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Abstract The behaviors of the electroluminescent polymers under applied dec— 

tric fields were studied  by using the tight-binding model of electron—lattice COU— 

piing and solving the real—tmie Newton dynamical equation． It was discovered 

that(1)the extra electron and hole injected by the applied electric field make the 

lattice relaxation，and bipolaron—excitons ale formed． (2)there exists a critical 

electric field． W hen an applied field is equal to or larger than the critical field， 

the bipolaron—exciton will be dissociated into positive and negative polarons， 

leading to photoluminescence quenching． The result is consistent with the rele— 

rant experiments，and it also implies that the bipolaron—exciton is a kind of lumi— 

nous speeies in polymers． 

Key words dynamical study，applied electric field，polymer 

Introduction 

M ueh attention has been focused on the electroluminescence (EL)of polymers since 

the EL in polymers[ ]was discovered by Cambridge University of UK in 1990．Today the 

EL study of polymers has become one of the frontier subjects in the world．Being different 

from conventional inorganic sem iconductors，the polymer is a quasi—one—dimensional sys— 

tem[ and has the characteristic of low—dimensional instability．The extra electron and hole 

will induee the variations of both lattice structures and electronic states in low．dimensional 

systems．1eading  to the formation of bipolaron excitons[。～“．Recently Kersting et al0]and 

l The project supported by the Nationa[Natural Science Foundation of China and National High performance Corn— 
puting Fund of Chlrm 

Reeeiw~l 1998—1I-Z3，revised 1999 03—08 

维普资讯 http://www.cqvip.com 

第 18 卷第 3期
1999 年 6 f1

红外与毫米波学报
J. Infrared Millim. Waves 

Vol. 1 毡~ No. 3 
June~1999 

DYNAMICAL STUDY ON THE BEHA VIOR 
OF ELECTROLUMINESCENT POL YMERS 

UNDER APPLIED ELECTRIC-FIELDS 

FU Rou-Li 

(N皿回国1 Labora雹(}ry for Infr.ared Ph.ysI.C8. 目"Umghal I回titute" of TechnicaI Physics. 

Chìn ll':5e Academ.y cl Sciences , Sha哩hai Z但JO臼. Chi回}

ZHAO Er-Hai SUN Xin 

([kpartmen去。f Ph.ysics~ Fudan Uni回国町. Sh.angha î. 200433. Chma) 

Abstraet The hehav;ors of thεelectroluminescent poly田ers under applied e1ec­

tric fjelds were studied by using 主he tight-binding model of e1ectron-Ia仕lce cou­

pl i.ng and solving the real-tmie Newton dynamical equation.. It was discoverεd 

that (1) the extra electron and hole injected by the applied electric field make the 

lattice relaxati.o肌 and bipolaron-excitons B陀 formed. (2) there exists a critical 

e1ectric field. When an applied field is equal to or larg盯 than the critical field. 

the bipolaron -exciton will bεdissociated into positive and negati.vεpoJarons. 

i咽ding to ph。如luminescence quenching.. The result i.s consistent with the rele 

vant experiments , and ít also implies 主hat the bipolaron-exciton is a kind of lurni 

nOllS specí.es in polyrners. 

Key _rds dynan苟且1 study. applied electác field. polym盯E

Introduction 

Much 且_tention has been focused on the electroluminescence (EL) 01 polyrners since 

the EL in polymersÜ1 was dlscovεred by Ca回bridge University of UK in 1990. Tod町 the

EL study 01 polymers has be∞me one of th.. frontier subjects in the world. Being different 

from conventional lnorgan Îc semiconduc在ors ，. the polymer is a quasi-one-dimensiona] sys­

tern[zJ and has the charaεteristic of low-dìmensional Înstab且让y. The extra electron and hole 

wil1 induee the variations of both ]attice structures and electronic s也是自皿 low-dimensional

systems ,. leading to the formation of bipolaronεxcitons=-3-4]. Recently Kerstíng et al=5 ::i and 
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Tasch et aIc ．have observed experimenta11v the electric—field—induced photoluminescence 

