyridine; 4,4'-bis(4-
fl uorophepyl)-2,2" -bipyridine.. 35 5 T ound.of Claim1 wherein the
b- enol at eR?/s sel ected f roer’n(?}rﬁlpﬁgﬁﬁ gm?%ﬁg}ongm mq:‘gure ;

1, 3-di phenyl - 1, 3- pr opardednolgi¥): 2'2, 6, 6-tetranet hyl -3, 5- hept anedi onat e;
4,4, 4-trifluoro-1-(2-thie J.- i er. 7. 75.di met hyl -

1,1, 1, 2,2, 3, 3-hept af | uor O@ﬁ%?%‘%%%%é’?%ﬁgb@?giﬁ l,gfeg,’S, 5- hexafl ouro-2,4 15
WO 03/ 008424 PCT/ USO_?ln:EaGiRQqurmia@rIeﬂ@:d_éhat e;

1-phenyl - 3-nmethyl - 4-i - butpr ylrjth@gahd HORALRnt @t'}q%)iloécuflreﬁcesmﬁzi?'

hept af | uor o- 2, 4- pent anedi oPat e.. 6. An el ectronic device conErl sing a

phot oact i Y% | ayer, whereiS§ ecfed from alkyl, fluorinated alkyl, aryl, heteroalkyl

heteroaryl, -QRZ2, -QN(R2),, X, or adjacent R! groups can join
to form 5-membered or 6-membered rings,

R2 is alkyl or aryl,
Q is a single bond, alkylene, arylene, or -C(O)-,
20 Xis Cl, F, Br, or -CN,
alpha is an integer from 1 to 4,
v is an integer from 1 to 3, and
d is 0 or an integer from 1 to 3,
~ with the provision that in Formula II there is at least one R1 group

25 having a fluorine.

2.; The compound of Claim 1 wherein Ln is selected from Eu, Tb and
Tm. |

3. The compound of Claim 1 wherein the mono-imine is selected from
3-cyanopyridine; 2-dimethylaminopyridine; isoquinoline; 4-tertbutyl-pyridine;

30 4-phenylpyridine; and 2-(2-thienyl)pyridine.

4. The compound of Claim 1 wherein the diimine ligand is selected from
5,5’-bis(trifluoromethyl)-2, 2’-bipyridine; 6,6’-bis(perfluorohexyl)-2,2’-
bipyridine; 4,4’ -bis(2-trifluoromethylphenyl)-2,2’-bipyridine; 4,4’-bis(4-
fluorophenyl)-2,2’-bipyridine.

