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Abstract:Toimprovethesolubilityandoptimizeenergylevelsoflow-bandgappolymers,twoconjugated
polymersbased4,7-bis(5􀆳-bromo-2􀆳-thiophene)-2,1,3-benzodiathiazole(DTBT)and4,7-bis(5􀆳-bromo-2􀆳-
furan)-2,1,3-benzodiathiazole(DFBT)asacceptorwerepreparedbydonor-acceptoralternatingstrategy.
Throughreplacingthiopheneunitwithfuranunitinthepolymermainchain,thepolymer(PCDFBT)with
furanunitinthebackboneexhibitedadeeperhighestoccupiedmolecularorbital(HOMO)energylevels
comparedwiththepolymer(PCDTBT)containingthiopheneunitinthebackbone.Furthermore,themax-
imumabsorptionpeakofthefuransubstituentpolymerPCDFBT wasredshift20nmcomparedwith
PCDTBT,whichindicatedPCDFBTshowedbetterexcitonharvestingability.
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基于主链中含有呋喃基窄能带隙聚合物的设计与合成

王艳宾,王 腾,罗钟琳,王标兵

(常州大学 材料科学与工程学院,江苏 常州213164)

摘要:为了提高窄能带隙聚合物的溶解性和优化窄能带隙聚合物的能级分布,分别以4,7-双(5􀆳-溴-2􀆳-噻吩)-2,1,3-
苯并噻唑(DTBT)和4,7-双(5􀆳-溴-2􀆳-呋喃)-2,1,3-苯并噻唑(DFBT)为受体,采用给体-受体交替排列的策略,分别

合成了2个窄能带隙共轭聚合物(PCDTBT,PCDFBT)。通过取代主链中的噻吩基团,基于呋喃的窄能带隙聚合

物PCDFBT具有更好的溶解性和更低的最高未占轨道。而且,相比聚合物PCDTBT,呋喃取代的聚合物PCDFBT
的最大吸收峰红移了20nm,这表明聚合物PCDFBT具有更好的光学吸收能力。
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中图分类号:O633.4    文献标志码:A    doi:10.3969/j.issn.2095-0411.2016.04.007   

  Polymersolarcells(PSCs)areapromisingal-
ternativeforproducingcleanandrenewableenergy
becauseoftheiruniqueadvantages,suchaslowin
cost,lightweight,aswellastheirpotentialappli-
cationinflexiblelarge-areadevice [1-3].Usually,

PSCs adopt a bulk-heterojunction (BHJ)

structure,whichblendsdonorandacceptormateri-
alsasactivelayer,andinmostcases,fullerenede-
rivativessuchas [6,6]-phenyl-C61-butyricacid
methylester (PC61BM)or [6,6]-phenyl-C71-
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butyricacidmethylester(PC71BM),areusedas
acceptors.Asforapolymertoserveasaneffective
donor material,itshould possess good film-
formingproperties,strongabsorptionability,high
holemobility,andsuitableenergylevels,simulta-
neously.

Toharvestmuchmorephotonsandhenceto
increasetheshortcircuitcurrent (JSC),large
quantitiesoflow-bandgappolymershavebeende-
signedandusedforPSCsthroughdonor-acceptor
alternatingstrategy[4-6].Unfortunately,itisstilla
challengetopreparealow-bandgappolymerwitha
deephighestoccupiedmolecularorbital(HOMO)

energylevelsandgoodsolubility.Inthisregard,it
iswellworthexploringawaytosynthesizepoly-
merswithalowerHOMOenergylevelandgood
solubility.Lately,Fluorination ofthepolymer
backboneisconsideredasanimpactfulwayto
lowerHOMOlevel[7-11],butwithincreasingnum-
beroffluorineatominthepolymerbackbone,the
compatibilitywithacceptorbecamepoor,anditis
a tough task to synthesize a fluorinated
monomer[12].Therefore,itisnecessarytodevelop
anewwaytooptimizetheenergylevel.