(PL)quenching in electroluminescent conjugated polymers．In order to understand the PL 

and other optical phenomena of polymers under applied electric fields，we study the behav— 

ior of electroluminescent polymers with extra electron and hole under applied fields by the 

real-time dynamical methodology．Our results are com pared with the relevant polymer ex— 

periments Es～ ． 

1． M ethod 

Electroluminescent polym ers consist of carbon—hydrogen atonls groups．By simplify— 

ing a carbon—hydrogen atom ’s group as a lattice point． we can regard an electrolu— 

minescent conjugated polymer as a finite chain with N lattice points．The electronic Hamil— 

tonian of the system under an applied field will be 

／4,=一 ∑[ 一a( + 一 )+ (一 1) ](c l， ． +HC)+ ∑eEnaC+,C． (1) 
月 ●I ■ 

where C (C ．，)is the creation(annihilation)operator of an electron on site n with spin ； 

“ is the electron hopping probability，and a，the electron—lattice interacting constant}‰ 

represents the displacement from the equilibrium configuration of lattice points； is the 

symmetry—breaking term，determined by the energy difference between phase A and phase 

B of the nondegenerate ground states since elee trolum inescent polymers have nondegener- 

ate ground states}and E is the electric field strength． 

The electronic wave function and eigenvalues are determi ned by the electronic 

eigenequations 

= ￡ ． (2) 

Because the mass of a carbon-hydrogen atoms’group is much heavier tha n that of an elec— 

tron。we need not consider the phase difference between electron’s shift and atom’s shift． 

So it is reasonable to use an adiabatic approximation．Thus for any instantaneous configu— 

ration{ ( ))of atoms’positions，electrons are instantly in the eigenstates of the poten— 

tial field brought about by atoms configuration．Therefore，the instantaneous electronic 

spectra ({ (f)})and electronic states ， ({ ( )))are functionals of the instantaneous 

configuration{ “)}of atoms’positions．When atonls are in a configuration(R( )}，the 

tota l energy of an electroluminescent polymer is 

E ({ (f)}) 荨 ({ ( )))十号 ( + +体)。+ (一1) (体+ + )(3) 
The first tel'in on the right of Eq．(3)is the electronic energy，the second and the third 

terms are elastic energies．K is elastic constant．KI： ——1．25032a for a finite chain with 

100 lattice pointsEa3． 

Due to electron—lattice interactions．the eigenvalues(the first term of Eq·(3))of elec- 
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Tasch et 31[6]. have observed experimentally the electrîc-fìeld-ìnduced photoluminescence 

(PL) quenching in electroluminescent conjugated polymers. In order to understand the PL 

and other optical phenomena of polymers under applied electric fields. we study the 也ehav­

ior of elect rolumìn臼cent polymers wÏth extra el配twn and hole under applied fields by the 

时'al-tíme dynamìcal methodology. Our results are compared with the relevant polymer ex­

periments[.50-?] • 

1. Metbod 

Electroluminescent polymers consÌst of carbon-hydrogen atoms groups.. By simplify­

ing a carb田l-hydrogen 8tOl刀 's group as a la ttÌce p由nt ， we cafi regard an electrolu­

mÌnescent conjugated poly皿，er as a 自由te chain wÌth N lattice poînts. The electroruc Hamil­

tonian of the system under an applied field will he 

H. =- L; [t. - a(民H ←弘3 十(- O"，.](C:+1 ..C... 十 HC) + L;eEnaC;;"C." (l) 

w\卫ere C;!;.(C锺，，) is tbe c而且ion (annihil目ìon) opera定。r of an e1 ec甘on on site n 胃垃h spin Sj 

lo lS the elect主on hoppin甚 prohahilìty. and α" the electron-'attice ínteracting co阳tant;: 'Pn 

rep坦白nts the d.ìsplacement fro回宿eεqui1ìbrìum confìguration of lattice poin自 t~ ìs thε 

symmetry-breal宝山:g ter田， determined 也y the energy difference hetween pbase A and phase 

B of tbe nondegenerate ground states sìnce electrolumÌnescεnt polymers have nond.egener­

ate ground stat，白害 and E is the e1ectric field strength. 

