
PhysicgRBpDrtsofKumanmtoUniv⑥１恩i厩ＶｂＬ１３，No.２（2010） 333

Ｄｅｘｔｅｒ Ｔｙｐｅ Ｅｎｅｒｇｙ Ｔｒａｎｓｆｅｒ ｉｎ Ｍｅｔａ-ＬｉｎｋｅｄＢｒａｎｃｈｉｎｇ
Ｄｅｎｄｒｉｍｅｒｓ

Ｉｃｈｉｒｏ ＡＫＡＩ１ 、 Ｋｕｎｉａｋｉ ＭＩＹＡＮＡＲＩ２ 、 Ｔｏｍｏｓｈｉｇｅ ＳＨＩＭＡＭＯＴＯ１ 、 Ａｔｓｕｈｉｒｏ ＦＵＪＩＩ １
ａｎｄ　Ｍｕｔｓｕｍｉ ＫＩＭＵＲＡ３

’）銑｡蛾秤tLUea憾感““e冗忠鍼Ｊ血溌eγＥＣ“…ｈ醗沈#“麹ｍｆＢｍ｡“醜jU巴癩i鞭：
錘瀬…､#。鈍り-85鍬

２)、…7詞#？?z巳鍼Ｑｆ瓢ﾂﾞ鍼鰯,錘……“Uic輝巴溌噸麹糀…ひｔｏ８鍬8鑑5,
3)DGpa減me徳ｔＱ/魏施c蝿“!Ｐ鞠疵這『Ｓ鰯…巳,鋤…ｈ螺醗獅巴癖鞠,姪“３８５－８５㎡７

（ＲＥ心ei”ｄSeptember30,2ｍ､）

Wbinvestig鉦tedrapid⑧mrgytransfbr(Ｂｒ)prmess鴎ind鱈ndrim蝉h2wing辨錘-1inked
bran･hinglightharv⑧stingantennaS,ItwaBfbundth鉱,atroomtempBmsature(R正),bherapid
ET“clue5e鐙⑥ientlyfrcmthsalptennastotheEoreandgivesrisetoint臼nSe“ｒｅＰＬｂ麺ds
undsrthesel“ｔＷ噌錘citationontheamenna･HownvBr1theEIrCiIi心鵡myimpairぢatlcw已野
temperaturesthan津1ＱＯＫ・

FQrunder召tandingth患seexperim鰯ntalresultsF騨canalyzedmQlecularvibratioI1sand
molecularcrbita晦ofasimplsmodClmDlccul巴。Fmmtheseanalyses$itwaBdemonStrated
thatthetorsicnalvibr程Ltionofth⑧Entireantennasubunitisexcitedsu盃ｃｉｅｌｍｙａＬＲＴａｎｄ
ｔｈｅｒａｐｉｄＥＴｉｎＰｈＤＧ雄dmdrimEr⑬realizedviathe7T寧一conjugatednetwOrkmBdiatedby
th姪子TTI盆I錘tiVatiDnOft雌StOrSiOn型vibrati⑪､．

§LIntrcdu⑪t、、

Light-harvCsting(LH〕坐ndrimersh…attmctedmuchinterestbec…eth巳y
exhibithigh]b'e伍cientenergytrans晩r(ＢＴ)EomLHantennastocor燈s属1〕１，１誠ge
hyper-brancheddendrimers,aroln鋤icringsinthBLHantsnnaareconnectedtceach
otherby7r-uncoUiugatedspacBrsubunits・Owingtotheisol鋤tionofthearomatic
ringsbythesesp鍼ersubunitsｻﾞｔ雌ETpTccessssh2w篭beensimplifiedtoaF6rsteE
mechHnigmo2〕’3）

鴎cently,ithasbeeMDundthatEToccursrapidｌｙｐｒｉｏｒｔｏ躯hievingquasi‐
eqUnibriummthephotosxcitedstateoftheLHantennainastar岩shapedstilbenoid
phthalocy魁Lnined鱈､｡Ⅱimer(SSS郷Pc)｡4）Inaddition,ithasbeenalsoclajiBedthat
theETquantums鋤ｉｍｃｙｉｍｐｒＤｖｅｓａｔｔｅｍｐｅｒ誠ure8higherthanへ’１００Ｋ｡'rhese
resultsimplythathighlyeiIicientEToccurs鉱high鉦tsmperature8throughthe
打一conjugatednetworkmediatedbythcthsrmallya鉱ivatedtmsicnalvibrationofthe
LH-antmnasubunitｏ