Untilnow,polymersbasedthiophenehavere-
ceived considerable attention,just a limited
research has focused on furan-containing
conjugatedpolymersfororganicphotovoltaicde-
vices,althoughfuranshowssimilaropticalande-
lectronic properties with thiophene.Compared
withthiophene,furanpossessthesefeatures:a)

Duetosmallersizeofoxygenatom,thereislesser
sterichindrancebetweenthefuranandneighboring
unit.Consequently,incorporationoffuranintothe
polymerbackbonecouldimprovethesolubility
greatly.b)Oxygenatomisanelectron-withdr-
awinggrouprelativetosulfuratom,thence,intro-
ductionoffuranintotheconjugatedpolymercould
lowerthelowest unoccupied molecular orbital
(LUMO)andHOMOenergylevelsrelativetothi-
ophenecounterpart[13-15].Overall,theseproperties
enablefurantobeusedasanalternativetothio-
pheneandthiophene-basedbuildingunitsinthede-
signandsynthesisoflow-bandgapconjugatedpoly-

merswithefficientsolarcellperformance.
Onthebasisofthesetheoreticalanalysismen-

tionedabove,weintendedtointroducefuraninto
theconjugatedpolymermainchain.Ithasbeenre-
portedthat4,7-dithien-5-yl-2,1,3-benzodiathiazole
(DTBT)isoneoftheexcellentacceptorunitsto
synthesizedonor-acceptorconjugatedpolymersby
copolymerizing with various donor units[16-18].
Therefore,wereplacedthiopheneunitwithfuran
unitin DTBT.Asfordonor,2,7-carbazoleis
chosen because polymers based this donor
exhibitedasuitableHOMOlevelandgoodcharge
transferability[19-23].Furthermore,comparedto
thecorrespondingbenzeneringbased materials,

thiophenebasedmaterialhasanevenloweraroma-
ticity and can more easily pack in planar
structures,consequently,end-cappingwiththio-
phenecouldimprovesperformancebymakingthe
deviceslesssensitivetoactivelayerthicknessand
tothermaldegradation.Herein,wereportapplica-
tionofDTBTand4,7-bis(5􀆳-bromo-2􀆳-furan)-2,1,

3-benzodiathiazole (DFBT) as acceptor to
synthesizetwodonor-acceptoralternatingpolymers
(PCDTBTandPCDFBT),andtheiropticaland
electrochemicalpropertiesarediscussed.

1 Experimental

1.1 Materials

2-furanboronicacid,2-thienylboronicacid,2-
bromothiophene,potassiumcarbonate(K2CO3),

tri(o-tolyl)phosphine(P(o-Tol)3),tetrakis(triph-
enylphosphine)palladium(0)(Pd(PPh3)4),tris
(dibenzylideneacetone)dipalladium(0)(Pd2dba3)

werepurchasedfromSigma-Aldrich.Bromosuccin-
imide(NBS)andtetraethylammoniumhydroxide
(Et4NOH)werepurchasedfromTokyoChemical
Industry(TCI).9-(heptadecan-9-yl)-2,7-bis(4,4,

5,5-tetramethyl-1,3,2-dioxabor-olan-2-yl)-9H-
carbazolewaspurchasedfromLuminescenceTech-
nologyCorp.(Lumtec).

1.2 Measurements
1H NMRspectrawererecordedonaJEOL
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JNM-AL400(400MHz)indeuteratedchloroform.
Therelativemolecularweightsweredeterminedby
gelpermeationchromatography (GPC)atroom
temperatureonawatersinstrumentcalibratedwith
polystyrenestandardswithdichlorobenzeneasan
eluent.Absorptionspectraweremeasuredwitha
HitachiU-3500.TheHOMOenergylevelsoflow-
bandgappolymers(PCDTBTandPCDFBT)neat
filmswereestimatedbyphotoelectronyieldspec-
troscopy(RikenKeiki,AC-3)spectrophotometer.

1.3 SynthesisofMonomersandPolymers

Scheme1showesthesyntheticroutesofcom-

pounds1-4,thetargetmonomers(DFBTandDT-
BT), and the polymers.The synthesis of
compound1and2hasbeendescribedinourprevi-
ousreport [24].Andcompounds3-4,monomers
DFBT and DTBT were preparedin asimilar
methodaccordingtothereference [25-26].Finally,

polymersPCDTBTandPCDFBTweresynthesized
accordingtoreference[19].