The el配troruc wave functìon 守庐 and eigenvalues 鸟盯e determìned by tbe electronic 

elgenequatlons 

H.可FF=εμ'l!，.. (2) 

Because tbe mass of a carbon-hydrogen a宦oms' group ís much hε.aVler 宦han that of 四 elec

tron , we need not consìder the p缸a回 dífference between electron" s shift and 目。m乡 s shift. 

so it Îs reasonable to use an adìabatic app主"Oximation. Thus for any ìnstantaneous coní豆gu

ratíon 侣，(t)} of atoms' posìtions , electrons are instantly ìn 宣 he eìgenstates o{ the poten­

tial field brougl在 about by atoms confígurat ì.on.. Tberefore , the ínstantaneous electronic 

spectra e:,..( {弘 (t)}) and e1ectronic states 'l!，组，.( {弘(t) )) are functionals of the instantaneous 

configuration {弘(t)} of atoms' posìtions. When atoms are ín a con{iguration {乳白川， the 

total energy of an electroluminescent polymer is 

圃" ,( _ 1 E幅"'( {\Il.(t)}) = L;ι( {饵，往))) + ~ KL;(民+1十但.)Z 十 L;K'(- 1)叶'(统性十民) (3) JA p~ ，~..~-.，- 2--~ 

The fi玄5t term on the righ宦 of Eq. (3) 回 the electronic ene:rgy , the second and the third 

terms are εlastic energies ,. K is elas主ic constant. K J = - L 250320: for a ÍÏrnte c-hain 曹ith

100 lattice points[']. 

Duetoε.]ectron-la忧ìce interactions , the eigenvah立自 (the first term of Eq. (3)) of elec 
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tronic states，as the function of atoms configuration，are the additional potential of the lat— 

tice· So the total energy expression Eq． (3)is the total potential energy of the system 

when atoms configurations are{张( ))．Thus the force exerted on the n—th atom of electro— 

luminescent polymers can，at arty moment，he expressed as 

)一  = E f({ ( )}) 
d (4) 

Since the ITl~ss of a carbon—hvdrogen atoms’group is much heavier than that of an 

electron，it can be regarded as a classical particle．Consequently，the real—time Newton dy— 

namical equations for carbon—hydrogen atoms’groups are 

一  = 脂 ) (5) 

一 ㈣  (6) 

where M  is the mass of a carbon—hydrogen atoms’group， and are treated as classical 

displacements and velocities． 

2 M ain Results and Discussion 

Since the applied field injects electrons and holes into the active layer of a polymeric 

light—emitting—device，there exist the extra electron and hole in the electrolum inescent con- 

jugated polymer．Taking the case that there exists a hole at the top of the valence band 

and an elec tron at the bottom of the conduction band as the initia1 condition。we solve the 

combined Eqs． (1～ 6) step by step． Each step lasts only a very short time interva1． 

Therefore，during the time interval，the change of the forces can be ignored，and the origi— 

nal differential equations can be simplified to the difference equations．By num erical ealcu— 

lation，the lattice configurations，bond—length distributions ，electronic charge dens ities 

and the total energy at any moment in the presence of an externaI field are obtained． 

Figure l represents the variations  of bond—length for = 0．05eV in the presence of the 

field E=O--7．7V／cm．In the figure，the thin line is the ground state．and the thick line 

denotes the variations of bond—length along a finite chain after 150 femtoseconds(starting 

from the initial condition that there exists a hole at the top of the valence band and an elec— 

Iron at the bottom of the conduction band)．Figure 1 shows that the extra electron and 

hole induce the loc aI deformation of the Iattice．and an elec tron-hole polaron is produced． 

Since the electron and hole are in the same area of real space．they can form an exciton． 

An elec rron-hole polaron exciton is called a bipolaron—exciton． 

Figures 2 (a)and (b)depict，respectively，the variation of bond—length and the 

charge density distributions along a finite chain in the electric field E 7．8×10 V／cm and 

after 150 femtoseconds．Comparing Fig． 1 with Fig． 2 (a)，we can clearly see that there 
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tronic st刮目·副主he function of ato田s configuration t are the additional po臼ntial of the lat­

tice. so t且εtotal energy expression Eq. (3) is the total potential energy of the system 

when atoms configurations are {辑，往川. Thus the force 四erted on the n~th atom of e1ectro 

lumìnes国nt polymers c.an. .a艺 any moment. be expressed as 

占γ E皿"，({I".(t)} ) 
人ω= 一-一 一一一一一一一6芋l. lJ宁主

(4) 

Since the rnass of a carbon-hydrogεna董oms' group is m出h heavier than tha t of an 

electron , it 臼n be regarded as a classical partìde. Consequer让Iy. 也e real-time Newton dy­

namical equations for carbon-hydrogen atoms ~ groups arε 

f
h

川
山

M 
(5) 

(6) 

where M is the mass 01 a carbon-hydrogen atoms' group. 弘 and v..are 甘eated as cIa国icaJ

dìsplacements and velocities. 

