O1 €IKOVES KL TO SYNIATA TOV SLEQAVELAV £X00V ANQOEL amd TIg TNYEG TOV AvaPEPOVTOL TNV apY]
TOV GNUELACEDV/IAYUVELDV TOV PoOpRoTog 1] 68 KGOE dra@avera yOPLoTd.

To VAIKG TOV TEPLEYETUN OTIS SLAPAVELEG VITOKEITAL GTOVG TEPLOPLOROVS TEPT TVEVROTIKOV
IKALOPATOV. ATaYoPEVETUL ] AVAONUOGIEVGT 1] | AVOTUPAYOYT] TOV SLEPAVELDV GTO GUVOLAD TOVG
1N TUNHOTUKG PE 0TOLOVONTOTE TPOTO, COPP@VE pe TN oyeTIK] EAANvI] ko o1£0v1) vopoOBeoia.
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Adrotpomikég Mopeéc AvOpaka: I'papévio kar Navotawvieg I'pageviov

* I'pagévio

*  Avaxkdioyn, Aopkéd Xapaktnpiotikd, [lopaockevi] ko Dooikoynpuikég
It Teg

*  Xnukn Apactikétnta - Mé0odor Ilapaymyomoinong
* Eoqappoyég

* Navotowiec I'pooeviov

e XovOeon pe Baon v Apy Ano Kato Ipog ta lave (Bottom-Up)

* Tlopoaokevi pe Bdon v Apyn Ané Ilédve npog ta Katw (Top-Down)




H Avaxdioyn tov I'pa@eviov

### The Nobel Prize in Physics 2010
I'pagévio: airotpomiki popei] Tov Gvlpaka wov amwoteleitol and O e et
£vo, avOPuKIKO TAEY O, HOVOaTOIKOD TTay0vg (Sp? VPpLdepés /
anéotaon C-C = 1,42 A). OvoroeTikd éva otpdpa ypogity. Mmopei
va 0empnBei g éva TolapOPATIKG PopLo UTTEIPOV S106TAGE®Y.

Share this: AEICEE 7

The Nobel Prize in Physics

A6Y® TOV WO0THTOV TOV (peyain emoedvera, eopeTiki Oeppuiki Ko
NAEKTPIKIY] AYQYUOTITO, PEYEAN PNYOVIKT KO NAEKTPOY| KN
ovToY1], O10QAavELa, KAT) £YEL GNUAVTIKO ETIGTIILOVIKO Kal
TELVOLOYIKO evira@Eépov.

H amopdéveon KpuoTtaiiov Ypa@eviov HovoaToputkov Tayovs (Lo

Andre Geim

HIOVIKNG dT0QA0im6NS Ypapitn pe scotch tape Koy peTa.Qopds Tovg ™" e
og éva vooTpope Si0,/Si) dnpoocievdnke yio TpdOTH Popd To 2004.

Prize share: 1/2

The Nobel Prize in Physics 2010 was awarded jointly to Andre Geim
and i “for g

regarding the two-dimensional material graphene™

Electric Field Effect in Atomically
Thin Carbon Films

K. 5 Moveaelow,' A K. Geim.' 5 ¥. Morsaew.! D Jlang.!
. Thang,' 5. V. Bubsnon,! & V. Crigarieva,’ A. A Firsor’

$225.00

OMYOOTPOUATIKO 1 OKOLO KO LOVOSTPOUATIKO YpapEévio glye mapatnpndei pe d1dpopeg

nefooovg ko Tpv to 2004, aALG TOTE OeV £iye amOpOVOOEL YpapEVIo TAYOLS LIKPOTEPOV
TV 50 oTtpopdTeV Ypaeitn.

O1 KpOOTAALOL YPAPEVIOL LOVOUTOUIKOV TTAYOVS LE SO TACELG LEYAAVTEPES TOL 1 mm
elvat opatoi o yopvov o@OaALov.

YrevOopiletar 6t 1,42 A 1covton pe 0,142 nm.



Emieypéveg Iowotnteg Tov I'pageviov

Meyain em@aveio.

H povadikn vovooopr] avlpake Tng 0moiag Kol o1 000 empaveLeg gival
ggicov dabéoipeg o ynpucn Topaywyoroinen. H ynuun
OPUOSTIKOTNTA TOV ATOP®V AVOPUK OTIS AKIES TOV YPOPEVIOV givar
REYOADTEPN GO GVTH TOV ECOTEPIKAV aTOp®V C.

E&mpetucniy Ogppun} kon niektpukn} oyoyipdétnro (ehevdipmg
KIVOUUEVA TT NAEKTPOVLA) 01 0TT0igg propovv va petafdriovror 6Tav
APNOLHOTOLEITAL 6€ GUVOVOONG pe GAAX VALK,

Hpmoyoyog pndevikov evepysroxod ydopatog {dvng (zero band gap
semiconductor).

Scanning probe microscopy
image of graphene

Meyain pnyovikn kot niektpoynmuki avroyn: 100 gopég woyvpdtepo
amo T0 avOEKTIKOTEPO aTedA e To id10 Tayog (3,35 A).

Awo@avewn: givor oygdov S10Qavig, aToppPoPAOVTIS HéMs 2,6% ToV
npaoivov oTog kar 2,3% Tov gpvbpod poTic.

20 pm

Graphene Materials, Fundamentals and Emerging Applications, Editors: A. Tiwari & M. Syvajarvi, Wiley, 2015.

To ypapévio €xel To HeyaAdTEPO AOYO ATOUMV AVOPOKL GE OKUES TPOG ECMOTEPTKA ATOLN
vBpoaka omd omoladmToTE GAAN AALOTPOTIKY LOPOT AVOpaKaL.

Ta dropa dvBpaka tov ypageviov Tov Ppickovtol oe onpeia SOUIKOV ATEAEIDV (0TES)
KOl OTIG OKUES TOV QOAL®V YPOPEVIOU Tapovstalovy TOAD PEYUADTEPT YNUKTY
dpPACTIKOTNTA OO TO. LITOAOUTA. To YpaPEVio KalyeTal 6 GYETIKA YounAn Bepuoxkpacio
(350 °C).

YrevOopileton 6Tt evepyelaxo yaopa {ovng (band gap) ovopdaletor 1 evepyslokn
dtapopd LETAEL TOL VYNAGTEPOL onueiov TG LdVNG 60EVOLG Kot Tov YaUNAOTEPOL
onpeiov g {ovng ayoyloTnTag EVOG OTEPEOD.