Scheme1 Syntheticroutesofthemonomersandpolymers

  Compound1:Thionylchloride(53mL)ando-
phenylenediamine(10.8g,100mmol)wereadded
intoathree-neckedround-bottomflask.Thenpyri-
dine(1mL)wasaddedat0℃,andthemixture
washeatedslowlytorefluxfor24h.Themixture
wascooleddowntoroomtemperature,andtheex-
cessive thionyl chloride was removed under
reduced pressure.The remnant mixture was
pouredintowater(250mL).Thecrudeproduct
waspurifiedbydistillation,extractedwithdichlo-
romethane(100mL),driedoveranhydrousmag-
nesiumsulfate(MgSO4),andfinallyfiltered.The
extractedliquidwasconcentratedtoobtainyellow
compound1in82%yield.

Compound2:Compound1(13.6g,100mmol)

andhydrobromicacid(40%,30mL)wereaddedin
athree-neckedround-bottomflask,andheatedto
refluxslowly.Then,bromine(48.0g,300mmol)

wasadded.Whenthebrominewascompletelyadd-
ed,themixturebecameasuspensionsolution.The
hydrobromicacid(40%,15mL)wasaddedagain
andthereaction mixture was keptrefluxfor
another2.5h.Andthen,thereactionmixturewas
filtrated,washed with water,andrecrystallized
from chloroform.Finally, compound 2 was
obtainedasyellowneedlecrystalin75%yield.

Compound3:Compound 2 (1.46g,

4.97mmol)and 2-furanboronic acid (1.54g,
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13.76mmol),andtetrakis(triphenylphosphine)

palladium (0) (Pd (PPh3 )4 ) (111.40mg,

0.096mmol) were dissolved in 1, 2-
dimethoxyethane(DME)(80mL),followedby
the addition of aqueous potassium carbonate
(K2CO3)(2mol·L—1,20mL),andthereaction
mixturewasvigorouslystirredat90℃for24hun-
deranitrogenatmosphere.Aftercoolingtoroom
temperature,thereactionsolutionwasextracted
with methylenechloride,thecombinedorganic
layerswerewashedwith1mol·L—1aqueoussolu-
tionofsodiumhydroxideandwateralternatively,

driedoveranhydrousMgSO4,concentratedunder
reducedpressure.Furtherpurification wasper-
formedusingsilicagelcolumnchromatography
(methylenechloride/hexane=2:3aseluent),and
then recrystallized from ethanol,red needle
crystals were obtained (yield: 57%). The
compound4wassynthesizedinasimilarmethod
(yield:63%).

MonomerDFBT:Undernitrogen,compound3
(142.18mg,0.57mmol)and bromosuccinimide
(NBS)(267mg,1.50mmol)weredissolvedin
chloroform(5mL)andaceticacid(5mL),andthe
resultingsolutionwasvigorouslystirredatroom
temperaturefor6h.Thereactionsolutionwasex-
tractedwithchloroformandtheorganicphasewas
washedwith10% sodiumbisulfite,hydrochloric
acidaqueoussolution(2mol·L—1)andwatersuc-
cessively, dried over MgSO4, and then
concentratedunderreducedpressure.Furtherpuri-
fication wasperformedusingsilicagelcolumn
chromatography(chloroform/hexane=2∶3aselu-
ent),redneedlecrystalswereobtained (yield:

64.9%).ThemonomerDTBTwassynthesizedin
asimilarmethod(yield:72%).

PolymerPCDTBT:Ina25mLflamedried
flask,108.58mg(0.165mmol)of9-(heptadecan-
9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-diox-
aborolan-2-yl)-9Hcarbazole,75.66mg (0.165mmol)

ofDTBT,0.76mg(0.826μmol)oftris(dibenzyli
deneacetone)dipalladium(0)(Pd2dba3)and1mg
(3.30μmol)oftri(o-tolyl)phosphine(P(o-Tol)3)

weredissolvedin5mLofdegassedtolueneand

1.25mLof20%aqueoustetraethylammonium-hy-
droxide(Et4NOH).Thereactionmixturewasvig-
orouslystirredat92℃for72h.2-bromothiophene
(1.60μL,16.51mmol)wasaddedtothereaction,

