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NItorphology and hole‐carrier mobllities of l,1_bis(ク‐diethyl‐a■linophenyl)‐4,4‐diphenyl‐1,3-
butadienc(DEAB)derivative have been investigated Annealing on a DEAB nlrn and

the temperature of giass transition,crystalllzatiOn and the melting point on this amorphous
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ype of temperature dependence assu■ling

1.llЧTRODUCTiON

Tl■e carrier transport oF conductive p01ymer systems

and molecularly dOped polymcrs has been investigated

in   the   study   of  Organic   phOtOreceptors   for

electrophotography,1 5 The tinle‐oユnight(TOF)tech‐

niquc has been used tO measure the charge‐ carrier rnoblll_

ties as a functiOn Of their electric neld,temperature,dOpant

concelltration, and dopant molccule dependences. Tran―

sierit photocurrents for ineasuring thc night tilne of charge

carrielis in pho10cOnductive nlms wcre analyzed according

to ↓he theory in logarithmic units Of current versus tilne

proposed by Scher andヽ 在ontroll.l ln particular,the shape

of the transient phOtOcurrent,and fllln thickness,concen―

tratior【, electric neld and temperature dcpendences of the

traFiSit tirne(″r)have becn studied to reveal the details of
the trをしnsient mechanism

ln recent years,molecularly dOped polymers have been

、videly used, and the charge transport oF these materials

has been investigated.3-5 The materials are usually pre,

par(3d as solld s01utions which cOntain a strong electron

donor or acceptor in a polymer such as bisphcnol‐ Z‐poly‐
carbolltate.  The  mObilities  are  typically  10~3_10-9

cm2/v.s, therefOre a hOpping theory has been sho、 vn tO
satisfactOrily explain thc charge transport instead of the

band transport.Another model of charge transport,、 vhich
is biased on disorder in Organic molecular sOlids,has been

proposied by Bassierで すαユ
6,7 This II10del shows thc disOrder

to slplit thc transport bands,characterized by non‐ Arrhen‐
lus‐↓ype temperature dependence of the difFusion.Thus the

carrier transport is governed by traps outsidc the distribu‐

tion ofithe hOpping sites.

This paper describes the polymOrphic states of the

crystal powder and the cast FllI■ Of l,1_bis(P‐dicthyl‐anll,

8掛甜摺説'Tだ温軽路棋幣t碇苫棋器昭晶dr枕評程ど
cast lllln were analyzed by a difFeren,ial scanning caloriln―
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eter(DSC)and an annealing technique. In addition,the

electric neld and temperature dependences(Df hole carrier

mobllity on the 正 )EAB derivative were investigated by

Arrhenius and nOn‐ Arrhenius systems. It is well known

that the rnobilities of the polymer can innucnce the phOtO‐

謡野縦批縦駐:桃鵠器黙紙。側i驚舘鮒程
addition of polymcrs、vas used in this study.

‖口EXPERlMENT

A.Materiats and anatytical measurements

The rlleasured samples in this study are the l)1_bis(ノ‐

diethylaHlinophenyl)‐4,    4‐diphenyl‐1,    3‐butadiene

(DEAB)derivative.The structure of this derivative is

shown in Fig.l The x‐ray difFraction(XRD)patterns

、vere rccorded on a Rigaku RU‐200 equipped with a CuKα

monochromatic radiation.The coated nlms were annealed

by a heating oven at various temperatures for 10 1nin each

IR spectra were lneasured for samples dispersed on a KBr

pellet on a Japan Spectroscopic Co infrared spectropho‐

tometer IR-700 with a grating mOnochrometer. The ab‐

sorptlon spectrum、vas lneasured on a Japan Spectroscopic

Co.UV-2100 spectrophotometer with the DEAB deriva‐

tive in chloroform.「Fhe nuorescence spectrulll was mea‐

sured on a Shilnadzu RF‐ 510 spectronu。「。photometer.
The solution used was ch10rofOrnl,and the conccntration

of the s01ution was 5× 10~4(m01/り 。The excited wave‐

lcnglh in this lluorescence was lneasured at 456 nm.Ther‐

nlograms we「 e recorded on a WIAC Science DS(〕 _3100.