H xivnticomta tov nAektpoviov Kot Tov ommv 6To Ypapévio gival tepinov ioeg. H
KWNTIKOTNTO TOV QOPEWV POPTIOV (NAEKTPOVIA KOl OTEG) LELDVETOL GTLOVTIKE OTOV T
EMPAVELX TOV OVTIOPA e 0EVYOVo, vepd Kol opyavikd avtidpactiplo (AOyw® g
STAPUYNG TOL OPOUATIKOV GVOTHIATOGC). H empdvela tov ypagpeviov urmopel va
nmpoctotevdel amd 10 0ELYOVO (Kot cLVETMS VoL ANEHoHV 6TabepEg GTOV EPA CLOKEVEG
He Baon 1o YpoPEVio) LE SIAPOPa OVTIOPAGTIPLA, OTTMG Y10 TOPASELY O 0EEIO10 TOV
apyiiov.



Mepikég ané Tig MeB06dovg Iapaokevnc tov I'pageviov

Méoco pnyovikiis omo@loimong ypapitn pe scotch tape. Awartovvron apkeTd Ppata «amro@roimeno»
£0g 6Tov @Ol éva povoaTopLKOD TAYOVS CTPAONM.

Méoo amdEeong TupoIVTIKOD Ypa®itn vyniov tpocavotoicpnot (highly ordered pyrolytic graphite -
HOPG) pe mord ayyunpr o@ive. sS1epavtiov.

HOOC COOH COOH OH

COOH
Méoco avaymyig o&eidiov Tov ypaeviov (graphene oxide) pe
vopalivn axorovBodpevn and katepyocio vwo apyé/vopoyovo. To
o&eido Tov ypageviov Aappdaveron pe o&eidwon tov ypaeitn (oe . o
o&eido Tov ypagitn — graphite oxide) to omoio 6¢ facikd SwwivpaTa g :
aV00pUNTOG SLUGTEIPETUL GE LOVOUTOUIKOV TAYOVS CTPDONATA

(o&eidro Tov ypapeviov). COOH  COOH
o&eidlo Tou ypageviou

Méoo pnyovikig komg (shearing) un o&edmpévov ypa@itn pe pikep mov emTvy avoLY TOAD VYNAES
TOYVTNTES KOG,

Méoo vepi@v: 0106T0pa YPaeity 6€ Vo KOTAAANA0 VYP6 Ko EQAPUOYH VITEPN YOV, 0KOAOVOOVEY
06 PUYOKEVTPI O Y10 TO SLUYMPIGUO TOV YPUPEVIOV U0 TOV EVATOREIVAVTA YPUOITY.

Méo® S10@Op@V TEYVIKAV YNIKIG evom60eong atp®v (chemical vapor deposition - CVD).

Graphene Materials, Fundamentals and Emerging Applications, Editors: A. Tiwari & M. Syvajarvi, Wiley, 2015.

To 0&eid1o tov ypaeviov glval LovooTopkoD Téyovg akpPmg OTmS Kot TO YPAPEVIO.

H avaymyn tov 0&etdion Tov ypapeviov £xel ®G ATOTEAEGUA TV ATOKATAGTACT) TG
oL{VYLOKNG SOUNG TOL SP? avOPaKIKOD TAEYLLOTOS TOV YPOPEVIOU (OmopdKpuven
E0MTEPIKDOV VOPOELAOLASWMV Kot ETOEEWDIKMY 0EVYOVOV KOl OITOKOTAGTOGT TOV
TOAOPOUATIKOY GLGTHHOTOG).



Emieypévec MéBooor Ilapaywyomoinoeng tov I'pageviov

To un wapayoyomompévo ypagévio givar

: DCC.DMAP ad1GAVTO 6€ 6AOVG TOVG 0PYAVIKOVG S1aAVTE
As)\S/I\COOH * HD/\\/S“\“S/\\/CJH TTHE Kol Ta l)ffarm?i Bﬂzh’)uaﬂi :
M 0 m £ AvtifgTa, T0 0E€i010 TOV YpaPEVioL givan
HO A~ Sa Q)\I/ 3 Y ' ST S1000T6 Ko VIPOPILD, KAOGOS Sru0éTEL
2) S o (p(ll\’O)»lK,ég KOl ETOEELOIKEG opfiﬁsg’ oTO
O gSero J\rs‘gs‘/ NIPAAm E6OTEPIKO TOV Ko KapPodvrikd o&éa ko

9 TAIBN/70°C KopPovorlKkég opadeg 6TIS AKPEG TOV.
3) . , .
[ & IIpokepévov vo KatTaeTel EQIKTN 1

S dwalvtomoinon Tov ypageviov, aArd Kot vo

O~ <" 5 ~0 - YS ~ , A . -
o 5 TPOoToTon00ovv KaTd fovAnon o 1016TNTES TOV,
@ HN &xovv avamtuy0ei 600 drapopeTiKEg
)-\ npoceyyiceig:

A) H pn opowomoriki Tpockorion 6 GVTO
KaTdAAov popiov (-, van der Waals, 1)
Singhane ‘*’j @{ @) NAEKTPOOTATIKEG UAANAETLOPAGELS).
4 3 )
B) H mopoaywyomoinon tov péom g
|
Sac
|

ONUIOVPYINS OPOLOTOAKMY dECUMV KAl TNG
TPOGOEDG 6€ AVTO draPOpV
AOPUKTNPIGTIKAV OUAS V.

Graphene Materials, Fundamentals and Emerging Applications, Editors: A. Tiwari & M. Syvajarvi, Wiley, 2015.

To 0&gidto Tov yYpaeviov givarl VOUTOSIAAVTO KoL SIUCTEPETOL EOKOAN GTO VEPO GE
LOVOOUTOUIKOD TTAY0VG oTpdpota. To 0£id10 Tov Ypapeviov YpNGULOTOIEITOL EVPVTATO MG TO
apyIko VAKO Yo Tr ovvheon TapaymyoTomuévow ypageviov (o&eidio ypapeviov 2>
TOPAYWYOTOINGT TPOG TOPUYDYOTOUEVO 0EEIBL0 TOV YPOPEVIOL > ovarywyn TPog
TAPAYDYOTOMUEVO YPAUPEVLO).

H neprocotepo dradedopévn pneBodog yio TV mapackevt] 0&£e1diov Tov Ypapeviov amd ypapitn
elvar 1 péBodog tov Hummers: o&gidmon tov ypopitn pe vrepuayyavikd KEAlo, VITpikd vATplo
Kol Betkd 0.