onehourlater,2-thienylboronicacid (2.11mg,

16.51mmol)wasaddedandthereactionrefluxed
overnighttocompletetheend-cappingreaction.
Thepolymerwaspurifiedbyprecipitationinmeth-
anol/water(10∶1),filteredandwashedonSoxhlet
apparatuswithacetone,hexaneandchloroform
successively.Thechloroformsolutionwasreduced
underreducedpressure,getpolymer (43.6mg,
37.5%).PolymerPCDFBT wassynthesizedina
similarmethod(yield:42%)

2 ResultsandDiscussion

2.1 SynthesisandCharacterizationofMono-
mersandPolymers

  AsshownintheScheme1,commerciallya-
vailable o-phenylenediamine was treated with
freshlydistilledthionylchlorideinthepresenceof
pyridine as solvent, affording 2, 1, 3-
benzothiadiazole(compound1)aftersteamdistil-
lation.Upon reaction with molecular bromine
(addeddrop-wiseslowly)inhydrobromicacid,
compound1gavethe4,7-disubstitutedregioisomer
(compound2).Thecompounds3and4werepre-
paredbySuzukicouplingreactionofcompounds2
with2-furanboronicacidand2-thienylboronicacid,
respectively.Thetarget monomers DFBT and
DTBTweresynthesizedbyfurtherbrominationof
compounds 3 and 4 with N-bromosuccinimid
(NBS).Finally,the polymers PCDFBT and
PCDTBT were prepared by Suzuki coupling
reactionofmonomersDFBTandDTBTwith2,7-
carbazolederivative.Thechemicalstructureofthe
monomersandpolymerswasverifiedby1HNMR
spectroscopy, as an example, the data of
compounds1-3,monomerDTBT,andpolymer
PCDTBTwascollectedasshowninthetable1.

2.2 SolubilityandMolecularWeightofPol-
ymers

  Bothofthetwopolymers(PCDTBTandPC-
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DFBT)canbeeasilydissolvedinsomecommon
organicsolventssuchaschloroform,andchloro-
benzene atroom temperature,and were also
solubleathottetrahydrofuran (THF),toluene.
Thegoodsolubilitycanbeattributedtothebulky
sidechain.Furthermore,PCDFBTcouldbedis-
solved in hexane partly,and the improved
solubilityofPCDFBTcomparedtoPCDTBTmight
beascribedtothesmallersizeofoxygenatom,

whichleadedtolessersterichindrancebetweenfu-
ran andits neighboring units.The molecular
weightsandpolydispersitiesoftheresultingpoly-
mersweredeterminedbygelpermeationchroma-
tography(GPC)analysiswithapolystyrenestand-
ardcalibration.Theaveragemolecularweightsand
polydispersityindexesofPCDTBTandPCDFBT
were 7000 and 21000, 1.36 and 2.44,

respectively.ThehighermolecularweightofPC-
DFBTcouldincreasetheconjugatedlength,which
isusefulforimprovingopticalabsorptionability.

Table1 1HNMRdataofcompounds1-3,monomerDTBT,

andpolymerPCDTBT
1HNMRdata(CDCl3,TMS)

compound1 7.52(2H,s),7.94(2H,s)
compound2 7.73(2H,s)

compound3
8.05(2H,s),7.69(2H,d),7.59 (2H,dd),

6.63(2H,dd)
DTBT 8.00(2H,s),7.65(2H,d),6.55(2H,d)

PCDTBT

8.11(2H,d),8.02(2H,d),7.94 (2H,br),

7.74(2H,br),7.56(2H,d),7.45(2H,d),

4.73(1H,br),2.42(2H,br),2.05(2H,m),

1.23(24H,br),0.70(6H,t).