Ｉｎｔｈｉｓｐａｐｅｒ，ｗｖＢｈｗ巳stigatethBETprocessinphBnylGnB-b…ddendrimers
(p、)鞠]郷＝1,2.5)5)havmg辨駆-linkedbran砥hmgLH-antennaandd2monstrats
thattheHrpruce目ｓｉｓａｎａｈｇｏｕｓｔｏｔｈａＬｔｏｆＳＳＳ郷ＰｃｄｅｎｄｒｉｍＢｒｓｏＩｎｐｈＤＧ兜，ｔｈｅ
EToccursmorerapidlythanthBcase㎡ｔｈＢＦ６ｒｓｔｅｒｔｙｐｅＥＴ.Ｔ雄HrefIiciency
degradesatlmv巳ｒｔｅｍｐｒ鉱１lxもｓｔｈａｎ～10ＤＫ，ForunderStflndingtheser⑧sults，ｔｈＢ
ＥＴｍＳＣｈａｎｉｓｍｓａｪ巴ｄｉ目cussedonth心basisofthBqUantumchemi⑪alsimulatiom：．
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§2．Experinment篭kｌ

Fignrelindi心at鋸phemical8tructuresofthephBnylenebaseddgndrimersphDG郷

(ｎ＝1,2.5).5)SubunitsAjmtvL(猫＝1,2.5)虹eLILantenna8fbrthesedendrimersoA
sUbujnitAntl-1isan乱ntennafbr乱modBlmoleculsphDG1-1discussedinSection4o

Ant”〔冗＝1,2.5)depictedinFigo1錘ecmnponentmcleculesofantennasubunits，
invvhmhthebcndingsites麺eterminatedtrimBthymanB・Inopticalmeasu｣Femsnts，

thBsemcleculeSwmedilutedina山ydro“tetr血ydmfman(THF)tQconcentrations
intherangelO-5～１０－５Ｍ｡、ﾕthEgteady-st識tephotohmminesce巫薩(PL)expeE-
iments，samplesYH/⑧】feexcitedwiththe罐quency-doublercutputf0manoptical
parametzicosci｣Uatorpumpedbythethirdh麺ｍｍｉ心ｇｅｴlerationofapulsedNd:YHG
1asersystemoEbrthGtinﾕらresolyedPLmeasurement醤,thcsecondhamnDnicontput

をomanopticalpa囮ametricampliher(OPA)pmnpedbyaTi:S牢phire鴎generative
amplinersystemw準ｕｇｅｄｆｂｒｔｈｅ日electiveBxcitatimoftheantennasubunits・The

fimdamentaloutputofthBOPAw躯傘cuBBdfbrthBdirectexcitation⑪fth色心ore
&ubunijb｡]Fb】Pin蝿stjgationofthetempe正色tuzedependence,asealedqUartztubenlled
withtheBamplBsDIntionw臼ｓｐｒｅｌｊｍｅｄｒｈｅ齢ｅｚｍｇｐｏｉｎｔｏｆＴＨＦ通about165Ｋ．
Ｔｈ造圃OPA心20096）wasBmplniypdfbrqu紐ntumCh臼ｍｍａｌ心alculaticnsbyusingthB
P迦６円釘rTuiltnnian三7）型｡lE1cul麺orbitalgwBrevi愚１１符１１毎煙ｄｗｉｔｈｔｈ燈JmCl8)soffwもbre．

Ｒ１
Rか丑R4=[Antl］
R1~R4=[Ant2o5］
R'毎R4=Im
R1=[AntL1L
Ih-Hl=IR］

PhDCm：
phDG2戯
ＴＰＰ：

phDG1-1：
Ｒ２ Ｒ４

Ｒ３

[IRI=｡ [Ant2毎］

FigoLChemicalstru鉱meHofPhD鰹沖(”＝1m25)d燈､士im画昼｡[AnbL1]isanljH…ennaSUbunit
in畠modBlmnl②cul2(PhDG1-1)。i且mssedinSBctim4．
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3.1．RcUPjde"emZ/tmnq/br