Edd éyovpe éva mopadetylol U1 OLOIOTOAKNAG TOPOYMYOTOINGNC TOV YPUPEVIOV LEGM TNG
TPOCGKOANOTG GE AVTO EMMEOWDV TOAVOPOUAUTIKOV Lopiv (AOY® TOV T-T AAANAETIOPACEDV LE TO
TOAVLEPES TTOV PEPEL TVPEVIN MG TEPUATIKEG OLLAdES). To YpaPEVIO TOL YPNCLULOTTOLEITAL GE QLT
v mepintwon £xet daomapei o€ Eva vOATIKO didAvpa (Le T Bondeta vITEPHY®V), TO 0MOi0
TPooTifeTan 610 VOATIKO SLAAVLN TOV TOAVUEPOVG,.

Evollaxtikd, og dALeC avtioTorec Tpooeyyioels, Kamg ta OALN TOV Ypapeviov oynuatilovion
KOTA TNV ovoy@yn Tov 0EEWI0V TOV Ypopeviov, 6€ auTd TPOGdEVOVTAL in Situ O TAPOVTESG
TOALOPOLOTIKOT VOPOYOVAVOPOKES, ATOTPEMOVTAG LE OVTO TOV TPOTO T1 GVCCOUATWST TOL. To
ONUAVTIKO YOPUKTNPLOTIKO TV HeBOSWOV TapOy®YOTOiNoNG TOV YPOUPEVIOL HEG® SLOUOPLUKDY
oAMnAemdpdcewv (n-n, van der Waals, | NAeKTPOOTATIKEG) €ivotl OTL dEV SLUTAPACTETOL TO
eKTETOUEVO GLLVYIOKO GUGTNL TOV YPOUPEVIOV KO, CUVETMGC, Ol IOIOTNTEG TOL OPEIAOVTAL GE
avTo.



Emieypévec MéBooor Ilapaywyomoinoeng tov I'pageviov

—\ Br NH, !@\ Br

NN ~ T~ 2 _N¥N NH

N ErOH, reflux KOS Sl Thp
IL-NH,

< k.

GEL-HN

IL-NH, + KOH, water
80°C, reflux

A7)
i J‘ 23

)

HO

GO p-CCG
Xpnon apuvo-TeEMKAV 10VTIKAOV VYPAV Y10, TI]V OLOOTOALKI| TAPOYMYOTOiNc1] TOV 0EE1diov ToV
YPOQEViIOV.
Ed®: péocm tng mopnvoeiing tpocfoing Tmv eroeldtk®dv opddmy Tov 0eldiov Tov Ypageviov anod Tig
TPOTOTAYEIS UPIVES TOV LOVTIKOD VYPOY.
Ta wvTika vypa givor Ghato pe Tohd youniés Osppokpacics TEemg (Kon modd vyniéig Oeppokpacisg
Léocng).

Graphene Materials, Fundamentals and Emerging Applications, Editors: A. Tiwari & M. Syvajarvi, Wiley, 2015.

Ta 1ovTikd vypa Exovv TAPa TOAAEG EQOUPUOYES OTTMG: G OLHAVTEG Yol PLOUMYOVIKEG KO
GAAEG EQOPLOYES (EVKOAN avaKOKA®OT), otafepdTnTa, EENPETIKE YOUUNAY TAOT ATU®V),
®G NAEKTPOADTEG, MG OLOAVTES Y10 AEPLAL, KATL.



Emieypévec MéBooor Ilapaywyomoinoeng tov I'pageviov

1. NyH* H,0, pH 10
80°C,24h

QOH e ®
2. BF‘Nz‘Q*R

1a<da
SDBS-wrapped GO t.1h

1abrR=C
2ab R = NO;
3ab R=0CH;
4ab R=Br

210 aviypévo o&eidno Tov Ypa@eviov propovv emiong va Aafovv yopa avtidpdoelg
NAEKTPOVIOQIANG UPOUUTIKNGS VTOKUTAGTAONS. Ol avTIOpasES QUTES APOPOVY TNV
VTOKATAGTAG EVOG TPMTOVIOL (amd TNV EMPAVELX TOV Ypapeviov) pe éva apévio. To apévio
pmopei va Tpoéher amd apviro-druioviexd ahata.

Graphene Materials, Fundamentals and Emerging Applications, Editors: A. Tiwari & M. Syvajarvi, Wiley, 2015.




Emieypévec MéBooor Ilapaywyomoinoeng tov I'pageviov

1.50C1,,70C, 24h

2 RN, DME130RC, 72h

TTP-NH, Graphene oxide

Mia aAin katnyopio avTidpacemv 6To. omoicg Aappavel ydpa To 0EEid10 TOV YpaQeviov gival
ovTIdpacels copmikvaonc. Eda éxovpe T onuovpyio gvog opidtkoy deopov petold puog
GUIVO-VTTOKATEGTNUEVIIC TOPPUPIVIG Kot €VOS KapPoZuikoD o&éog mov PpiokeTar 6TV oK)
TOV QUALOD TOV YPO.QEVIOL (Tponyeital 1) SNUovPYia TOV AVTIGTOLL0V AKVAOYAMPLFi0D).

Graphene Materials, Fundamentals and Emerging Applications, Editors: A. Tiwari & M. Syvajarvi, Wiley, 2015.
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Emieypévec MéBooor Ilapaywyomoinoeng tov I'pageviov

Graphene
CHO —' ) J/\ A, Sy,
CH;NH,CH,COOH 5 N
= R, o %
OH i DMF, reflux 96 h J L

O1 0K6pEGTOL OEGNOL TOV YPUPEVIOV
HTopovVv vo. Ldfouvv pépog o€ avTIdPAcELg
KvkAompocsOkngc. To Tapdaderypa Tov
CYMROTOG APOPa Mo, avtidpaon [3 +2]
KUKAOTTPOGOKNG TOV Ypaeviov pe Eva
alopefviko vAidro (dnurovpyio kKo
mayidgven in situ) Tpog dnpovpyia g

ovTioToyNG TVPOMSIvNG.

Graphene-f-OH

Graphene Materials, Fundamentals and Emerging Applications, Editors: A. Tiwari & M. Syvajarvi, Wiley, 2015
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Emieypéves EQappoyéc kol IIBavig EQappoyég tov I'pageviov

Edkapntes nhektpovikég droraters: toyvtepa kot pikpétepa tpaviiotops pe pkpoTEPN KOTOVAA®ON
EVEPYELNG KOL OTTAAELN OEPPOTN TS 0TO TO TVPITIO, FLUKOTTTES, HOVIIES PVI|HES.

EAmdo@opo vikoé Yo drwayeipion onuatov oty neproyn v THz.

AW@avi] ay@yipe NAEKTPOOLY KoL VREVLO, Y10 QOTOPOATOTKA KoL S10TAEES VYPOV KPLOTAAL®V.

MvkveTéc peyding yopnTIKOTNTAS Kot prratapicg (VWniog Adyog em@averac/palog).

Kataokevi] 60vOeT@V DAMKOV vyniig avtoyig.