35 5. The compound of Claim 1 wherein the b-enolate is selected from
2,4-pentanedionate; 1,3-diphenyl-1,3-propanedionate; 2,2,6,6-tetramethyl-3,5-
heptanedionate; 4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedionate; 7,7-dimethyl-
1,1,1,2,2,3,3-heptafluoro-4,6-octanedionate; 1,1,1,5,5,5-hexaflouro-2,4-
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phot oacti ve | ayer conprises the |anthanide conpound of Claiml1l. 5 7. The
device of Claim®6 wherein the |anthanide conpound is present in an anount
of up to wbmaboB3L by vol ume based on the total vol une of pchasSopiassoacti ve
| ayer. 8. The device of Claim6 wherein the emtting |ayer further
conprises (b) a charge transport nmaterial. 10 9. The device of Claim8
wher ei n t he ehoetagalionate d paenylrkimetliyhid-ithityrybpyrazdimonate;randsiplt 8,50m6er i al
sel ected fromy, Lordl AL = N: N.-bi s(3-net hyl phenyl ) -
[1, 1' - bi phenyl if\{?glf’%g- d?ggn%%%@édr}}&feb N . ,
bi s[ 4- (N, N- di et hylCaniigectropisideyicsicerpriting 2 Phetorstivishaiey Wheseinshfe. 10. The
dfw ;:e of Cld%lﬁmloﬁctWEQﬁﬁr '&on{nbﬁse@@@{ﬁﬁthhliiid@@fiﬁﬁ(%ung&%f@léiﬁzl. 2 b) Ni SN an. 15b |
el ectron and hol e franspor.ting.materi.al .sel ec .from4, 4" - ' - di car bazol e
bi phenyl 3.4 -~ N7 o DS PRkt PECHT Retffreit BiedFade s 6o SoRFBtSaRIS  of
al um num andnayouanetyl tatabeluti8SYdbyuvolomaphedea thé toll e jurenyfltiy/r i di nes. 11.
The devi ce of I.m further conprising a hole transport |ayer selected
from N, N -di ﬁﬁgr?%tlvﬁﬁﬁe-rbi.s(s- met hyl phenyl )-[ 1, 1' - bi phenyl ] - 4, 4' - 20
di ani ne; 1, 1-bi s[ @i Thedevige efiflah 6pvhersin theyemitinglayee furtiencomprises
met hyl phenyl Jg)\, &lia-r%@ée(rép&% hulepheny!) - [
1,1 -(3, 3" -dinethyl blphen_yl]-4,_4'-vglamH§; ) i
t et r aki s-103- met hyiJphdHyAFviRg /f Kaim8 venercin, e chprg dgnsportiaatedaldhbisg - 4-
N, N- ﬂi phlenyl &hﬁid‘tﬁﬁlkgfrei(?ﬁteriala s(eiﬁcﬁ.fdlfﬁdrﬁN,N'GdibmwaNQNH)iste-rdéth?@HMi}m)‘dr azone;
tri phenyl am ne;, bi s 4~ N-.di et m N\ -et hyl nhepyl 5
et byl phenyl J b PRy IR AR AT ROE Sl ARy
(di et hyl am nagshdpldny)pettanel i ne;
1, 2-trans- bi s(9Hggar 195 Yy (A : . .
N NN N et aki S a ReBhribe Y OB BORRIGR fre charge ranspogt maferial (b i an
por phyri nfc elsstpoandibole srospesins maeiidssleetne fiopt 4.4 10N Theadesplee of O aim
6, further coipichslif@-RINEliOFbIARR BipRerTEhélated¥Rinoid3dnsRuags 6d from
tris(8-hydroxyqui nol géflozwahqumgum . 2,.9- di rreﬁfgyl _4 5.&%Rqeny|__
1, 10- phenant RFEINKE; and erclmsialats indiye complexRt Withi2Rhgnylpyridines.
2- E 4- Ei pEenyI yl) -18- ( 4ht deticd off @laan ) furtheScompeisag sltodd fansport layer
3- (4- bi phenyl yl.).- 4+ph oo (4-tohut vl phe = a2y 4t | £4_and
conbi nati ons Sglﬁéfiggmlegﬁﬁ h(gﬁwh%%lﬁg(ggﬁp%&%hcfn@&ii’ig‘glghs (r?]u@?ur e selected
f rom compoundsmidg 1L1-bis{(di-ddglylamino)iphemdidyelohexang, NA'{bésté-hani de conpound
having a’ st ruediiiphei§l)ae Netis(4- iy HREMANNIP-(3 3~ dinteiyRchheRyiaa 4.0 Table 2. 16
diamine; tetrakis-(3-methylphenyl)-N,N,N',N'-2,5-phenylenediamine; a-phenyl-4-
N,N-diphenylaminostyrene; p-(diethylamino)benzaldehyde diphenylhydrazone;
triphenylamine; bis[4-(N,N-diethylamino)-2-methylphenyl](4-
25  methylphenyl)methane; 1-phenyl-3-[p-(diethylamino)styryl]-5-[p-
(diethylamino)phenyl] pyrazoline; 1,2-trans-bis(9H-carbazol-9-yl)cyclobutane;
N,N,N',N'-tetrakis(4-methylphenyl)-(1,1'-biphenyl)-4,4'-diamine; porphyrinic
compounds; and combinations thereof.
12. The device of Claim 6, further comprising an electron transport layer
30  selected from tris(8-hydroxyquinolato)aluminum; 2,9-dimethyl-4,7-diphenyl-
1,10-phenanthroline; 4,7-diphenyl-1,10-phenanthroline; 2-(4-biphenylyl)-5-(4-t-
butylphenyl)-1,3,4-oxadiazole; 3-(4-biphenylyl)-4-phenyl-5-(4-t-butylphenyl)-
1,2,4-triazole; and combinations thereof.
13. A lanthanide compound having a structure selected from compounds
35  l-athrough 1-1in Table 1.
14. A lanthanide compound having a structure selected from compounds

2-a through 2-aa in Table 2.

16