Calorirlletric quantities were calculated frori arcas under

the transition peaks.The ca10rilneter was calibrated using

the heat of fuslon of aluminum oxide(α _A1203),and↓ hc

heating ratc、vas kept cOnstant at 5 K/min. Annealing of

ilins、vas done in a Furnace at perlincnt temperaturc from

313 to 413 K for 30 min.

6908    」  Appl phys 70(11)1 l December 1991 0021-8979/91/116908-07S0300    c)1 991 Arnerican institute of Prtysics



6Nて:;‖:
FIG l Structure of DEAB dcrivativc

B,Time‐ of・flight technique

The samples measured in this study are solid nlms Of

the DEAB dcrivativc.This sample was solvent coatcd onto

NESA giass to a thickness of 15± lμ ■l and was dried

slightly at 298 K for a fe、v days.The solvent employed was

chloroform in this wOrk.An opposite 301d electrode of nll.

on NI]SA glass was deposited on the surface of the f1lmt

Thc clharge generation materials were not used, because

thisl DEAB itself can generatc hole carriers.

The hole‐carrier drift mobilities were measured by the

usual TOF technique used by the apparatus as shown in

Fig.2“A pulsc of 337‐nm N21aSer、 vith 5‐ns duration was

used to generate free carrier in a DEAB layer through the

NESA、  glass. The sample was used as a condensor in a
resistor‐capacitor(RC)cirCuit,and the RC values were

dett3rnlined to be less than the transit tilne. The voltagcs

Wer・eをlpplied to the sample imlnediately before the pulse

irradiation The currcnt transients were collected by a Ka―

wasaki Electronica M-100E interfaced to a lwatsu Electric

Co.,Ltd,Synchroscope SS‐ 571l and a computer.All tran‐

sit times were rneasured on current‐ versus‐tilne scales,and

wel・e(leterHlined tO be the shoulders 、 戸hich indicated no

dispersive transport of the charge packet through the nllns,

The si■oulders suggested rγ ,and thcse values、 vere calcu‐

lated wヽith the following equation

《[∋X＼c=cH_CH=C     Nて::‖:
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FIG 3 DSC thcrmograms of DEAB dcrivative Hcating ratcis 5 K/min

(a)Crystal,(b)caSted nlm

μ=乙 2//.″
乃                    (1)

where」L is the thickness of the sample nlms,μ is the mO‐
bllity,and ン

ア
is the applled voltage.The lighi intensity and

the thickness of the sample nllns did not depend on the

mobilities in this paper

i‖.RESULTS AND DiSCUSS10N

A口DSC anatysis

DSC analysis was carried out on both the crystal pow‐

der and the casted丘 lm ofthe E)EAB derivativc.The results

are sho、vn in Fig.3 and Table I.When the crystal powder

ofthc DEAB derivative is heated from room temperature,

an endothermic peak due to the melting is observed at

442.9K.The enthalpy change(△ r)fOr the lnelting is 24.3

kJ/mol. When the cast amorphous ilIIl is heated from

roona temperature, an endotherrnic peak is observed at

337.OXこ ,、vhich is around the glass transitiorl temperature.

Then a brOad exotherrlic peak due to crystallization is

observed at 385.8K,followed by an endothermic peak due

to the melting at 441.O K. The △ Jsr of the 31ass state

change,the crystallization,and the melting are l.27, 15.2,

TABLE I The endothermic and cxothernlic peaks and cnthalpy changes

( △ガ) o f  D S C  c u r v c s  o f  D E A B  d c H v a u v e s 亀= g l a S S  i r a n S h o n  t e m p e r "

a t u r c , 発= c r y S t a n i z a i O n  t c m p c r a t u r e , a n d  4 " = m d d n g  t e m p e r a t u r e

み 恥

Crystal

Casting nlm
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3370K

1 27 kJ/mol

‐           4429K

24 3 kJ/コnol

3858K        4410K

15 2 kJ/nlol      19 4 kJ/コnol

FIG 2
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FIG 4 XRD pattcrns of DEAB derivative(a)crystal,(b)casted nlm

an(1 19,4 kJ/mol, respectively As sho、vn in Fig. 3, poly‐

morphic difFerences between the crystal po、vder and the

cast r1lm can be seeni therefore,the E)EAB I1lms、vcre an‐

nealed and their XRD patterns ineasured.