Xnpkoi aeOnTiipeg, aviyvevon pepovopivov popiov agpiov (NO,, NH;) 1| atépov.

Kataokev] prodwatdéemv aviyvevong paxtnpiov kot og awentipes DNA, avrifpaktnpiowaxn opaocn.

Graphene Materials, Fundamentals and Emerging Applications, Editors: A. Tiwari & M. Syvajarvi, Wiley, 2015.

H ovvolikn ayopd tov ypageviov yio to 2014 vroioyileton yopw ota 9 exotoppdplo
dorapra HITA (xvpimg nuiaywyoi, nAextpovikd, pumotapiec, evEpyela, VPPLOTKA VAIKE).

Ta vavoouvieta (VBp1dkd) vAMKA Ypoapeviov/molvpep®dV, KabmG Kot 01 EQAPLOYES TOVG,
B cu(nBovV 6TO TUNA TOVL PEBTHOTOG TTOV ddAckeTaL omtd To Epyactiplo
Brounyavikng Xnpueioc.

12



Emieypévec EQappoyéc tov I'pageviov

RGO-TG-S

Mrnozapicg MOBiov-O¢iov (Li/S)

Apyii hertovpyiag: S + 16Li* + 16e w—8LI S

O pratapieg Li/S égovv pikpo Bapog, sivar
ao@areic Ko dtokpivovran amd peydin
EVEPYELUKI] TUKVOTNTA.

Q61060, TOPOVSLALOVY TPOPANPATE OTTOG
ONUOVTIKEG NeTaPoréS TOV OYKOL KATA TN
OL0dKaGIa POPTIONG/ ATOPOPTIONG TTOV OG
ovvémela £X0vV TN ONULOVPYic KOKKOV 0o
T0 gvePyd vMKa pe Béon To Ogio (o1 omoion
EMTALEOV PETUKIVOOVTOL EVTOS TG
HToTApiag).

Sulfur @

Polysulfide @

Ta TpofApaTe aVTE PTOPOVY VO AVTIHETOTIGTOVY UE YP1)01] 0EELFI0V TOV YPUPEViIOV O aydYLHO,
TOPAdES, peYdAng emMEAvELOG KOl L6YVPO 0TT6 ATOYNG UNYOVIKIG OVTOYIS KOl ELUCTIKOTNTOG
VMKO. ZoyKEKPIEVa, Y P11oT] 0EELBI0V TOV YPUQEVIOV NeTAED TOV SLUYMPLOTIKAOV CTPORATOV TNG
pratapiog TapeRTodilel T660 TN INUIOVPYIo KOKK®OV 660 KOl T1] HETOKIVIIGN TOV VMKAV pE fdon
70 O¢gio (0€i0/TOAVGOVAQPIOLX) KA1, CUVETAG, PEATIOVEL TNV 0TOO0GT KOl TO POVO 0TOTELECROTIKIG
Aerrovpyiag TG GLVGKEVNG.

Graphene Materials, Fundamentals and Emerging Applications, Editors: A. Tiwari & M. Syvajarvi, Wiley, 2015.

13



Emieypévec EQappoyéc tov I'pageviov

NH,-CH,-SH

E- 5 KOH, Reflux :

(a)

St o

+ 1.6]
Hg® )
1.2

Graphene JSSg
08

Cysteamine 5 04

(b)

0.15 0.30 0.45 0.60 0.75

Reduction and
Detection

Exlextikn aviyveven 1dviaov
VOPUPYVPOV (NAEKTPOYNMIKOS

aeinTipac)

Oporomorikn Tapaywyomoinon
TOV 0EE1810V TOV YPAPEVIOV g
KVGTEORIVY (TUpnvOQIAn
TPocPoin] TOV ETOEEOIKAOV
opad®v 0 TIC TPOTOTAYEIG
opiveg) odnyei og VA 0&e1dion
TOV YPAPEVIOL TOV PEPOVY
grév0epeg Oe16heg exaTEP@OEY.
Avtd propovv va otnprydodv o
NAEKTPOILO Y PVGOV KOL PE GVTO
TOV TPOTO VO 03N Y| COVY OE
NAeKTPOYNUIKOVS 010N THPES TOV
avyvevovy Hg?t o€ mohd yopnhic
OUYKEVIPAGELS EKAEKTIKG
napoveio 200-Tractog
cvykévrpoong Cu?t, Co*t, Fe?t,
Zn** kon Mn?+,

Graphene Materials, Fundamentals and Emerging Applications, Editors: A. Tiwari & M. Syvajarvi, Wiley, 2015.
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Navotawvieg I'pageviov (Graphene Nanoribbons - GNRs)

H yp1ion Tov Ypa@eviov 6€ 0OTTONAEKTPOVIKEG EQUPROYES
OOLTEL TOM) GUYKEKPLUEVES LOLOTITES KOL, GUVETAG,
Ol00TAGELS.

armchair-edged GNR

NovoTawvies Ypa@eviov: GUYKEKPIUEVES OTTONAEKTPOVIKEG
WL0TNTEG OV EEUPTAOVTUL U6 TIG SLUGTAGELS KL TN
vempetpio Tove.

Armchair-edged GNRs: Metallkéc 1] nUuoydyLpeg
avaroyo pE To TAATOG TV TULVIMV.

Metallic or Semiconducting

Character Zigzag-edged GNRs: Ilavrote petarlkéc.

I[1opaoKELY] VOVOTUIVIAV YPUQEVIOV:

A) Mg Baon v apyi] o6 KaT® TPog To. TAve (bottom-up): Ppa-mpog-pripe ynuki] cvvlson
APNOHOTOLAVTUS ATAG 0PYAVIKG pépra g dopkd VAkd (GNRS pe Tpoamo@aciopéva YE@UETPIKE
FOPAKTNPIOTIKG, PKPES TOAVIAGTOPES Kl YPig aTérereg Kot TOAVOTTA TOPAGCKEVNG G
peyain kKiipoka. Q61660 Tpofipotoe pe TN SLWAVTOTITO TOV EVOLOUECOV KOl TEMK®V VAKAOV).

B) Mg paon v apyi] am6 wave Tpog T KATM (top-down): MO0ypapikés TeEXVIKES, TELVIKES YNMUIKIG
gvan60eong atpav (CVD), «Eekovpmopa» CNTs, kAT, EEKIVOVTOS 06 TPOVTAPYOVGES VAVOIONES
avOpoxa (GNRS IKOVOTOMNTIKAOV PNKAV). Q6T060: KUK ETAVOANYIHOTNTA, TOMTAOKES
OL0OKAGIEG KoL O)L EVPEMGS OLUOEGIROG EPYAGTNPLAKOS EEOTAMONOS, TELKA VAIKA NE aTéAELES,
OVOLOOpOPPia Kar 6X1 TPouToPuciopsévi dopi| opiov - edge geometry).