2 Main R.四ults and Discussion 

Since 也e 碍plied field injects ele出rons and holes ìnto the active layer of a polymeric 

light-emitting-device. 宦here ex团在 the extra eJectron and hoJe in 宦he electroJuminescent con 

jugated polym肝. Taking the case that there 臼ists a hole at the 臼p of thεvaJence band 

and an electron at the 也ottom of the cooouction band as the Înitial conditiont we 50l胃 the

combined Eqs. (1 ~ 6) step by step. Each step lasts on1y a 回ry short time interval. 

Therefore. during the time intervaJ. the change of 乞he forces can be ignored .and the origi 

naJ d.ifferential equa tions can be 臼mplified to the difference εquations. By numerical calcu­

latìon. the latticε configuratioJ毡. bond-Ien革命 distributio醋， εlectronic charge de陆ities

and. the total energy at any moment in 也e presence of an ex在ernal field. are 0挡回ined.

Figure 1 represents the varia艺ions of b。雪地-Ieng由 for t~ =0. 05e V in the presence of 芝he

field E=0-7. 7V Icm. In the figure. the 泊Ïn line Ïs the ground state. and the thick line 

denotes 宦 he variat四ns of bond-Jength aJong a finite chain af臼r 15白 femtoseconds (starting 

from the initiaJ condition that there exists a hoJe at 出e top of 由e vaJence band. and an elec­

tron at the bo柱。m of 宣he conduction band). Figure 1 shows 也at thεextra electron and 

hole induce the local deformation of the lattice. and an eJectron-hole pol盯on is produced. 

Since the eJectron and hole are inτhe same arεa of reaJ spacε ， they can form an e xciton. 

An eJecrron• -hole polaron exciton is caJled. a bipoJaron-exciton. 

Figures 2 (a) and (b) depìct. respectiveJy. 艺he 骂.ariation of bond-Iength and the 

ch盯ge de陋ity distributions along a fintte chain in the eJectrÎc field E二三7.8 X 10'V Icm and 

after 150 femtoseconds. Cornparing Fig. 1 with Fig. 2 位) • we can cJearJy see 由国出ere
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exists a critical field E d ，which will induce a sudden change of bond—length as well as 

atomic configuration distributions since the bond—length equals the distance of the  nearest 

Iattice points。 

，̂ 

Fig．1 W hen e]ectric field E is in the range from 0 to 7．7×10 V／cm，the varia- 

tion of bond—length along a finite chain of the 

the extra electron and hole． (the thin line represents f一 0， 

denotes t一 15Ofs) 

po lyxnerwith 

the thick line 

围 1 电场强度 E：0--7．7×10 V／cm时 ．具有额外电子和空穴的电致发光 

高分子的键长度和格点原子的关系(细线 0，粗线 150fs) 

D 010 

E 
0 005 

龟 0 000 

D 05 

0 00 

＼／／ 、、＼＼／／ 
【a) 

八  
、＼＼√  

，̂ 

． 2 W hen electric field E≥ 7．8×10 V／em (the critical electric field E 7．8 

×10 V／cm)andl一150fs(a)the variation of bond—length along afinite chain 

小e eleetroluminescent polymer with the extra dectr0n and hote (b)the 

charge density distribution 

圉2 电场强度 E≥7．8×10 V／cm0~界电场强度E一7-8×10 V／era)时， 

具有额外电子和空穴的电致发光高分子，经 150is后 【a)键长分布 · 

(b)格点 电荷密度分布 
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exists a critical field Ecnru:&" wnich wil1 induεe a surlden cbange of bond-Iengtb aS well aS 

atomic configuration dì副主ibutions since the 也ond-Iength equals the distance of the n四rest

lat tice poin臼.
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Fig. 1 Wben f"lectrìc field E is io tbe .nmge from 0 to 7. 1 X 1 O"V /cm. rhe Vd l''Îa 
tÎan of bond-Iength along a finite chain of the electrolumìnesce-nt polym目前自