3.JAnnealing and x‐ray diffractometry

lnt order to analyze the behavior Of the crystal state,

these fllins were annealed, and their XRD patterns were

measured.The XRD patterns indicate what lattice deFects

or crystal transformations are formed,which depend upon

ho、v tihe nll.s were prepared.Figure 4 and Table II sho、v

TABLIと II Main peak lines of XRD pattcrns of DEAB dcrivatives

2θ(°)       r/拓 ″(A)

crystal

f‖m

900   800    700   600

Wavenumber(cml)

FIG 5 1R spectra of DEAB derivativcs(a)crystal,(b)Casted nim.

the XRD patterns and difFraction lines of the main peaks

on the DEAB derivative and its polymorphic change by an

annealing mcthod. The crystal powdcr shows several

peaks, on the contrary, the casted fllm shows an amor‐

phous state.The difFraction intcnsity of the crystal powder
was intense;that is,especially a peak at 2θ =こ14.5°showed

strong intensity` Using the Bragg equation,九 ‐=2ブ,sin θ
,

損鮮 伊壁晋 lSttt埠椿 】晶を鑑 盟 群塩 亀

θ

長 桃 歴 緒 F輩

cannot be obtained since no single crystal is prepared for

crystal structure observation,ho、vever,it is presumed that

hole drift carriers in the E)EAB nlm can easily lransfer by

hopping conduction within this distance,because the inter‐

縦 品協 盛濫 督 品 盤 絡 諸 ◆]品 描 ま:盤 鮒 岳f81

dependence of the mobility.10 The nllns annealed under

373 K have no deinite peaks,indicating that the l■olecules

of the butadiene derivative are not stacked regularly. On

lhe contrary,after annealing at 413 K,、vhich suggests the

temperature bet、veen crystalllzation and melting in the

aforesaid DSC result, intense and numerOus peaks ap‐

peared at positions silnllar tO thOse of the crystal po、vder of

DEAB derivative This resultindicatcs that the amorphous

lilln can be recrystalllzed, and the crystalllzation of the

amorphous nlIIl is 30Verned by thermal energy.

C口iR spectra

The IR spectra of the crystal po、 vder and the cast nlln

ofthe DEAB derivative are shown in Fig.5 Slight difFer―

cnces can be seen in the ranges of 700-800 cm~1. These

frequencies are assigned tO the out―of‐place C一
一II bending

vibrations of the peripheral benzene rings of the E)EAB

derivative. In the case of casted amorphous nlln, the two

broad absorption lines at 700 and 763 cnl~l can be found
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FIG 6 Vis/UV and nuoresccncc spectra of a solution of DEAB dcriva―
tivc T'tc solution used、vas chioroform Both spcctra were measured on

thc san3c conccntration of 5 x 10~4(m01/め Thc CXcitcd wavclcngth for
auOresccncc spcctra was measured at 456 nm

at,'00-800 cnl~1.On thc other hand,an absorption line of

the crystal powder at approxilnately 700 cnl~l is split into

twc)lines of 692 and 706 cnl~1)and the line at 780 cnl~1

is fbulld to be apparent. Since the molecules in the amor―

phous nll■ are not conllgurationally lilnited and their in‐

terinolecular interaction will become weaker than the crys‐

tal powder nlln,therefore,their vibrations lnay counteract

each c)ther,and no apparent absorption can be seen at 780

c r n ~ 1 .