The lack of a procedure for the controllable and reproducible synthesis of graphene
sheets with predefined shape, size and edge structure, characteristics that dictate their
electronic properties, remains a critical issue. Amongst others, this shortcoming limits the
applicability of these materials in optoelectronics. GNRs could resolve these problems,
given that they are predicted to have tailor-designed, predefined physical properties.

GNRs are theoretically predicted to exhibit electronic properties dictated by the ribbons’
width and the shape of their edges. With regards to their structure, GNRs can be either
zigzag-edged (zigzag type) or armchair-edged (armchair type). Zigzag type GNRs are
predicted to be always metallic, while armchair GNRs can be metallic or semiconducting
depending on their ribbons’ width.

GNRs are currently prepared by following either top-down or bottom-up techniques.
Top-down approaches include lithographic patterning, solution-phase-derivatization,
scanning tunneling microscope (STM) lithography, chemical vapor deposition (CVD),
polymer transformations, and the unzipping of CNTs. Although these top-down methods
have the advantage of producing micrometer length GNRs, they usually lack
reproducibility, they involve complicated procedures, and the final materials present
many defects as well as poorly-defined edge structures and ribbon widths.

Bottom-up techniques, namely the assembly of simple building blocks into a complex
structure, are based on chemical synthesis and constitute an appealing alternative
approach towards GNRs with well-defined structure and properties. GNRs obtained via
this strategy have distinct structural and geometrical characteristics, very low
polydispersity, no edge abnormalities, and the potential for scale-up. The precursor
monomers that are used in order to chemically synthesize the GNRs define the ribbons’



dimensions and this in turns dictates the band gaps and electronic properties of the final
material. As such, producing GNRs with tailor-designed edge structure geometries, widths
and the desired solubility properties are a great challenge for synthetic chemists.

The synthetic chemistry-based, bottom-up strategies utilized thus far to obtain GNRs
include: 1) organic synthesis in solution via cross-coupling of the appropriate organic
building-blocks, followed by Scholl dehydrogenation of the resulting oligomers; ii) the
conversion of monomer precursors inside the cavity of CNTs; as well as iii) the surface-
assisted polymerization of especially designed monomers, with subsequent
dehydrogenation, under ultra-high vacuum. Although these bottom-up approaches provide
GNRs with a defined edge structure, they cannot, thus far, lead to GNRs having variable
widths at large scales, due to the low solubility of the synthesized GNRs, and/or the need
for highly-specialized not easily available instrumentation (in cases ii and iii).

Tynua kot keipevo and: Pefkianakis, Sakellariou, Vougioukalakis Arkivoc 2015, iii, 167-
192.
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Yang, X.; Dou, X.; Rouhanipour, A.; Zhi, L.; Réder, H. J.; Miillen, K. J. Am. Chem. Soc., 2008, 130, 4216-4217.

Miillen and co-workers were the first to report a method for the synthesis of linear, two-
dimensional graphene nanoribbons (6) in 2008. These nanoribbons were produced in
good yields, via the Suzuki-Miyaura coupling polymerization between a suitable diiodo
modified tetraphenylbenzene and a diboronic ester modified hexaphenylbenzene,
followed by a Scholl (dehydrogenation) reaction. The as-obtained GNRs had lengths
ranging from 8 to 12 nm and were carrying dimethyl-octyl substituents on their edges to
improve their solubility and, therefore, overcome problems observed with the previously-
synthesized polycyclic aromatic hydrocarbons (PAHs). This attempt was quite successful
and characterization of the resulting GNRs was carried out by mass spectrometry,
UV/Vis spectroscopy, SEM, TEM, and STM. Moreover, these two-dimensional carbon
structures were found to exhibit a high tendency to self-assemble in a regular lamellar
pattern.

Yynuata kot keipevo and: Pefkianakis, Sakellariou, Vougioukalakis Curr. Org. Chem.
2015, 19, 1850-1871.
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In 2008, Wang, Negri, and co-workers published a work utilizing perylene bisimides (PBIs) for
the production of functionalized graphene nanoribbons. They used PBIs on the basis of: i) the fact
that this class of organic molecules shows versatile optical and electrochemical properties; ii) the
possibility to fine-tune these properties by attaching various substituents at their bay positions; iii)
their high electron affinity; and iv) their chemical and thermal stability. All these characteristics
make PBIs attractive n-type materials in electronics and optoelectronics. The authors of this work
managed to synthesize and characterize fully conjugated tri(perylene bisimides), having 19 six-
membered carbon rings in the core and imide groups at the edges, by utilizing a copper-mediated
coupling reaction of a tetrabromo substituted PBI precursor. This coupling reaction produced two
isomeric structures of triPBIs (7 and 8), which were successfully separated via HPLC (High
Performance Liquid Chromatography). Their structural characterization was performed by means
of 'TH NMR and MALDI-TOF (Matrix-Assisted Laser Desorption — Time of Flight) mass
spectroscopy. Having 19 benzene rings and 6 imide groups in their structure, the obtained triPBIs
display broad and red-shifted absorption spectra along with six reduction waves in their cyclic
voltamograms. By comparing these triPBIs with PBIs and diPBIs, the authors concluded that by
increasing the number of PBI units in oligo-PBIs (from PBIs to diPBIs and eventually triPBIs) the
resulting expansion of the m-system leads to: i) the reduction of the transport and optical band
gaps; ii) the lowering of LUMO energies; iii) a mild reduction of the ionization potentials; and iv)
a remarkable increase in electron affinities, all suggesting the potential applications of triPBIs in
organic electronics.

Tynuata ko keipevo and: Pefkianakis, Sakellariou, Vougioukalakis Curr. Org. Chem. 2015, 19,
1850-1871.
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Fogel, Y.; Zhi, L.; Rouhanipour, A.; Andrienko, D.; Rider, H. J.; Miillen, K. Macromolecules, 2009, 42, 6878-6884.