Figure2indicatesopticalspectraofthephDG7zdendrmers、Intheporphyrm
core,opticaltransitions仕om7T-to7T*-MOsgiverisetoaweakQ-andanintense
Soret-absorptionbandmtheeneｒｇｙｒｅｇｉｏｎｂｅｌｏｗ３３ｅＶ、Ｏｎｔｈｅｏｔｈｅｒｈａｎｄ，the
broadabsorptionbandsabove3､７ｅＶｃａｎｂｅａssignedtotheopticaltransitions症om
7T-to7T*‐MOsinantennasubunits,becausetheantennacomponentmoleculesAnG7z

alsoprovidethesamebandsdisplayedwithbrokenlinesinmsetsofFi９．２，where
theabsorptionintensitiesoｆＡｎＧ〃aremdicatedmthefburtimesenlargedscalefbr
comparlson．
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Fig.２．OptiicalspectraofthephDG7udendrimersandtheantennacomponentmoleculesAntGnat
roomtemperature・Theverticalbrokennneindicatestheeg[citingenergypositionfbrtheSteady‐
statePLmeasurements・Theexcitingenergypositionsfbrthetime-resolvedPLmeasurements

（seeFig3)aremaぽkedbydownwardaごrowsin(b）

ByusinganexcitmgUghtof4､４ｅＶ(verticalbrokenlineinFig､２),wecan
excitetheantennasubunitsmeachdendrimerjUndersuchselectiveexcitation，

intenseantenna-PLbandsappearmAnG〃asdisplayedwithgrayspectraminsets
ofFi9.2.Bycontrast,mphDG価,intensecore-PLbands(blackspectra)錘eobserved
dominantlyinsteadofthｅａｎｔｅｎｎａＰＬｏｗｉｎｇｔｏｈｉｇｍｙｅ伍cientET丘omthephoto‐
excitedantGnnA-

Fromthetemporalresponseofthecore-andantenna戸PLmtensities，wecan

connrmthatthehighlyeBacientETprocessoccursrapidlypriortoachievingquasi‐
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Fig.３．匹mporalproElesofthePLintensitieｓｏｆｐｈＤＧ２､５dendｴime正．Thegraypromeandsond

curvesindicatethoseofantenna-PLandcore-PL,respectivelybThedottedcurvearoundOns
meanSthetemporalproGleoftheexcitinglaserpulse．

equiUbriummthephotoexcitedstatｅｏｆｔｈｅＬＨａｎｔｅｎｎａ・ThethicksoUdcurveln

Fig,３indicatestheresultfOrphDG2､５withselectiveexcitationoftheLHantenna

(4.27eV:thickdoWnwardamowmFig､２(b)).Thegr8O'proHledenotesthetemporal
proHleoftheantenn針PLintensityunderthesameexcitingcondition・Theopen
circlesshowasimulationresultobtainedbydeconvolutionanalysisbyassumingthat

therisingtimeconstantfbrtheacceptorstate(core)fbrtheETiseqUivalenttothe
decaytimeconstantoftheenergydonorstate(LHantenna:grayproHle).However，
thecore-PLintensityrisesmorerapidlythanthissimulationresult,ａｓFig.３shows・
Inaddition，thesamerisingresponseisobservedunderthedirectexcitationofthe

core(2.14ｅＶ:thindownwardamowinFig､２(b)）asdisplayedbythethinsolid
curvｅｉｎＦｉｇ．３．ＳｕｃｈｒａｐｉｄｒｉｓｉｎｇｏｆｔｈｅＥＴｉｓｃommonlyobservedinthetemporal

prohlesofthecore-PLintensitiesfbｒｐｈＤＧ１、Theseresultsclearlydemonstrateｔｈａｔ

ｔｈｅｒｉｓｍｇｔｉｍｅｆｂｒＥＴｍｐｈＤＧｎｄｅｎdrimersislessthanthelimitedtimeresolution

(～50ps)andismuchfasterthanthedecaytimeconstantofthePLoftheantennas、

3.2．Z1Bmpemt皿7℃depe72.e犯ce

Althoughtheammaticringsintheantennaandtheporphyrincorehaverigid
structures,theadjomingbondsamongthemhavea印eatnexibiUtyfbrtheinternal
molecularvibratiOn、Ina7T-cOnjugatedLHdendrimer,wehavereportedthatthe
quantume伍ciencyOftherapidETincreaseswitｈｈｅａｔｍｇｔｏｍ４Ｋｔｏ～２００Ｋ4）
andthethermaUyactivatedtorsionalvibrationoftheantennasubunitmediatesthe
highlyeBUcientrapidETatroomtemperature(RT)．

InphDG7zdendrimers，asimilaェtemperaturedependenceoftheETe伍ciency
isObserved・FbrinvestigationofthetemperaturedependenceoftheETe伍ciency〉
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Fig.4．鴎mPeFa…d鳥pen｡…e城theCOIFe-PEi唾…ityⅢatic噸鎚,/Ｉｉ牌‘