D,Absorption and ftuorescence spectra

Fluorescence spectroscopy is a method for investigat‐

ing the relaxed excited states. Iligure 6 shows the absorp‐

tloll and fluorescence spectra of the E)EAB derivative in

chloroform. The maximum peak of the absorption spec‐

trum appears at 403 nm, while the fluorescence peak oc‐

curs at 495 nm. Both spectra are FlirrOr images of each

other. This DEAB dcrivative sho、 vs a large nuorescence

peatk lduc to the characteristics of excilners fl・om excited

states to ground states,、vhich indicates thc exccllent exci‐

ton‐gencration abllity. Vヽhen we think of a potential energy

diagram for a pair oF mOlecules, molecular approach in‐

creases the resonance energy, and the fluorescence spec‐

trum can be measured over a longer wavelength reglon

than the absorption spectrum.

E口Electric field and temperature dependences of

ho‖e mobility fo1lowed by Poole― Frenkel and

Arrhentus『 nechanism

Figure 7 sho、vs a typical photocurrent tiine‐evolution

culve ofa DEAB nlm(16‐ μm thiCk)WhiCh is observed for

holes on a neld of 104 v/cm at 298 K.The″ T、vas deter‐

mined by the intersection of the tangents to the current

befbr〔)and after the sharp decrease in current.ThereFore,

the mobilities were calculated from the rTin this work.The

transient photocurrent showed a relatively obvlous r7 on a

linear current‐tilne plot,however,the rT、vas measured by

the log,‐log″plot in order to obtain accuratc mobllities.In

・....tT

o      100     200     300     400

T i m e〈メS e c )

FIG 7 A typical photocurrent tilnc― cvolution pulsc of a 16¬位In samplc

mcasured at an electric neld of lo4 v/cm The transit tirnc is 101 μ s,

corrcsponding to a moblltty of 1 22)く10~ 3 cm2/v s at294 K

this measurement, the photocurrent 、 vas monitored over

10-4A, 、 vhich 、vas a very large current compared with

other photoconduc,ive derivatives. The large Fluorescence

spectrum of this derivative can be secn in Fig. 6,and the

photocurrent was also very large.These high mobilities of
more than 10~3 cm2/v.s were observed at roonl temper‐

ature

Figure 8 shows the square root of the elcctric neld

(ど
1/2)(where E is//と

)dependence of lhe hole moblll‐

ties. The mobilities exhibit a linear relatioIIship)and the

small neld dependence of the mobllities implies that this

derivative is relatively free from deep structtiral traps,that

is,the carriers can escape from a charged trapping center

into the conduction band under the innuence oFthe applied

lield, The DEAB has many phenyl group and double

bonded carbons in thc butadiene skelton fbr large reso‐

nances in thc molccule.Therefore,the intra‐ and intermo‐

lccular transfer oF carriers is rapid,and eSectivc hopping

distances would be shorter than in other charge transport

materials such as hydrazone derivatives.5 Fronl many ex‐

perimental observations,五 デ
1/2 waS COnsistent with the data

and gave linear plots oflog μ vs五デ
1/2.Thc ig1/2 dependence

is explained by the Poole一 Frenkcl cfFect. This Pool併

Frenkel lnodel indicates the lowering of a Coulomb barrier

in the presence of the electric neld` The moleculcs giving

rise to weakly lleld‐dependent lllobllities can be character‐

lσ
2

403    tR5
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FIG 8 Thc logarithm ofthc mobility vs fテ
1/2
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FIG 9 Pulsc shapcs at various tcmpcraturcs(a)2835K,(b)2936K,
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ized by low恥 (Or high亀付)1l Thus,名 is an important

parameter to study the transport rnechanislla of rnolecular‐
doped systems as described below. The average distances

between正 )EAB molecules is calculated frOrl the following

k)rrlula

p=[27/(Z・ ブ)]1/3,                  (2)

where ρ is thc average distancc,ソ%is the molecular weight

of DEAB derivativc,】 is Avogadro's number,andブ is the
density(ブ=1.21),The ρ

 ofthis amorphous nlm contain‐
ing DEAB derivative is approximatcly 9Å.This hopping
distance is very narrow compared with molecularly doped

polymers,that is,the overlap may be signiflcant and cfFec‐
tivc hopping distances are shortened.