In 2009, Miillen and co-workers published another related work. In this publication, they
used a microwave assisted Diels-Alder reaction in order to obtain five monodisperse
ribbon-type polyphenylenes with rigid dibenzo[e,l]-pyrene cores in their repeat units.
These polyphenylenes would next serve as precursors of giant PAH ribbons. These five
GNR precursors were variable in terms of the carbon atoms present in the aromatic
backbone, ranging from 132 to 372 carbon atoms and, moreover, incorporated up to six
dibenzo[e,l]pyrene units, thus showing quite different aspect ratios (9). Additionally, the
authors attached dodecyl chains at the periphery of the backbone, in order to enforce
solubility in common organic solvents and, therefore, be able to fully characterize them
by standard analytical techniques. All synthesized PAH ribbons’ precursors, having 132,
192, 252, 312 and 372 carbon atoms in their backbone respectively, were characterized
by MALDI-TOF mass and NMR spectroscopies, proving the proposed molecular
structures. Gel permeation chromatography revealed the monodisperse nature of these
polyaromatic compounds, which is of outmost importance for the final application of
such materials, whereas high-performance liquid chromatography confirmed the purity of
the products. The next step in producing the nanoribbons was a cyclodehydrogenation.
For this step, the incorporated dibenzo[e,lJpyrene cores were reported to be an important
feature, since they facilitate the dehydrogenation, thus improving the reaction yields.
When the GNRs were eventually produced, their structure could not be verified due to
insolubility problems, despite the attachment of the dodecyl moieties at their edges. For
example, the purity check by MALDI-TOF mass spectrometry, was successful only for
the smallest homologue, as for the higher molecular weight ribbons extensive
fragmentation was occurring during the measurements. STM studies revealed that when
adsorbed on highly oriented pyrolytic graphite (HOPG) these graphitic molecules self-
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organize into 2D columns. As a result, they are attractive candidates for applications in
organic electronics such as field effect transistors. From a synthetic chemist’s point of
view, an interesting feature of this methodology is the fact that the stoichiometrically
controlled Diels-Alder reaction Miillen and co-workers utilized is yielding two important
compounds in a single step: one of them is the homologue of the desired series, while the
other one is the starting compound for the next higher homologue, as shown in the slide
for the case of the first two and smallest precursor molecules as an example.

Zynuato kot keipevo amd: Pefkianakis, Sakellariou, Vougioukalakis Curr. Org. Chem.
2015, 19, 1850-1871.
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Narita et al. Nat. Chem., 2014, 6, 126-132.

Miillen and co-workers published another related study on the bottom-up synthesis of well-
defined, liquid phase-processable GNRs in 2014, by utilizing the Diels-Alder polymerization
strategy they had used back in 2009 (previous slide). Their approach comprised of the synthesis of
non-planar polyphenylene precursors, which were then “planarized” to yield two types of GNRs,
having dodecyl (this slide) or branched 2-decyltetradecyl (next slide) chains, respectively, for
increased solubility/processability (27 and 28 / 28 can be seen in the next slide). The GNR
polymeric precursor towards 27 was reported to exhibit molecular weights of one order of
magnitude greater than that obtained earlier by the same research group, although the
polydispersity index was quite high (between 3 and 14). The researchers reported an explanation
for this high PDI value, based on the possible formation of cyclic oligomers in addition to linear
polymers. After fractionation, dynamic light-scattering experiments showed that the absolute Mw
value of the GNR polymeric precursor 27 was about 470£30 kg mol-!, with a PDI value between
1.7 and 1.9. STM images of GNR 27 on highly oriented pyrolytic graphite (HOPG) demonstrated
a well-organized self-assembled monolayer of straight and uniform nanoribbons of up to about 60
nm in length. AFM phase imaging of GNR 28 (next slide) on HOPG similarly showed a highly
organized self-assembled monolayer of straight and uniform nanoribbons, but this time the
lengths were over 200 nm. Moreover, the as-obtained GNRs were shown to have large optical
bandgaps of 1.88 eV, while non-contact time-resolved terahertz conductivity measurements
revealed excellent charge-carrier mobility within individual GNRs.

Tynuata ko keipevo and: Pefkianakis, Sakellariou, Vougioukalakis Curr. Org. Chem. 2015, 19,
1850-1871.
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Narita et al. Nat. Chem., 2014, 6, 126-132.

Yynuata ond: Pefkianakis, Sakellariou, Vougioukalakis Curr. Org. Chem. 2015, 19,

1850-1871.
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Schwab et al. J. Am. Chem. Soc., 2012, 134, 18169-18172.

In 2012, a procedure for the preparation of GNRs that are characterized by a broad light absorption
ability, extended up to the near-infrared region, with an optical band gap as low as 1.12 eV, was
reported. In this case, researchers began by synthesizing a para-terphenyl-based oligophenylene
precursor. As shown in the slide, this precursor was synthesized via a Sonogashira coupling reaction
between a diiodo-modified terphenylene monomer and trimethylsilyl acetylene, followed by
deprotection to yield 2,2"-diethynylterphenyl. Then, a Diels-Alder cycloaddition with a functionalized
tetraphenylcyclopentadienone monomer under microwave conditions efficiently produced the para-
terphenyl-based oligophenylene precursor in 81% yield. This precursor was then polymerized via an
AA-type Yamamoto polymerization, producing a kinked polyphenylene precursor exhibiting molecular
weights up to 35.000-40.000 g mol-!. Size exclusion chromatographic analysis of the isolated polymer
showed a quite high polydispersity index (PDI = 2.2). Fractionation of the crude polymer led to two
fractions with PDI values of 1.2 and 1.1, and weight-average molecular weights (Mw) of 52.000 g
mol-! (20a) and 7.200 g mol-! (20b), respectively. It was thus demonstrated that AA-type Yamamoto
polymerization is preferable over the A,B,-type polymerizations, like Suzuki-Miyaura and Diels-
Alder. The final synthetic step was the Scholl cyclodehydrogenation of the two polymer precursors,
using FeCl, as the oxidant in a mixture of dichloromethane and nitromethane, yielding the two target
GNRs (20a-b). UV/Vis studies of the as-obtained GNRs (20a and 20b), using NMP as solvent,
revealed that the absorption edges extend to 1109 and 812 nm, respectively, corresponding to optical
band gaps of 1.12 and 1.53 eV, respectively.

Yynuota kot Keipevo omo: Pefkianakis, Sakellariou, Vougioukalakis Curr. Org. Chem. 2015, 19,
1850-1871.
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In 2013, Kim et al. published a work on the preparation of GNR precursor polymers
containing phenylene, naphthalene, or anthracene units for the fabrication of GNRs, by
utilizing the Suzuki polymerization methodology developed by Miillen and co-workers.
The respective polymer precursors, named on the basis of the monomer employed as
Poly-Ph (phenylene), Poly-Np (naphthalene), or Poly-An (anthracene), were then
converted into the corresponding GNRs (21-23) by a Scholl cyclodehydrogenation
reaction using FeCl, as the oxidant. The cyclodehydrogenation degree was studied via 'H
NMR spectroscopy and was found to be 75% for 23, 78% for 22, and 100% for 21.
Moreover, it was shown that completely cyclodehydrogenated 22 and 23 become
insoluble in organic solvents, while completely cyclodehydrogenated 21 is soluble in
most organic solvents. All GNR films obtained by the respective materials were applied
in thin film transistor devices (TFTs), where they showed ambipolar charge transport
behavior. The GNR film prepared from the anthracene-based GNRs exhibited the highest
TFT performance (a hole mobility of 3.25 x 102 ¢cm?/V s and an electron mobility of 7.11
x 1073 cm?/V s), due to its more extensive conjugation and larger nanoribbon width, in
comparison to the GNRs prepared from the phenylene and naphthalene-based polymers.