漉亟asmedthefem画eratuzMependen…fth…鍔PLmtensityIiR霧｡fthe…‐
CO､…ｎｆ…cul蔭(TPP苫t鱈蜘henylporphy瞳in)andth亀…PLint蔭nsityliRi瀧，

纈:斐聲懲鯛:蓬::ｌｉｌ農競:灘麓:麓學:繊麓蝋蓋i
normaliz管dvvithth…tHMsFigo4cl燈arlyshows,th…ioIH誌8,/I卍謡pdecr…s
atlo蝿rjbemperaturesthanl40KoThisresultclearlydemoILstratesthattherapidET
inphDG1degradesatlowertemperaJtures,麺dsuggeststhatthethermaIacti蝿tion
ofmolecularvibratin睡withlcwhequenciesmediatethghighlyeHicientETathighsr
temperab唾ｅｓｔｈａｎｌ４

§4．Djis⑪us毎ioｎ

4亀1.逼弼８噸＃迩幽g躯沌Qfqp赫刀“Bdstr“t…

IbdiscusstheraPidmanditgtemperaturMependenceinphDG1,蒋蛭emplOy

absimplBInodBlmoleculeｐｈＤ喝1-1ａｎｄ麺alyzeitusingtheDvIOEAC2009s｡ft訊極eo
A1thoughphM1-1onlirhasoneantennasubunit…eeninFigo1,onecan…luate
thestericstructureajndthemo1ecul麺ｖｉbr誠ionofthe･a】mtennasUbunito

Figure5sho研編麺ensrgydia露ａｍ丘ｏｍＨＣＭＯ－４ｔｏＬＵＭＯ＋４statescftheop‐
timi銭edstruEturefbrphD圏1-1．rhemolecula砥ｏｒｂｉｔａｌｓｆｒｏｍＨＯＭＯ－１ｔｏＬＵＭＯ＋１
錘elc⑤量ｌｉｚｅｄｗｉｔｈｉｎｔｈｅｐｍｐｈｙｒｍｒｍｇａｎｄｃａｎｂｅａｓｓｉｇｎＢｄａｓｔｈｅ行一ａｎｄ汀*-ＭＯＳ
oftheporPhyrincoreasdescribedi、雛ｆ９)．OxlthBothBrhand，汀壼ａｎｄ汀期-hlOs
ofthe麺ennasnbunitaｴeassigneaastheHOMO-2～－３ａｎｄＬＵＩｍ＋３～＋4】
regpectively,becausetheirMO目arelocalizedwithmthe…ennasnbunitas地mKm
inFigo5oHowev燈r,itshculdbenotらdthatanother汀旗-ＭＧ(LUMO+2)ofthBpo好
Phyrinringislo蛾tednearbythe汀叩[OS(LUMO+3～＋4)Oftheantenna畠uljunit
(quasi-dEgener鋪y)躯shm例minFigo5。
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Fig.５．Energydiagramandmolecularorbital8ofasimplemodelmoleculephDG1－１(seeFigl）

4.2．VU6mtio〃ｑｌＱ"qJ9si8

ｏｎａＥｃｏｕｎｔｏｆｔｍｓｑｕａｓｉ－degeneracyofthese7T*-ＭＯＳ,onecanexpectthatef
fbctivemixingbetweenthese7T*-MOsoccursdurmgmolecularvibrationsduetothe
changeofstericstructure

FromthevibrationalmodeanalysesinphDG1-1，wefbundthatthetorsional

vibrationoftheentireantennasubunitcausessuchmixing・Figure6showsthe

result､Smcethistorsionalvibrationhasratherlowhequency(14.7ｃｍ-1＝んＢＴａｔ
Ｔ＝２１KLthetorsionalvibrationissuBacientlyactivatedathighertemperatures
than～l40KThesoUdcurveinFig6(a)showstheadiabaticpotentialfbrthis
torsionalvibration、Ａｔｔｈeenergynmnunum,theco-planaritybetweentheporphyrin

coreandthefirstring(thearomaticringadjoiningtotheporphyrincore)inantenna

isquitelow(０～８２｡)．However,ａｔＲＴ,thedihedralangle8changesobviouslyin
thewiderange仕om92oto73oasshownwiththebrokenUneinFig6(a),where
thethermalenergyatRrisindictedbythehorizontaldottednne・