由e extra electron êmd 001ε. (the 由in line repr担ents t=O" 由e 出Îck line 
denotes t= 150fsJ 

图 1 电场温度 E=O-7.1XIO'Y!cm 对，具有额外电子和空穴部电致发光

离分子龄键沃度租费点原子的关系t细线 t=O~祖辈革，= 15010) 

~ 0曲

旦
.0 05 

o 20 40 60 

N 

ta; 

(0 

亏。二

Fig.2 whεn electric field E二三 7.8 X 10~''V Icm tthe crÎtical eltttrìc field E= 7. B 
XI05V/c四) and t =15Ofs (a) tbe varÎstion of bond-Iength along a finite chain 
o{ the elec世。Ilu.mineM'ent 阳怡酣玄 wÏ1.h 吐le extJ'a electron and bole (b) the 

chacge densüy dlstribution 

图 2 电场强度 E之7. 在 X1护Y!cm (ll量界电场强度 E=7.8X10现Y!cm)时电

具有额外电子和空穴她电致发光离分子.经 1501. 后 t.) 键f;:分布，

(hJ 格点电荷密度分布
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From the viewpoint of energy，the action of a strong enough field is to readjust the 

Iattice structure and electronic states of electroluminescent polymers． Consequently，a 

bipolaron—exciton is dissociated and the total energy of the system decreases．Before the 

dissociation of a hipolaron—exciton，the electronic energy is ——327．653eV and the elastic 

energy is 8．110eV． W hen a bipolaron—exciton is dissociated．i．e．at the critical field 

E “ ，the elastic energy is 7．783eV while the electronic energy is ～ 327．481eV．Thus we 

can see that at a critical field the elastic energy decreases while the electronic energy slight— 

ly increases．The electronic Hamiltonian Eq． (1)and the total energy expression Eq． (3) 

show that the electron energy is linear with atomic displacements while the elastic energy 

is quadratic with atomic displacements．W hen a hipolaron—exciton is dissociated，the varia— 

tions of atomic displacements are quite large，thus the elastic energy decreases a lot while 

the electronic energy increases a little．As a result，the decrease ot the elastic energy is 

larger than the increase of the electronic energy．Consequently，the total energy is further 

1owered and the system is more stabh after a hipolaron—exciton is dissociated． 

From the viewpoint of nonlinear excited states，the energy required to create a hipo— 

laron—exciton in a polymer is less than that for two polarons_2_．So extra electrons and 

holes generally form hipolaron—excitons in electroluminescent polymers．From a bipolaron- 

exciton to a hole—polaron plus an electron—polaron，the energy of the system increases． 

The energy difference between a hipolaron——exction and a hole——polaron plus an electron——po—— 

laron is offered by electric fields．The fact that a strong enough electric field dissociates a 

hipolaron—exciton means that there exists a critica1 field． W hen the electric field is less 

than the critical field，it can not provide enough electric—field —energy to dissociate a bipo— 

laron—exciton．However，after E2：E ． ，the electric field energy is large enough to split a 

hipolaron—exciton into a hole—polaron and an electron—polaron，which is consistent with the 

recent experiment[ ． 

The two dissociated polarons move at the opposite direction in an applied electric field 

and are well-separated．so they have little chance to recombine，leading to PL quenching． 

This resuIt is consistent with the relevant experimentsD～ ，in which the field—induced PL 

quenching[ ～ ]and charged polarons are observed．The consistency also implies that the 

bipolaron-exciton is a kind of emitting species in electroluminescent polymers． 
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From the víewpoìnt of energy ., the ac乞ion of a strong enough fíeld is 在o rearljust 乞 he

lattice s在ruc艺口自 and e1ectronic states of e1ectroluminescent polymers. Consequently J a 

bipolaron-exci ton îs dissociated and the total energy of the sys阳m decreases. Before the 

dissociation of a bipolaron-excìton.. theεlectronic energy ís -327. 653eV and the e1astîc 

energy is 8.110eV. When a bîpolaron-excìton is dìssocî町ed.. i. e. a乞军he cri宦ical field 