Yynuata kot keipevo and: Pefkianakis, Sakellariou, Vougioukalakis Curr. Org. Chem.
2015, 19, 1850-1871.
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(a) Vo et al. Nat. Commun., 2014, 5. (b) Vo et al. Chem. Commun., 2014, 50, 4172-4174.

In 2014, Sinitskii and co-workers reported the bottom-up, large scale synthesis of high-
aspect-ratio GNRs that are only ~1 nm wide and have atomically smooth armchair edges
(25). These GNRs were produced via a Yamamoto coupling of the appropriate molecular
precursors, followed by a Scholl cyclodehydrogenation reaction using FeCl;. The as-
obtained GNRs exhibit a large electronic bandgap of ~1.3 eV, which is significantly
higher than any value reported so far in experimental studies of graphene nanoribbons
prepared by top-down approaches. These synthetic GNRs could have lengths higher than
100 nm and self-assemble in highly-ordered few-micrometer-long ‘nanobelts’ that can be
visualized by conventional microscopy techniques, and potentially used for the
fabrication of electronic devices. AFM images, precisely determined the height of the
GNR nanobelts produced. This height was measured at about ~3A, which is very close to
the interlayer spacing in graphite (3.35 A). After acquiring height profiles in different
AFM images for 480 such nanobelts, the researchers reported that in all cases the
observed heights were no more that ~5A. This means that these nanobelts are not GNRs
stacks, as their thickness corresponds to the thickness of a single graphene ribbon. SEM
imaging was used in order to determine the widths of the same GNR nanobelts. The
widths were found to range from only a few nm up to about 60 nm. The narrowest GNR
nanobelt found was calculated to be about 10 nm wide, which corresponds to 5 to 6
GNRs arranged side by side. Additionally, STM images revealed GNRs that were at least
100 nm long. These GNRs could be utilized in order to bridge electrodes fabricated by
standard electron-beam lithography (EBL) techniques and be further applied in
technological fields like field effect transistors, logic gates, and photovoltaic devices.

In another related work published in 2014 and by utilizing the same methodology, the
research group of Sinitskii reported the bottom-up, large scale synthesis of narrow,
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nitrogen-doped graphene nanoribbons (N-GNRs) 26. The monomer molecule used as
precursor for the N-GNR synthesis is not symmetric relative to the plane perpendicular to
the coupling direction. As a result, the positions of nitrogen atoms in the final N-GNR
edge may vary. However, the N/C ratio of 1/20 in the ribbon produced should be the same
regardless of how the monomer molecules couple with each other. The researchers
managed to acquire STM and AFM images after depositing the N-GNRs on mica and

mica-(Aulll) substrates, revealing images of nanostructures defined as “GNR nanobelts”.

STM images of the N-GNR nanobelt on Au(111) substrate illustrate a side-by-side
arrangement of individual ribbons that are over 40 nm long. Nevertheless, it still remains
unclear if these nanobelts exist in solution or form on the substrate by capillary forces
during the solvent evaporation. N-GNR nanobelts were also imaged by TEM. The
nanobelts found on the TEM grids were 8 to 20 nm wide, which corresponds to 8 to 12 of
the as-produced N-GNRs arranged in a side-by-side fashion, and up to 1 mm long.

Zynuato kot keipevo amd: Pefkianakis, Sakellariou, Vougioukalakis Curr. Org. Chem.
2015, 19, 1850-1871.
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(a) Atomic force microscope image of GNRs covered by a protective HSQ etch mask.
(b) SEM image of device with parallel GNRs of varying width.
(¢) SEM image of device containing GNRs in different relative crystallographic
directions with uniform width.

Han, M. Y.; Ozyilmaz, B.; Zhang, Y.; Kim, P. Phys. Rev. Lett., 2007, 98, 206805.

The first report on the production of graphene nanoribbons through a top-down strategy
was published in 2007 by Han and co-workers, who investigated the electronic transport
in lithographically patterned graphene ribbon structures. Individual graphene layers were
contacted with metal electrodes and patterned into ribbons of varying widths and
different crystallographic orientations, thus forming GNR devices. This group studied
two types of GNR devices, containing either many ribbons of varying widths running in
parallel, or ribbons of uniform width of varying relative orientations. The route followed
for the fabrication of these devices initiated from single sheets of graphene, which had
been mechanically extracted from bulk graphite crystals onto a SiO,/S1 substrate.
Graphene sheets were contacted with Cr/Au (3/50 nm) metal electrodes. Hydrogen
silsesquioxane (HSQ), was then spun onto the samples and patterned to form an etch
mask defining nanoribbons with widths ranging from 10-100 nm and lengths of about 1-2
um. An oxygen plasma was then introduced, in order to etch away the unprotected
graphene, leaving the GNR protected beneath the HSQ mask. After repeating
experiments with respect to the electronic properties of the respective GNR devices
produced, the energy gap in GNRs was found to scale inversely with the ribbon width.
Remarkably, energy gaps as high as = 200 meV were achieved by engineering GNRs as
narrow as about 15 nm, thus demonstrating the ability to engineer the band gap of
graphene nanostructures by lithographic processes. Moreover, the authors suggested that
the detailed edge structure of a GNR constitutes the key element for determining the final
electronic properties of the GNR, compared to its overall crystallographic direction.

Keipevo amod: Pefkianakis, Sakellariou, Vougioukalakis Curr. Org. Chem. 2015, 19,
1850-1871.

24



Hopaokeviy Navotawviav I'pageviov pe Baon v Apyn and Iave mpog ta
Karto (Top-Down): Emieypéva llapadeiypoato

«Zxkahmopa» GNRs pe akpipsio nm o€ évo @OLAO
YPOUPEVIOV PEGO PIKPOOGKOTING CAPMGIG CHPAYYUS
(scanning tunneling microscopy — STM).
ApyKd, To UL0 YPOQEVIOVL TEPLGTPAPNKE DOTE VU TAPEL
™y embopunti devdvvon TAéypatos. X1 cvvéyerd,
KON KE EQUPROLOVTUG EVEPYELD GAPMOGNG CNUAVTIKA
vynAéTEPN 06 VT TOV YpNoLHOTOLEITAL Yo T PEAETN
emEaveldv péco STM.

nanostructures patterned by STM
a 10-nm-wide &
* GNR bent junction connecting an 2

d 120-nm-lang gra

et LTSN T Y

EM@Oncav GNRs tAdtovg 8-
120 nm, ke0dg KoL
kekoppéveg GNRs

omwotehovpeves amd armchair-

edged ko zigzag-edged
neproyég GNRs.