lHole‐carrier mobility can be describcd by the expcri‐

Frtental equatlons(3)―(5)as a function of electric neld and
tclmperature follo、ved by Poole― Frenkel and Arrhenius

fC)rrLulations,12,13

μ(■r)=μ。
・eXp[―(乳―β・ど

1/2)/た.4『
],  (3)

A=EO_β 'ど1/2,               (4)

1 孔付
1 = r l _ 打

「
1 ,           ( 5 )

where μO is the mobility at a critical temperature(T。)at
、vhiclh the neld dependence ofthe lnobility disappears,己sis
tlte activatiOn cnergy at zero electric neld、vhich suggests

tttte depth of the traps,β is the P001e一Frenkel coefFlcient,

当!:材挙塊鉢鮮粉場背奮品路置韻 β智盟泌
m ann's constant,4鮮 is thC erFective temperature which is

related to the TO,and△ is the activation energy.Figure 9

SlLO VヽS the pulse shapes at various iemperatures at 104 v/

crn Within this temperature reglon,a large difFerence can―

not l)e seen,Since the DEAB molecules posscss、 vell‐over,

6912   」 Appl Phys,vO1 70,No ll,l December 1991
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FIG 10 The logarithm ofthe mObllity vsど1/2 at Various temperaturc

lapped  7_eleclrons  states,  the  small  temperature

dependence can be observed in this study.Above 305.5K,

the pulse shape is nearly rectangular with well‐denned rガ

whereas,below 297.5 K it is too dilncult to determine the

rT This phenomenon indicates a H′idespread h01e packet as

it arrives at the substrate electrodet Figure 10 shOws the

hole mObilities against β `ご1/2 with difFerent temperature

from 285 to 335 K.The siopes Of the p10ts arc temperature

dependent and increased、 vith decreasing temperature.

The Arrhenius plot of thc temperature dcpendence of

the inobility,which is expressed by Glll,10 is plotted in Fig.

11,The fleld dependcnce bccomes steeper as the tcmpera‐

ture is iowered.The activatiOn energy becomes lower in the

権堪撫
e掛
桶博1路智T路灘ぢ鮮謝終靴だ

deterlllined as

μO=8`0× 10~3(cm2/v.s)

免 =339(K)

=0=0,79(eV)

β=2.12× 10~3(eV・ Cm1/2/v1/2)

亀付=1,79×103(K )
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general,the neld and temperature dependences of the hole
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tO tt measured by DSC analysis.The relajonship between
rO andろimplたS that the p01ymorphたstale and dたlectrlc
relaxation Of the E)EAB derivative are ilnportant in hop―
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FIG 12 Activation cncrgy of thc mobility vs the squarc root of applied

icld

1。
-3

3

1000・T~1(K~1)

FIG ll Arrhenius plot of the holc mobllity of DEAB ilm at difFerent

elcctric icld

car】iel・transport in a glassy state was controlled by detrap‐

ping of the Poole一Frenkel type in the temperature reglon

under T。 .In the case of this DEAB amorphous nim,the

temperature dependences of lnobility、vere、vell‐ntted to the

Arrhenius type

F,1'emperature dependence of hote『 ■obility

fo‖owed by caussian distribution

The computer simulations of a Gaussian distribution

of 1lopping sites in a trap‐free molecular system indicated

掛霊iittttR,島'Pil景品話:fStttettef岩'ま完路よ岳。魯品を】3)縄
zeroi

F t ( r ) = r t O t e X p [ ( T O / r ) 2 ] ,             ( 6 )

E。=0,79 eV

1。
2

9    10    11

(1000/T)2(K~2)