E=b<ol咽宦he elastic energy ís 7. 783eV while the electroníc energy is -327. 481eV. Thus we 

can see that at a critical field the elastic energy decreases whìle the e1ectronic energy s 1ìght 

ly încreases. The electroruc Hamiltonian Eq. (1) and the total energy expression Eq. (3) 

show tha立在he e1ectron energy i~ linear with atornÎC' displacements while the elastic energy 

IS qua由a.tic with atomic displacements. 百fhen a bipolaron--εxe.乞on Ís àîssocÎated ，也e vana­

tÎons of a在ornie displacements are qui埋 large 咽在hus 宦he e1astic energy decreases a lot while 

the electronic energy increases a little. & a result 咱也e decrease o( the elastlc energy is 

Larger than the increase of the e1ectronîc energy.. Consequently ., the total energy Ís further 

lowered anà the system is rnore stable after a bipol臼on-exCÎton is dîssociated. 

From the viewpoÎnt of nonlinear excited states ., 在he energy req毛主Íreà to create a bipo 

laron-excÎton ìn a polymer îs less than 由ιfor 宦wo polarons [毡. so extra el配trons and 

holes generally lorm bipolaron-excí在Ons in e1ectroluminescε囚宦 polymers. F rom a bipol盯on­

exciton to a hole-polaron plus an electron-polaron , the energy of the system inere自由·

τhe energy difference between a bipo)aron-exction anà a hole-polaron plus an electron-po­

Iaron is oHered by electric Iields. The fact 出国 a strong enough electrÍc field dissocÎates a 

bipolaron-exci在on m'εans 油且也ere eXlS玄s a critical field. When the e1ectríc field ís less 

出an thεcritical fíe1à., ít can not proviàe eno巳gh electric-field -energy 宦o dissocia te a bipo­

laron-exciton. Howe亨er .， after E二主 Ecr飞11....1，"在he electric field energy is large enough to split a 

bipolaron-exciton into a hole-polaron and aD electron-polaron ，曹hich is consîstent with the 

recent 咀pe-riment[1]~

τhe two dissocÎateà polarons move at 立he opposite àirectîon in an applied e1ectric fîeld 

anà are well-separated.. so they have litde chance to r;配ombine. leading to PL quenching. 

This resul宦 is consistent with 在he relevan立 experîmentsζ，-町 .in which the field-induced PL 

quenchîngU;~6J and chargeà po 
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摘要 用电子一晶格耦台的紧束缚模型和求介实时牛顿动力学方程的方法研究 7 

具有额外电子和空穴的电致发光高分子在外电场中的行为 发现外电场注入的额 

外 电子和空穴使电致发光高分子晶格弛豫 ，形成双极化子激子；并存在一个临界电 

场，当外电场大于或者等于临界电场时，双极化子激子解离威正、负极化子，导致发 

光猝灭．该结果与电致发光高分子的光荧光放强电场猝灭的实验现象一致．这个一 

致性 反映 j双 极化子激 子是 电致发光 高分 子 中的一种发光 实体 ，说 明 7电致发光 

高分子在强电场下光荧光猝灭的物理原因是在强电场作用下电致发光高分子中的 

双极化子激子被解离成正、负极化子． 
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电致发光聚合物在外电场中
行为的动力学研究骨
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擒要 用电子品格辑合崎紧束缚模型和求分实时牛顿动力学方程的才法磅充 7

具有额外电子和空穴约电致发尤毒分子在，~电场中的行为。发琉外电场'注入台§额

外电子和堂大使电致发光亮分子品格弛臻.形成坦极化子灌于占并存在一个i毕界电

汤，当外电场大于或者亭子也1(-电场时，且极化子灌于解离或豆、鱼极化于.导致发

光猝灭.该结果与电致发尤高分子均无荧光放强电场猝灭崎实验Jl.靠一致.这个一

致性反映 7 坦极化于裴于是电致发光高分子中约一传发光实体，还回到丁电量主麦克

毒分子在强电场丁克美充猝灭岭物理原因是在强电场作用下电致麦克高分子中崎

坦极化子量庄子披露牵离或三、 i旨极化子.
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