Fig.1 UV-VisabsorptionspectraofpolymersPCDTBT
(grayline)andPCDFBT(blackline)inCHCl3

solution

2.3 OpticalProperties

TheUV-visabsorptionspectraofthetwoco-
polymersinCHCl3solutionsareshowninFigure1.
These two polymers exhibited two major
absorptionbandsintherangesof300-450nmand
450-700nm.Thepeakatlongerwavelengthcould
beattributedtotheintramolecularchargetransfer
(ICT)effect,andtheotheratshorterwavelength
wastheresultofahigherenergytransition.The
absorptionspectraofthetwopolymersinthin
filmsareshowninFigure2,andtheopticalprop-
ertiesaresummarizedinTable2.Theshapeofthe
peaksandthetrendoftheabsorptionwavelength
aregenerallysimilartothoseinsolution.Theab-
sorptionmaximainthefilmswereredshiftedto
578and547nmforPCDFBTandPCDTBT,re-
spectively,therelativelargeredshiftedofabsorp-
tionspectrafromsolutiontothinfilmmightbere-
sultedfromahigherstructuralorganizationinsolid
state.Itis found that optical band gap of
copolymerPCDFBT(2.14eV)issmallerthanthat
oftheanalogouscopolymerPCDTBT (2.26eV),

which indicated that polymer PCDFBT could
harvestexcitonmoreeffectively.

Fig.2 UV-VisabsorptionspectraofpolymersPCDTBT
(grayline)andPCDFBT(blackline)infilmstate

Table2 Opticalpropertiesofthepolymers

Polymers
Solution Film

λmax/nm λmin/nm λmax/nm Eg/eV

PCDTBT 379/523 655 385/547 2.26

PCDFBT 394/559 690 402/578 2.14

  Note:λmaxisthemaximumabsorption,λminisedgeabsorp-
tion,Egisopticalenergygap whichisestimatedfrom the
maximaabsorptionofthinfilm.
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2.4 ElectrochemicalProperties

Itiswellknownthatthemagnitudeofthe
bandgapandenergypositionsofHOMOandLU-
MOenergylevelsarethemostimportantcharac-
teristicsfordeterminingtheopticalandelectrical
propertiesofagivenconjugatedpolymer.Thesein
turngreatlyaffectthephotovoltaicperformance.
Herein,HOMOenergylevelsofthetwopolymers
PCDTBTandPCDFBTwereinvestigatedbypho-
toemissionyieldspectroscopy(PYS)asshownin
Figure3.Aspredicted,theHOMOlevelofcopoly-
merPCDFBT(-5.48eV)islowerthanthatofco-
polymerPCDTBT (-5.34eV)asSummarizedin
Table3.Itissuggestedthattheopen-circuit
voltage (Voc)in BHJsolarcells with ohmic
contactsislinearlydependentonthemagnitudeof
thebuilt-inpotential,definedasthedifferencebe-
tweentheHOMOlevelofap-typepolymerand
theLUMOlevelofann-typefullerenederivatives.
Inotherwords,thedonorwiththelowerHOMO
levelwillbetterreachthetheoreticallyattainable
Voc.Andduetothelower-lying HOMOlevel,

polymersolarcellbasedlow-bandgappolymerPC-
DFBTcouldgetahigherVoc.TheLUMOlevel
wasevaluatedtobe-3.08eVforPCDTBT,and
-3.34eVforPCDFBTfromtheHOMOleveland
theopticalbandgapestimatedfromthemaximum
absorption.Theseenergylevelsresultinefficient
chargeseparationbetweenthetwolow-bandgap
polymersandfullerenederivatives.

Fig.3 ThePYSspectraoftwopolymersPCDTBT(dia-
mond)andPCDFBT(circle)

Table3 Theenergylevelsoftwopolymers eV

polymers HOMO LUMO

PCDTBT -5.34 -3.08

PCDFBT -5.48 -3.34

3 Conclusions
Wehavesuccessfullydemonstratedthatthe

energylevelsofconjugatedpolymerscouldbeopti-
mizedthroughfuransubstituent.Byreplacingthe
thiopheneunitwithfuranunitinthemainchain,

theHOMOenergylevelwasloweredfrom -5.34
to-5.48eV,theimprovedenergylevelsisuseful
for getting a higher open-circuit voltage for
polymersolarcells.Furthermore,duetothe
highermolecularweightoflow-bandgappolymer
PCDFBT,theexcitonharvestingabilitywasalso
enhanced.
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