「IG 13 LoBμ  vs(1/r〕
2 dcpcndencc of DEAB nlm at difFerent eleclric

neld

where To is a characteristic temperature relating to the

energy distribution σ of the hopping sites, and μo is the
mobility which wOuld be measured if σ /た「く1, 1.e., as

r→ ∞,and拓〕iS Obtained from the intersection ofthe slope

measured at varlous electric nelds. The Gaussian width σ

ダ=粉足明88が押,Mttr鮮|‖瞥途済卜浄h胡|!
Fig` 13,the values、浮ere deternlined as

μO=1.75× 10~2(cm2/vos),

TO=371(K),

σ=0.050(eV),

The Caussian distribution mechanisna can be ex‐

plained as follows,thus the sheet of holes thermalizes in a

Gaussian distributiOn of states where the dislribution is a

disorder cnergy,6 which is the average of site‐to‐site poten‐

tial lluctuation.Thc μO value of a pure nlolecular crystal is
approxilnately l cm2/v s.15 1n lhe case of an organic

amorphous nlln, theト ル。value、vould be decreased due to

reduced wave‐function overlap.MIany researchers have re‐

ported μO values bet、veen 10~3 and 10~2 cn12/v.s.6,7 The

μO value of l,75×10~2 cm2/v js in this study,which sug‐

gests the mobility of a disorder―free state,is in agreement

、vith physical interpretations.σ describes the degree of en‐

ergetic disorder、Bassier shows that a trend exists between

σ and the IIa11lnett constant in substituted triphenyl rneth‐

aneS(TPM偽 ),Where the substituents are一 ―N(C2H5)2,
一一H, 一 〇CH3, ~Br, 一 CN or― 一N02, embedded in

bisphenol‐Z‐polycarbonate`7 Both To and σ lllcrease in this
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order,on the contrary,the hole mObllity decreases in this

order. Therefore phOtOconductive materials cOntaining

substitutc groups Of electrOn donor are erFective in having

high hole mobility, The DEAB derivative has two
―一N(C2H5)2 SubStituent groups,and large T‐ orbital reso‐

nances in a molecule, which will aid smooth hole‐ carrier

transpprt. The σ  values from O.07 to 0 16 eV were ob‐
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撤メ鞠鮮」輪簿縄舗提鑑;群盟総hole mobllity of this DEAB amorphOus l1lIIl
iV口CONCLUSiONS

DSC, XRD patterns, IR spectra, and auorescence

spec)tra were uscd fOr the morph010gic study on nlln and

crystal powders of a DEAB derivative.The DSC result of

tl.e nlln of the DEAB derivative indicates the glass transi‐

jOn(Tg;337.OK),crystalhzation(弔 ;385.8K),and
melting temperatures(軌 ;441.OK).As a rcsult of XRD
and annealing,this nlln sh。、vs an amorphous sta↓e under

the temperature of発 ,althOugh the nlm Over tt suggests a

crystal state, 、vhich has the same positions Of the XRD

lincs for the D13AB crystal powder before diss01ution for

最とbricatlon Of the amOrphous alin. The IR spectrum also

supl)orted,he inCrease in the degree of freedom for DEAB

rlolecules in a nll..For the amOrphous DEAB nlm,the

absorption lines assigned to the out‐of‐plane C一一H bending
vibrations of the peripheral benzene rings were not split

into two lines.

A hole mObility of the E)EAB fllm in excess Of 10~3

c n12′/v.s was observed at room temperature Theど 1/2 de―

pendence of the mobllity exhibited a linear relationship

ぃ'ith a small fleld dependence, 、vhich suggested relative

free(lom from deep structural trapst Fronl the analysis of

tlle  Poole―Frenkel   and   Arrhenius   fOrmulations,

修ず 践 肝 ∬ 補 泥
ル 戸鬼;色 吊 9鮪
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be determined froln the well‐ntted electric fleld and tem‐

perature dependences of the hole mobilities.The tempera,

ture dependence of h01e mObility fol10wed by Caussian
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μO = 1 . 7 5 ×1 0 ~ 2  c m 2 / v . s , 輪= 3 7 1 K 〕σ= 0 . 0 5 0  e V .

These values supporled the result of thc h01e mobility on

DEAB nlm, In this study, wc cOuld not distinguish

whether Arrhenius or nOn‐Arrhenius、vas a better nt,al,

though we could slightly adHlit the good nt for temperature

dependences in the Arrhenius type of the hole mobllity.
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