Tapaszto, L.; Dobrik, G.; Lambin, P.; Biro, L. P. Nat. Nanotechnol., 2008, 3, 397-401.

In 2008, Tapaszto and co-workers published a work on the patterning of graphene nanoribbons and
bent junctions with nanometer-precision, well-defined widths, and predetermined crystallographic
orientations, using Scanning Tunneling Microscope (STM) lithography. STM techniques combine the
capability of atomic-resolution imaging with the ability to locally modify the surface of the samples in
use. In this manner, the authors managed to engineer graphene nanorribons presenting atomically
precise structures and predetermined electronic properties. More specifically, GNRs were produced
starting from a single graphene sheet on the surface of a HOPG sample, rotated accordingly in order to
set the desired crystallographic orientation of the ribbon axis. Subsequently, a constant bias potential
was applied, though significantly higher than that used for imaging of the samples, and simultaneously
moving the STM tip with constant velocity in order to etch the desired geometry fitted to the
crystallographic structure. The original structure was known due to the previous samples’ image
acquisition, through atomic-resolution STM imaging. Although the microscopic mechanism for
etching in this way is not yet fully understood, the researchers suggested that the breaking of carbon-
carbon bonds by field-emitted electrons combined with the electron-transfer-enhanced oxidation of the
graphene is most likely responsible for the etching procedure. By modifying the lithographic
parameters, GNRs with suitably regular edges were formed, with widths ranging from 8 to 120 nm.
Additionally, an 8-nm-wide, 30° GNR bent junction was observed, connecting an armchair and a
zigzag ribbon, giving rise to a metal-semiconductor molecular junction and downscaling down to a
width of 2.5 nm, corresponding to 10 carbon ring units along the width of the ribbon. The 10 nm-wide
armchair GNR, presented a gap value of around 0.18 eV, while the narrowest 2.5-nm in width GNR
corresponding to an unrolled (10,0) zigzag SWCNT, presented an energy gap of around 0.5 eV.
Finally, the group suggested that through this STM patterning techniques, the realization of graphene-
based electronics and other electronic devices can be considered obvious.

Keipevo omd: Pefkianakis, Sakellariou, Vougioukalakis Curr. Org. Chem. 2015, 19, 1850-1871.
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veoperpio Tov CNT. Aappavovrar oEerdmpévec,
vdarodrrivtés GNRs pe atérereg ko gvrog Tng GNR.
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ovluyia 6TO E6OTEPIKO TNG
Tawviag Tov GNRs.
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In 2009, the Tour group reported a simple solution-based oxidative process for producing
a nearly 100% yield of nanoribbon structures by the lengthwise cutting and unravelling
of multiwall carbon nanotube walls. By following this methodology, GNRs with high
water solubility were obtained. Oxidized nanoribbons were gradually formed, after
suspending MWCNTs in concentrated sulphuric acid, followed by treatment with 50 wt%
KMnO, for 1 h at room temperature and 1 h at 55-70°C. After their isolation, the
resulting GNRs were highly soluble in water, ethanol, and other polar organic solvents.
The authors suggested that the opening of the nanotubes appears to occur along a line,
similar to the known ‘unzipping’ procedure of graphite oxide, affording straight-edged
ribbons. This could occur in a linear longitudinal cut or in a spiraling manner, depending
upon the initial site of attack and the chiral angle of the nanotube. The mechanism of this
gradual unzipping of CNTs into GNRs occurs in four steps: The first step, which seemed
to be the rate-determining, is manganate ester (2) formation, while further oxidation
could afford the dione (3) in the dehydrating medium. In the second step, juxtaposition of
the buttressing ketones distorts the B,y-alkenes, making them more prone to the next
attack by permanganate (4). In the third step, the buttressing-induced strain on the B,y-
alkenes lessens, since there is more space for carbonyl projection; however, the bond-
angle strain induced by the enlarging hole would make the B,y-alkenes increasingly
reactive (4). In this manner, once an opening has been initiated its enlargement is
promoted relative to an unopened tube or to an uninitiated site on the same tube.
Subsequently, the ketones can be further converted through their O-protonated forms, to
the carboxylic acids that will line the edges of the nanoribbons. Finally, in the last step,
relief of the bond-angle strain when the nanotube opens to the graphene ribbon further
slows the dione formation and cutting (5). The surface of the respective GNR (5) still
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remains prone to 1,2-diol formation, which leads to the overall highly oxidized ribbon.
The next step in the production of the final GNRs was the reduction of the oxidized
ribbons. This was achieved in an aqueous solution of sodium dodecyl sulphate, using
aqueous hydrazine (N,H,) in the presence of ammonia, thus producing stable dispersions
of reduced nanoribbons that retained their straight-edged structure. The reaction progress
was monitored by UV-Vis spectroscopy, while a bathochromic shift indicated that
electronic conjugation of the ribbons was restored. Attenuated Total Reflectance — Infra
Red (ATR-IR) spectroscopy, X-ray photoemission spectroscopy and TGA analysis were
utilized by the authors in order to obtain clear evidence that the reduction procedure
almost completely eliminated the number of oxygen-containing functionalities from the
nanoribbon surface, although some edge carboxylic acids remained. Finally, the group
produced electronic devices on Si/Si0O, substrates by using the respective unzipping-
derived GNRs. Nevertheless, the residual oxidized defect sites of these GNRs had a direct
impact on the device properties, affording electronic characteristics quite inferior to those
of wide, mechanically peeled graphene sheets.

Keipevo amd: Pefkianakis, Sakellariou, Vougioukalakis Curr. Org. Chem. 2015, 19, 1850-
1871.
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Adrotpomikég Mopeéc AvOpaka: I'papévio kar Navotawvieg I'pageviov

* I'pagévio

*  Avaxkdioyn, Aopkéd Xapaktnpiotikd, [lopaockevi] ko Dooikoynpuikég
It Teg

*  Xnukn Apactikétnta - Mé0odor Ilapaymyomoinong
* Eoqappoyég

* Navotowiec I'pooeviov

e XovOeon pe Baon v Apy Ano Kato Ipog ta lave (Bottom-Up)

* Tlopoaokevi pe Bdon v Apyn Ané Ilédve npog ta Katw (Top-Down)
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