Ｔｈｅｒｅnovationoftheco-planantybetweentheplanesoftheporphyrinand

thenrstringatsmaUerdihedralangles(０～７３｡）inducesaneHbctivemteraction
betweenthe7T*-MOsofthecoreandantenna､Figures６(b)ａｎｄ６(c)demonstrate

theenergychangesoftheLUMO＋２～＋３andthevamationofthemoleculaエorbital
fbrLUMO+２duringthetorsionalvibration．ＩｎFig.６(b),onecanrecognlzean
anti-crossmglikebeha('iorbetweenLUMO+２(汀*-MOinporphyrin)andLUMO+３
(汀*MOofantenna)onaccountofthemteraction.、ﾕrthermore,atsmaUerdihedral
angle(０～７３゜)ｉｎFig.６(c),onecanalsoHndthattheLUMO+２extendstothe
antennasubunit･SuchextensionaUowstheshort-rangemteractionbythespatial

overlappmgofthese7T*-ＭＯｓａｎｄｇｕａｍｎｔｅｅｓｔｈｅｒａｐｉｄＥＴ丘omtheantennatothe
corethroughthｅ７Ｔ*-networkbetweenthem・Thetemperaturedependenceofthe
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(a)SoUdcurve:adiabaticpotentialofthetorsionalvibrationofFig.６．（a)SoUdcurve:adiabaticpotentialofthetorsionalvibrationoftheentireantennasubunit

inphDG1-1jbrokenline：dihedralangleObetweentheplanesｏｆｔｈｅｐｏｒｐｈｙｒｉｎａｎｄｔｈｅａｒ⑨
maticring(thefirstring)adjoiningtotheporphyrincore．（b)Changesoftheenergiesofthe
LUMO+2～＋4states.（c)VariationofthemoleculamrbitalofLUMO+2duringthetorsional
vibration．

ｒａｐｉｄＥＴｅ田ciencyinFig4canalsobeunderstoodftomtheseconsideration、At

lowtemperature，thelowco-planamtybetweentheporphyrincoreandtheantenna
inhibitstherapidETfomthephoto-excitedantenna、Incontrast,itisexpectedthat
thesuf]HcientlyactivatedtorsionalvibrationmediatesthehighlyefEcientandrapid

ETthroughthe7T*-,etworkathighertemperaturesthan～２１Ｋ(＝14.7ｃｍ-1)．

§5．Ｓｕｍｍａｒｙ

ＷｅｈａﾊﾞﾉeinvestigatedtheETprocessintheｐｈＤＧｎｄｅｎｄｒｉｍｅｒｓｈａＮ/ingmetq‐

linkedbranchingLH-antennaandhavediscussedtheETmechanism・

ＩｎｐｈＤＧ〃，intensecore-PLbandsappearundertheselectiveexcitationofthe

antennasduetothehigmyefHcientET世omtheantennastothecore・Homtherapid
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risingofthecorePLintensityundBrsuchselectiv造excitation,itisfbImdthそutarapid
ETcccurshnmthBantennaspriortothermalequinbriumbeing臼心hiev巳dfbrthepho‐
tDExcitedstaLeinthelJHant造､､as・Ｃｎｔｈｅｂａｓ通ofthetemperatured鞭enden⑪ｅｏｆ
ｔｈｓｃｏ醍一PLintensitiesofthecorecomponentmnlBculBandthsphDG1dendrimer，
thetemperaturedspendenceofthsETefEcisncyiSevnluatedqualitati蝿1y》anditis
demo聖ｔｒａｔｅｄｔｈａｔｔｈｃｒａｐｉｄＥＴｉｎｐｈＤＧ１ｉｓｓtmnglysuppressedbyfnrthsrcooling
b巳low～１４０Ｋ｡'mexplainboththsrapidrisingbeh軌/viourandthetemperaturedB‐
pendenceofET，螺haveanalyzedthetorsionalvibmti⑪nandthemclBcul誠orbitaIs
ontheb錨isDfquantumchel]血3tryoHYomthsse麺alySe8,iti8demcngtratedthatthe

torgionalvibrationoftheentireantellnasnbunitisexcitedsuHHci⑧ntlyathighBrtem‐
peraturesthan～２QKandtherenovHtionofthec⑱PlanaritybetwCenth燈ｃｏｒｅａｎd
antenna涙planssbythistorsionalvibrationallovvsthcshort-rangBinter錘tionbetw巳en
their汀謙-Ｍ０８．ConseqUentl蕊itisexpectedthatthBhighlysfHcientandrapidETin
phDG蝿dendrimBrisr竃alizedviathe打率-conjugatednBtvvorkmBdiatedbythBrmally
錘tivatedtcrsi⑪nalvibration．
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